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SUMMARY Henipaviruses were first identified 30 years ago and have since been
associated with over 30 outbreaks of disease in humans. Highly pathogenic henipavi-
ruses include Hendra virus (HeV) and Nipah virus (NiV), classified as biosafety level 4
pathogens. In addition, NiV has been listed as a priority pathogen by the World Health
Organization (WHO), the Coalition for Epidemic Preparedness Innovations (CEPI), and
the UK Vaccines Research and Development Network (UKVN). Here, we re-examine
epidemiological, ecological, clinical, and pathobiological studies of HeV and NiV to
provide a comprehensive guide of the current knowledge and application to identify
and evaluate countermeasures. We also discuss therapeutic and vaccine development
efforts. Furthermore, with case identification, prevention, and treatment in mind, we
highlight limitations in research and recognize gaps necessitating additional studies.

KEYWORDS henipavirus, Hendra virus, Nipah virus, epidemiology, clinical disease,
animal model, vaccine, antiviral, therapeutic

INTRODUCTION

enipaviruses (HNVs) are negative-sense, single-stranded RNA viruses in the family

Paramyxoviridae, order Mononegavirales (1). The viral particle has six structural
proteins and three accessory proteins (Fig. 1A). Like all paramyxoviruses, HNVs have
enveloped, pleomorphic but mostly spherical virions with a ribonucleoprotein (RNP)
core containing an RNA genome protected by a helical nucleocapsid protein (N), the
polymerase-associated phosphoprotein (P), and the large protein (L), which includes
RNA-directed RNA polymerase, capping, and cap methylation activities. The accessory
proteins encoded within the P gene (V, W, and C) are translated via mRNA editing and
an alternative start codon. The viral envelope contains two glycoproteins: the fusion
glycoprotein (F) and the attachment glycoprotein (G). The genome arrangement is 3’-N-
P/V/W/C- M- F- G- L-5" (2, 3). HNVs have a larger genome than most members of the
Paramyxoviridae family due to a longer open reading frame encoding P and compara-
tively longer 3" untranslated regions (UTR) that flank each gene except L (4).

Viruses belonging to the five species of the genus Henipavirus are distinguished based
on the amino acid sequences of their L protein and include Angavokely virus (AngV;
Henipavirus angavokelyense), Cedar virus (CedV; Henipavirus cedarense), Ghana virus (GhV;
Henipavirus ghanaense), Hendra virus (HeV; Henipavirus hendraense), and Nipah virus
(NiV; Henipavirus nipahense) (Table 1) (2, 5). The most recent 2023 ICTV master species
list, created in March 2024, introduced a new Parahenipavirus genus, encompassing
11 species (Table 2). The new genus was developed to separate the distinct rodent-/
shrew-borne and bat-borne clades within the genus Henipavirus. The Parahenipavirus
genus includes the previously recognized henipavirus Mojiang virus (MojV; Paraheni-
pavirus mojiangense), and Langya virus (LayV; Parahenipavirus langyaense), which was
reported in 2022 as a novel henipavirus species (6) but was not recognized by ICTV as
such prior to the current classification (Fig. 1B).

Pathogenic HNVs include two species, NiV and HeV, both of which can cause severe
and often fatal neurological and respiratory diseases. HeV and NiV are classified as
biosafety level 4 (BSL-4) zoonotic pathogens and are considered overlap select agents, as
they can cause severe disease in both humans and animals. Notably, these agents have
been recognized by the WHO as top priority pathogens with the potential to result in
severe future outbreaks.

In this article, we present current knowledge of NiV and HeV and touch on other HNVs
and henipa-like viruses identified in the absence of associated clinical disease or without
known infectious isolates. We present epidemiology, ecology, and pathogenesis data,
and discuss how current knowledge can aid in developing medical countermeasures.
We also highlight critical gaps and suggest prioritization for preparedness and response
efforts.
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FIG 1 Henipavirus structure and phylogeny. (A) Henipavirus genomes are approximately 18,000 nucleotides in length and contain six genes: N, nucleocapsid
protein; P, phosphoprotein; M, matrix protein; F, fusion glycoprotein; G, attachment glycoprotein; and RdRp, RNA-dependent RNA-polymerase. The P gene
encodes three additional proteins, V, W, and C, translated via mRNA editing and an alternative start codon. Genes are separated by short intergenic regions,
meaning each gene is preceded and followed by conserved transcriptional control signals involved in the initiation and termination of viral mRNA synthesis,
respectively. At the genome termini, a 3" leader sequence (3’Le) contains promoters for both transcription initiation as well as for the synthesis of the positive-
sense replicative intermediate antigenome, and a 5’ trailer sequence (5Tr) promotes the synthesis of new negative-sense genomes from the antigenome.
Henipavirus virions are pleomorphic and consist of a viral lipid envelope containing multiple copies of the F and G, surrounding a single-stranded negative-sense
RNA genome encapsidated by N and associated with P and RdRp. (B) Neighbor-joining phylogenies of full-length henipavirus genome nucleotide sequences

showing relationships between all the genus Henipavirus species, as well as the previously recognized species Langya virus and Mojiang virus.

HISTORY AND EPIDEMIOLOGY
Hendra virus

HeV (originally called equine morbillivirus) was first recognized in September 1994 after a
disease cluster of unknown etiology involving 21 racehorses and 2 humans was reported
in Hendra (a suburb of Brisbane), Australia (12, 13) (Fig. 2). This outbreak resulted in
the deaths of 14 horses and one human, who succumbed after 6 days of interstitial
pneumonia. Subsequent analysis showed that the first case had occurred earlier, in
March 1994, after an individual originally infected that month suffered a fatal relapsing
encephalitis in April 1995. Epidemiological studies showed that, 13 months before his
death, he had assisted a veterinarian in performing a post-mortem examination on two
horses later shown to have died from HeV in MacKay, Australia (14, 15). Between 2004
and 2023 (excluding 2005), at least one equine case has been reported annually (16). To
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TABLE 1 Summary of species of the genus Henipavirus
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Species Virus name Year Location first identified Reservoir

Human disease reported?

Henipavirus angavokelyense ~ Angavokely virus® 2022  Angavokely Cave, Madagascar  Eidolon dupreanum bats

Henipavirus cedarense Cedar virus 2009 Cedar Grove, Australia Pteropus spp. bats
Henipavirus ghanaense Ghana virus’ 2008  Kumasi, Ghana Eidolon spp. bats

Henipavirus hendraense Hendra virus 1994  Brisbane, Australia Pteropus spp. bats
Henipavirus nipahense Nipah virus 1999  Malaysia and Singapore Pteropus spp. bats

No
No
No
Yes
Yes

“Indicates that no infectious isolates have been reported; identification is based on sequence data alone.

date, there have been a total of 109 equine cases (89 confirmed, 20 suspected; all fatal
or euthanized) and 7 human cases, of which 4 were lethal (57% case fatality rate [CFR]).
In the initial search for the natural HeV reservoir, a range of animals, including horses,
cats, cattle, chickens, dogs, and goats, were serologically evaluated for HeV infection,
but all were negative (17). Because of the genetic similarity between the 1994 and 1995
HeV strains, they were hypothesized to have come from a common source, and given
the geographical separation (~500 miles/800 km) between the two sites, the host was
likely capable of migrating this distance. With these details, Pteropus spp. fruit bats were
identified as the most likely host species. Subsequent sampling revealed the presence of
HeV-neutralizing antibodies (18) and infectious virus (19) in these animals. Transmission
to horses is thought to occur via close contact with Pteropus bats or their excreta and/or
birthing material (19, 20), with transmission risk increasing during bat breeding seasons
and during times of nutritional stress (21). In retrospective studies involving stored
samples from horses and other assorted potential viral reservoirs (including rodents,
marsupials, reptiles, and birds), no evidence of HeV prior to 1994 was detected (22). No
human cases of HeV have been reported since 2009 (Table 3), and all equine and human
cases remain restricted to Australia. In October 2021, Hendra virus genotype 2 (HeV-g2)

TABLE 2 Summary of species of the genus Parahenipavirus®

Species Virus name Location first Detection GenBank Ref.
identified method  accession no.

Parahenipavirus Wufeng Chodsigoa China S OMO030316 -
chodsigoae smithii henipavirus 1

Parahenipavirus Wufeng Crocidura China S OMO030317 -
crocidurae attenuata henipavirus 1

Parahenipavirus Daeryong virus Republic of S MZ574409 (7)
daeryongense Korea

Parahenipavirus Gamak virus Republic of S, VI MZ574407 7)
gamakense Korea

Parahenipavirus Jingmen Crocidura China S OMO030314 -
jingmenense shantungensis

henipavirus 1

Parahenipavirus Langya virus China Vi OM101125 (6)
langyaense

Parahenipavirus Melian virus Guinea S 0K623353 (8)
meliandouense

Parahenipavirus Mojiang virus China S KF278639 9)
mojiangense

Parahenipavirus Ninorex virus Belgium S 0Q438286 (10)
soricis

Parahenipavirus Wenzhou Apodemus China S MZ328275 -
wenzhouense agrarius henipavirus 1

Parahenipavirus Denwin virus Belgium S 0OK623354 (8)
winnikense

9Additional detection and host information in Table 5, and reviewed in references (8, 11). —, no further details
published; S, genome sequencing; VI, virus isolation.
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. Cumilla: 2011
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. Hendra: 1994

. Redlands: 2008
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Nipah virus strain Bangladesh
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FIG 2 Reported henipavirus outbreaks in different countries from 1994 to 2022. Summary of geographic locations and year of report for henipavirus outbreaks

involving human cases for Hendra virus (yellow—Australia), Nipah virus strain Malaysia (red—Malaysia, Singapore, and the Philippines), and Nipah virus strain

Bangladesh (blue—India and Bangladesh).

was first identified in an equine case during a veterinary priority disease investigation
in a horse near Newcastle, New South Wales, Australia (23). To date, no human cases of
HeV-g2 have been recognized.

Nipah virus

The first recognized outbreak of NiV occurred in Malaysia from 1998 to 1999, with
patients initially presenting with fever and neurological symptoms that progressed
to acute encephalitic disease in some cases. The disease was initially thought to be
caused by the Japanese encephalitis virus, but the epidemiology was inconsistent with
this pathogen. In March 1999, NiV was identified as the etiologic agent (26, 27); the
virus was named after Kampung Sungai Nipah (Nipah River Village), where the first
isolates were obtained (28, 29). In total, the Malaysia outbreak caused 283 symptomatic
cases resulting in 109 deaths (39% CFR) (27). By March 1999, the outbreak spread to
nearby Singapore through the transport of infected pigs, resulting in 11 symptomatic
human cases and one death (9% CFR) (30, 31). In both outbreaks, close contact with
swine or their contaminated excreta was shown to be the major risk factor. Although
the pigs themselves only demonstrated mild respiratory illness, the intensive farming
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TABLE 3 Summary of Hendra virus human cases”

Year Country  Division/district/region Total cases Fatal cases CFR,% Reference

1994  Australia Brisbane 2 1 50 (12,13)
1995  Australia Mackay 1 1 100 (14,15,17)
2004  Australia Cairns 1 0 0 (24)

2008  Australia Redlands 2 1 50 (25)

2009  Australia Cawarral 1 1 100%  (25)

CFR, case fatality rate.

techniques likely aided the mechanical transmission of NiV between the pigs, amplify-
ing the outbreak (32, 33). As with the earlier HeV outbreak, epidemiological studies
eventually identified Pteropus spp. fruit bats as the virus reservoir, with transmission to
pigs likely occurring via the pigs’ foraging fruit dropped by feeding or roosting bats into
the piggeries (32).

The strain of NiV associated with the 1998-1999 outbreak in Malaysia and Singapore
was subsequently classified as strain NiV-Malaysia (34). Outside of this initial outbreak,
the strain has not been associated with any further human infections except a cluster
of cases in the Philippines in 2014 (35), in which 17 individuals were infected, with nine
deaths (CFR 53%). Epidemiological data suggested that human infections predominantly
resulted from direct contact with infected horses (via contaminated body fluids, during
slaughter, or by consumption of horse meat from infected animals), although clinical and
epidemiological evidence pointed to direct human-to-human transmission in at least
five cases (35). Although the source of the infection in horses was not identified, it was
presumed to be Pteropus spp. bats, which are common to the area and were reported as
being present during the outbreak.

All subsequent NiV outbreaks have been associated with the second, genetically
similar but distinct strain, referred to as NiV-Bangladesh. Since 2001, almost annual
NiV-Bangladesh outbreaks have occurred in Bangladesh or India, resulting in hundreds
of human infections (Table 4). The first outbreak in India was reported in Siliguri Town,
West Bengal, in 2001 and is the largest to date, with a total of 66 cases and 49 deaths
(74% CFR). Subsequently, between 2007 and 2023, five separate outbreaks were reported
in India (a total of 31 cases, 78% CFR). The first two outbreaks occurred in the state of
West Bengal, which borders Bangladesh. However, in the last 6 years, all NiV outbreaks
have occurred in Kerala State on the western coast of India, approximately 1,200 miles
(2,000 km) from West Bengal. In Bangladesh, since the first reported outbreak in 2001,
a total of 343 NiV cases have been reported, with 244 deaths (71% CFR) (36-38). Most
cases have been reported from four administrative divisions: Dhaka, Khulna, Rajshani,
and Rangpur. As with other NiV outbreaks, epidemiological data suggest Pteropus spp.
bats in these regions as the host species (39). In Bangladesh especially, the harvesting
and consumption of date palm sap (DPS) is a known transmission risk factor, with
outbreaks closely correlated to the DPS harvesting season (November to March) (37, 39).

Other HNVs and parahenipaviruses

Apart from HeV and NiV, no other HNV or parahenipavirus has been associated with
human disease except LayV and MojV. LayV was first identified in 2018 from a throat
swab during a sentinel surveillance program of febrile patients with a history of close
contact with animals (6). Further investigation identified 35 additional cases of acute
LayV infections occurring in 2018-2021 in the same geographic region of China, namely
Shandong and Henan provinces. Epidemiological surveys suggest that shrews may be
the natural reservoir (6). To date, none of the human LayV cases have been fatal, and
evidence suggests that human-to-human transmission is unlikely. No cases of LayV have
been detected to date outside China. Sequence analysis showed that LayV was most
closely related to MojV, which was linked to a small cluster of human fatal pneumonia
cases in South China (9). While LayV was first considered as an emerging HNV, it was
never formally classified as such and has notable ecological and virological differences
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TABLE 4 Summary of Nipah virus human cases

Year Country Division/district Total cases” Fatal cases CFR, %
1998 Malaysia Kinta, Negeri Sembilan, Selangor 265 105 40
1999 Singapore N/A 1 1 9
2001 India Siliguri 66" 45 68
2001 Bangladesh Khulna 13 9 69
2003 Bangladesh Rajshahi 12 8 67
2004 Bangladesh Dhaka, Rajshahi, Rangpur 67 50 75
2005 Bangladesh Dhaka 12 1 92
2007 Bangladesh Khulna, Rajshahi, Rangpur 18 9 50
2007 India Nadia 5 5 100
2008 Bangladesh Dhaka 11 7 64
2009 Bangladesh Dhaka, Rangpur 4 1 25
2010 Bangladesh Dhaka, Khulna 18 16 89
2011 Bangladesh Chattogram, Dhaka, Rangpur 43 37 86
2012 Bangladesh Dhaka, Rajshahi, Rangpur 17 12 71
2013 Bangladesh Dhaka, Khulna, Mymensingh, Rajshahi, 31 25 81
Rangpur
2014 Bangladesh Dhaka, Khulna, Rajshahi, Rangpur 37 16 43
2014  Philippines  Sultan Kudarat 17 9 53
2015 Bangladesh Dhaka, Khulna, Rajshahi, Rangpur 15 11 73
2017 Bangladesh Dhaka, Rajshahi 3 2 67
2018 Bangladesh Dhaka, Rajshahi 4 2 50
2018 India Kerala 23° 21 91
2019 India Kerala 1 0 0
2019 Bangladesh Rajshahi, Rangpur 8 7 88
2020 Bangladesh Barishal, Dhaka 7 5 71
2021 India Kozhikode, Kerala 1 1 100
2021 Bangladesh Dhaka, Rajshahi 2 0 0
2022 Bangladesh Dhaka, Rajshahi 3 2 67
2023 India Kozhikode, Kerala 6 2 33
2023 Bangladesh Dhaka, Rajshahi 14 10 72
2024 Bangladesh Dhaka 4 4 100

“Confirmed and probable cases; CFR, case fatality rate; NR, not reported.
®Values obtained from WHO reports (https://www.who.int/emergencies/disease-outbreak-news/item/2023-
DON490).

from the other pathogenic HNVs, including different natural reservoirs and unique, yet
unknown, cellular receptors (40).

Case-associated transmission

There is no evidence to date of HeV transmission directly between humans. The large
number of cases in the 1994 outbreak is thought to reflect inadvertent human-assisted
transmission associated with the index case’s treatment of both sick and healthy horses.
Although only a small minority of NiV-infected patients transmit the virus, more than
half of identified cases may result from person-to-person transmission (41). In addition
to direct transmission, NiV can be transmitted via fomites. Patient-associated contamina-
tion of nearby hospital surfaces, including towels, bed sheets, and bed rails, has been
reported (42). Furthermore, experimental studies indicate that NiV is quite stable in
blood in closed tubes at room temperature, but decay is observed when samples are
exposed to air or increased temperatures (43). Comparable pathology is observed in
human cases with HeV and NiV infection (44), indicating that the absence of documen-
ted person-to-person transmission of HeV may reflect differences in the epidemiology of
the viruses and does not necessarily indicate that transmission of HeV between people
would not be possible. However, other contributors may include differences in receptor
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TABLE 5 Geographical identification and proposed reservoirs for parahenipaviruses and henipa-like viruses®

Primary site of  Parahenipavirus/henipa-like virus Year®  Proposed reservoir (isolate spp.) Isolate Reference or GenBank no.
detection

Korea Daeryong virus 2021 Shrew (Crocidura shantungensis) — — (7)

Korea Gamak virus 2021 Shrew (Crocidura lasiura) + (7)

China Langya virus 2022 Shrew + (6)

China Jingmen C. shantungensis henipavirus 1 2021 Shrew - OMO030314.1
China Jingmen C. shantungensis henipavirus 2 2021 Shrew - OMO030315.1
China Wufeng Chodsigoa smithii henipavirus 1 2021 Shrew - OMO030316.1
China Wufeng Crocidura attenuata henipavirus 1 2021 Shrew - OMO030317.1
China Wenzhou Apodemus agrarius henipavirus 1 2021 Striped field mouse - MZ328275.1
Belgium Denwin virus 2022 Shrew - (8)

Guinea Melian virus 2022 Shrew (Crocidura grandiceps) - (8)

Brazil Peixe-Boi virus 2022 Opossum (Marmosa demerarae) - (98)

9Data from Caruso and Edwards (11). —, indicates that no infectious isolates have been reported; dentification based on sequence data alone. +, indicates isolation of
infectious virus has been reported.
bYear of first report or GenBank submission.

engagement, as NiV G engages the alternative receptor ephrin B3 (EFNB3) with higher
affinity than HeV G (45).

Person-to-person transmission was rare during the Malaysian NiV outbreak (46),
although the infectious virus was isolated from mucosal specimens (throat and nasal
swabs), urine, and cerebrospinal fluid (47, 48). Person-to-person transmission was more
clearly documented in later outbreaks and has been associated with case-patient
activities and care (49, 50). Studies of all NiV cases identified during outbreak investi-
gations in Bangladesh from April 2001 through April 2014 determined that 82 of the
248 (33%) cases were caused by person-to-person transmission, corresponding to a
reproductive (R) number of 0.33. However, patient characteristics affected this estimate;
the reproductive number increased with age and clinical presentation, especially in
patients >45 years of age and those with respiratory symptoms, such as difficulty
breathing. Other factors that increased the risk of transmission included duration of
exposure and contact with body fluids (51).

Person-to-person transmission of NiV-Bangladesh can be frequent and rapid; 9 of the
11 nosocomial cases in Kerala acquired the infection in a span of 2 days (52). In Siliguri,
West Bengal (2001), 45 (75%) of the 60 cases were hospital workers who cared for the
patients or who had exposure to a patient with NiV disease in a hospital (53). In Kerala
(2018), all patients except for the index patient acquired the infection from one of three
community hospitals, where they were exposed to other patients with NiV infection
(52, 54). The wards, emergency room, and radiology room were all identified as sites of
exposure.

Viral shedding investigated in serial samples obtained from survivors in Kerala
indicated that the timing of virus detection in blood, oral swabs, and urine varied
significantly among patients (55). In one patient, NiV RNA was detected in throat swabs
and urine 6 days after disease onset; urine and throat swabs were later found to be
negative on days 9 and 24, respectively. Another patient in the same study had a positive
throat swab sample on day 2, negative blood and urine samples on day 5, a positive
blood sample on day 7, and positive blood and urine samples on day 9. However,
subsequent blood and urine samples collected on days 10, 11, and 40 were all negative.
Notably, semen samples from a male survivor tested positive on days 16 and 26 after
illness onset, becoming negative starting on day 42.

Outbreak response and control

The impact of isolation and barrier measures against NiV transmission has been
demonstrated in several outbreaks. In 2001 in Siliguri, an outbreak ended 5 days after
the introduction of barrier nursing in the hospitals (53). Similarly, in 2018 in Kerala State,
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the outbreak ended soon after the introduction of barrier nursing and total isolation of
patients (52).

HNV ECOLOGY AND SPILLOVER

Within 18 months of the first HNV outbreak, neutralizing antibodies to HeV were
discovered in fruit bats of the genus Pteropus (commonly known as flying foxes). These
animals forage nocturnally on fruit and floral resources and roost diurnally in colonies
sometimes numbering in tens or hundreds of thousands. Pteropus spp. bats are now the
recognized natural reservoir of both HeV and NiV and maintain the virus without any
clinical signs of infection (56). Surveys in areas where HNV outbreaks have occurred have
demonstrated evidence (molecular detection, serological evidence, or viral isolation) of
NiV infection in Pteropus spp. in Malaysia (57-59), India (60-62), and Bangladesh (50, 63),
and of HeV in Australia (18-20, 64-67). Similar evidence of NiV or NiV-like viruses has
been reported in surveys of Pteropus spp. fruit bats in Cambodia (68-70), Thailand (71-
73), Vietnam (74), Indonesia (75), and East Timor (76). NiV RNA has also been detected in
an insectivorous bat, Hipposideros larvatus (73), and serological evidence of NiV infection
has been seen in several other species of frugivorous and insectivorous bats, including
Rousettus leschenaultia (59, 77). Pteropid bats are also considered reservoirs for CedV,
which was originally isolated from fruit bats in Australia (78).

While the natural reservoirs of HeV and NiV have been identified, transmission
pathways of HNVs from bats to humans remain poorly characterized. Transmission to
humans, particularly of HeV and NiV-Malaysia, is often bridged by an intermediate
amplifying animal host, of which horses and pigs are the best described, respectively.
Transmission of NiV can occur indirectly via contact with other infected domestic
animals (cattle, sheep, goats) that presumably also consume food contaminated with
bat saliva or urine. Different from most paramyxoviruses, HNVs have a wide host range.
In addition to bats, pigs, horses, and humans, serological evidence of NiV infection in
cattle, goats, cats, and dogs has been reported (35, 46, 79, 80). The highly conserved
ephrin B2 (EFNB2), part of a family of receptor tyrosine kinases that are critical for a
variety of functions, including vascular, lymphatic, neuronal, and renal development,
neurotransmission, synaptic plasticity, and tumor metastasis, was identified as the main
functional receptor for both HeV and NiV. The widespread occurrence of this molecule
in vertebrates, particularly in arterial (but not venous) endothelial cells, in the smooth
muscle of the tunica media, and neurons explains the wide host range of HNVs and the
systemic nature of the infections they cause (81-83).

In Malaysia, exposure to swine was identified as the primary risk factor for NiV
infection. The outbreak is believed to have started around pig farms in Ipoh, Perak,
and spread by the movement of sick pigs to a second epicenter south (~160 miles) to the
state of Negri Sembilan (28). The outbreak subsequently spread to workers in an abattoir
in Singapore, where pigs from Negri Sembilan were held and slaughtered (31, 84). The
pigs were likely infected by Pteropus spp. bats feeding on fruit trees near the farms, either
by direct exposure to bat urine or through eating dropped pieces of contaminated fruit
(58). Experimental studies of virus stability in bat urine, in fruit juice, and on mango
flesh indicated that NiV can be recovered for several days in conditions with neutral pH
and moderate temperatures (22°C). However, virus survival in the environment appears
highly sensitive to higher temperature (37°C) and extreme pH values (<3 or >12) (85).

In Bangladesh, NiV transmission from bats to people has occurred primarily when raw
DPS was contaminated by bats and then consumed by humans, amplified by human-to-
human spread (86-89). Studies in Bangladesh have demonstrated that interventions
like covering DPS collection vessels can significantly reduce bat contact with DPS and
reduce the risk of NiV transmission (90). Bat exposure was also implicated in spillover
events in the 2018 Kerala cases: the index patient, who presented with a fever that
progressed to typical encephalitis, had suspected exposure to bats (91). Subsequent
cases were identified to have had contact with this patient directly or indirectly (92).
However, spillover in recent outbreaks in India is less understood, with the primary route
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of transmission from the bat reservoir to the initial human infection case unknown and
no intermediate host established.

Although the natural reservoirs of other HNVs and parahenipaviruses remain less
characterized, the discovery of these viruses outside the geographic distribution of
Pteropus spp. bats indicates that reservoirs for emerging HNVs likely include additional
animal species. LayV transmission is thought to occur directly from animals to humans;
symptomatic cases were predominately farmers and factory workers, with no human-to-
human transmission reported (6, 93). A serosurvey conducted in 25 species of wild
small animals and several domestic animals reported that LayV RNA was predominantly
detected in Crocidura spp. shrews (71 of 262; 27%), although small numbers of goats
and dogs were also seropositive (6). The highest positivity rate was in Crocidura lasiura
shrews commonly found in Northeast Asia; of the 121 tested C. lasiura shrews, 52.1%
were positive for LayV. The virus was also found in 20% of Crocidura shantungensis shrew
samples. Notably, C. lasiura and C. shantungensis are the same shrew species in which
Gamak virus and Daeryong virus were detected, respectively (11). These data suggest
the involvement of multiple hosts, with shrews potentially being the natural reservoir of
LayV and other parahenipaviruses. Other novel henipa-like viruses have also been linked
to bats, rodents, and other mammals (11, 77, 94-97) (Table 5). For example, a rodent
host has been suggested for MojV, associated with three fatal cases of severe pneumonia
reported in June 2012 in Mojiang Hani Autonomous County, Yunnan Province, China, in
persons who had been working in an abandoned mine. Ecological testing in the cave
associated with the initial disease report identified Rattus flavipectus rats as a potential
reservoir for the virus (3 of 9 rat rectal swabs positive); all swabs taken from 20 Rhinolo-
phus ferrumequinum bats and 5 Crocidura dracula musk shrews were negative (9).

PATHOGENESIS AND CLINICAL DISEASE
Cell targets, virus entry, and replication

HNV targets multiple tissues and organ systems, particularly epithelial, endothelial,
smooth muscle, and neuronal cells (99). Infection and replication in epithelial surfaces
contribute to viral shedding and transmission, whereas vascular endothelial cell infection
results in systemic vasculitis and severe disease-associated endothelial damage both
peripherally and in the central nervous system (CNS). Within the CNS, NiV and HeV show
a marked predilection toward direct infection of neurons (99, 100). HNV virions adhere
to host cells via the near-ubiquitously expressed EFNB2 (82, 83). Cell culture studies
generating pure populations of human artery and vein cells highlighted that pathogenic
HNV viruses preferentially infected arteries, consistent with receptor preference: arterial
endothelial cells express higher levels of EFNB2 (101). Ephrin B3 (EFNB3), a related
molecule predominantly expressed in brain tissue, serves as a functional alternative
receptor for NiV (45). In addition to EFNB2, the less pathogenic CedV also utilizes other
B-class (EFNB1) and A-class (EFNA1, EFNA5) ephrin receptors (102). On the other hand,
the recently emerged LayV does not use either EFNB2 or EFNB3 (103, 104).

For cell entry, engagement of EFNB2/B3 by the G attachment glycoprotein induces
a multi-step conformational change in the F glycoprotein, resulting in the fusion of
the viral envelope and cellular membrane (105), effectively releasing the RNP into the
cytoplasm. Once RNP is released into the cell, the encapsidated genome serves as the
template for mRNA synthesis. The P and L proteins serve as the polymerase complex,
which initiates transcription at the promoter region in the 3' leader (106-109). Individual
genes are regulated by corresponding transcriptional start and stop sites. Synthesis of
mRNA poly-A tails occurs through a process in which the polymerase pauses at the gene
transcriptional stop signal, crosses the intergenic region, and reinitiates transcription at
the next gene start signal. This process can cause a subset of polymerase complexes to
disengage from the template. As the only promoter is found at the 3" leader, polymerase
complexes can only reinitiate transcription at the 3' terminus, resulting in a transcription
gradient, with genes nearer to the 3' terminus transcribed more frequently than genes
closer to the 5" terminus of the genome (1, 110).
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In addition to transcriptase activity, the polymerase complex provides replicase
activity; as viral mRNA translation occurs, the relative availability of N protein is believed
to signal a switch from transcription to replication activity (111), with observable
non-homogeneous ordered structures of N protein detected in infected cells (112-
114). For genomic replication, the polymerase complex similarly enters the 3" genomic
promoter but ignores the mRNA transcriptional signals at gene junctions, allowing
transcription of a full-length, positive-sense antigenome. A promoter in the 3' non-cod-
ing region of the antigenome provides the location for the synthesis of new, negative-
sense genomic RNA that can serve as additional templates for transcription (112).

Although glycoproteins are synthesized in the endoplasmic reticulum and typically
mature through the Golgi network to the cell membrane, HNV F protein processing
and maturation occur in the endosomes (115, 116). Cytoplasmic tails of the F and
G glycoproteins interact with the M protein, which drives viral particle assembly and
budding through interactions with other virus-specific and host-specific factors (117-
124). Viral particle assembly requires termination of genome replication and proper
encapsidation of new genomes. In addition, regions of the cell membrane must be
prepared to accept budding nucleocapsids. Polymerase complexes stay associated with
packaged nucleocapsids and are responsible for the next round of infection (125).

Immune evasion

Like many viruses, pathogenic HNVs have well-recognized immune antagonists. HNV
interferon (IFN) antagonism is mediated by P gene products: C, V, and W proteins. V and
W proteins are encoded by co-transcriptional mRNA editing during P gene transcription,
and the C protein is translated from the P/V/W gene transcripts via an alternate open
reading frame. Although the C, V, and W proteins are historically considered accessory
proteins, all are present in infected cells and purified virions. In infected cells, W is
detected in the nucleus, while P, V, and C are found in the cytoplasm (126). Immune
antagonism and modulation are achieved by a variety of mechanisms. P, V, and W
interact with a number of host proteins but were first characterized for their ability to
block type 1 IFN signaling by binding STAT1 via their shared N-terminal region (127-131).
By way of its unique C-terminus, the V protein alters MDA5 helicase folding dynamics,
and also interacts with the RIG-I/TRIM25 regulatory complex to inhibit RIG-I signaling
(132, 133). The unique C-terminus of W interacts with importin alpha-3 and the 7
isoforms of 14-3-3 proteins and interferes with both virus- and TLR-3-mediated IRF3
activation pathways (134, 135). The C protein can suppress innate immunity both by
modulating viral replication to reduce the formation of aberrant pathogen-associated
molecular patterns (e.g., defective interfering genomes) and by suppressing inflamma-
tory cytokines (136, 137). The matrix protein (M) and N protein also have IFN antago-
nism activities. M, which is involved in viral assembly and budding, can also inhibit
IFN through interactions with TRIM6 (138), whereas N can interfere with STAT complex
formation, thereby reducing STAT nuclear accumulation and thus decreasing IFN-stimu-
lated gene activation (139). The ability to efficiently modulate immune responses is
associated with virulence. Several in vivo studies utilizing recombinant P gene mutant
NiVs confirmed that V is the most important virulence factor (140-143). Also, the P gene
of non-pathogenic CedV does not undergo RNA editing and thus does not produce V or
W proteins (78). Studies of CedV-P targeting of STAT1 and STAT2 indicate that CedV does
not effectively inhibit IFN/STAT signaling compared to pathogenic HeV. This correlates
with the relatively reduced capacity of CedV to inhibit mRNA synthesis of IFN-inducible
gene MxA (144).

Clinical presentation

The clinical manifestations of HeV and NiV in humans appear similar; overall, the
infection can result in a rapidly progressing severe illness affecting the CNS and
respiratory system. The CFR of HeV is 57% (4 of 7 cases). Following an incubation period
of 7-16 days, HeV patients develop an influenza-like iliness that can progress to acute
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meningitis and/or encephalitis with tonic-clonic seizures and recurrent focal and motor
seizures; the symptoms can rapidly devolve into coma (14). Of the four fatal human cases,
three succumbed to severe neurological disease (encephalitis). The remaining patient
exhibited severe respiratory distress, multiorgan failure, and arterial thrombosis, with
chest radiographs showing bilateral alveolar and interstitial infiltration (12).

As HeV cases remain limited, most clinical data are derived from clinical investiga-
tions of NiV disease (Table 6). NiV infection typically presents as acute respiratory
distress syndrome (ARDS), encephalitis, and/or myocarditis. The clinical disease can be
exclusively respiratory or neurological (44) or may exhibit aspects of more than one
common phenotype. In the initial outbreak, NiV infection was recognized in patients
with encephalitic signs. In subsequent outbreaks, acute and severe respiratory signs were
also associated with infection. In Malaysia, the CFR was 40%. Most patients presented
with severe acute encephalitic syndrome, but a subset also had significant pulmonary
signs (29, 31, 100). Case reports indicate a high prevalence of fever, and the majority
(70%) of patients complained of drowsiness, headache, and disorientation or confusion.
The most frequent clinical sign among patients was reduced consciousness (145). In
fatal disease, intracerebral hemorrhage has been reported (145). In Singapore, the most
common presenting symptoms were fever, headache, and drowsiness. Eight patients
presented with signs of encephalitis (decreased level of consciousness or focal neurolog-
ical signs). Three patients presented with atypical pneumonia, but one later developed
hallucinations, and evidence of encephalitis was seen upon cerebrospinal fluid (CSF)
examination (31). Eleven patients were confirmed to have acute NiV infection based on

TABLE 6 Henipavirus case reports and clinical investigations®

Clinical Microbiology Reviews

Year® Virus No.°  Focus Reference

1994 HeV 2 Hendra, Australia: initial case reports of HeV; autopsy of first recognized lethal case (13)

1995 HeV 1 Relapse case; clinical report and autopsy (14)

2004 HeV 1 Clinical report, survivor; initial case report and follow-up 2 years later (24)

2004,2008 HeV 2 Specimens from acute-phase infection and convalescent phase for serology (blood) and gRT-PCR (146)
(nasopharyngeal aspirate, blood' urine, and CSF) from two of three known survivors

2008 HeV 2 Clinical report, virologic and serologic findings, human public health investigations and responses  (147)

1998-1999  NiV-Malaysia 32 Malaysia/Singapore: fatal cases, clinical and autopsy findings (29 full autopsies, 3 limited to brain) (145)

1999 NiV-Malaysia 3 Malaysia: all pig farmers; two patients with relapsed and one patient with late-onset encephalitis up (148)
to 53 months after initial infection

1999 NiV-Malaysia 18 Kuala Lumpur Hospital, Malaysia: clinical features; case investigations (149)

1999 NiV-Malaysia 94 Malaysia: clinical features (100)

2001-2004 NiV-Bangladesh 92 Bangladesh: four outbreaks, clinical features (150)

2007 NiV-Bangladesh 7 Thakurgaon District, Bangladesh: person-to-person transmission (151)

2007 NiV-Bangladesh 8 Kushtia District, Bangladesh: case cluster; identifying risk factors for infection in Bangladesh (152)

2007 NiV-Bangladesh 5 West Bengal, India: diagnostics; sequencing; person-to-person transmission (153)

2008 NiV-Bangladesh 10 Bangladesh: investigation of cluster of patients with encephalitis, etiology and risk factors for (86)
disease; link to DPS?

2010 NiV-Bangladesh 16 Bangladesh: investigation of cluster and sporadic cases; contact with corpse of probable case (154)
implicated in disease transmission

2010-2014 NiV-Bangladesh 14 Bangladesh: investigation of three case clusters from hospital-based surveillance implicating (88)
fermented DPS‘ (tari) as a potential pathway for NiV transmission

2013-2014 NiV-Bangladesh 16 Faridpur, Rajshahi, and Rangpur, Bangladesh: patient contamination of surfaces; person-to-person  (42)
transmission

2018 NiV-Bangladesh 2 Kerala, India: longitudinal characteristics of cell-mediated and humoral immunity during acute and  (155)
convalescent phases

2018 NiV-Bangladesh 12 Kerala, India: clinical manifestations and outcome (52)

2018 NiV-Bangladesh 23 Kerala, India: clinical and epidemiological profiles (54)

2Summary is intended to provide a comprehensive but not exhaustive list of clinical reports to date.
bYear of cases or outbreak.
‘Number of confirmed and/or probable cases included in report.
9DPS, date palm sap.
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raised IgM in serum. NiV was identified by RT-PCR in the CSF and tissues of the patient
who died.

In subsequent outbreaks, a higher incidence of respiratory disease has been reported.
In Bangladesh, similar clinical signs and symptoms were seen: fever, altered mental
status, headaches, vomiting, and convulsions, with the addition of respiratory indicators
(cough, respiratory difficulty, and clinical and radiographic features of respiratory distress
syndrome) (150). Chest radiographs showed diffuse bilateral opacities covering most
lung fields, consistent with ARDS (150).

The median incubation period in NiV outbreaks in India has been reported as 9.5
days (range: 4-14 days), with a mean duration of 6.4 days (54). This is consistent with a
study of clinical features during four outbreaks identified from 2001 to 2004, in which the
median incubation period of patients with known exposure to another infected patient
was 9 days (range: 6-11 days), with death occurring a median of 6 days (range: 2-36
days) after the onset of illness (150).

A study of 12 patients treated at the emergency medicine department of the
Government Medical College, Kozhikode, during the 2018 outbreak in Kerala, India,
reported a high frequency of non-specific clinical signs and symptoms: fever (100%),
headache (75%), and vomiting (58.3%). Respiratory tract-associated changes were also
frequent in these patients and included cough, breathlessness, hypoxia, chest infiltrates
seen on X-ray, and the need for ventilatory support in 11 of 12 patients (91.7%). Other
notable findings included cardiac abnormalities such as bradycardia and intractable
hypotension necessitating the administration of inotropes to control cardiac contrac-
tion. Thrombocytopenia was observed in 6 of 11 patients (55%). An additional study
summarized all 23 recognized cases in the Kerala outbreak. A comparable clinical
spectrum was described, emphasizing the predominant occurrence of respiratory signs
(shortness of breath in 73.6% of the patients) (54).

Although some reports note an absence of asymptomatic infection, such as a study
that investigated two outbreaks of encephalitis in Meherpur and Naogaon, Bangladesh
(50), subclinical or asymptomatic NiV infection has been recognized in outbreaks of
both NiV-Malaysia and NiV-Bangladesh. Asymptomatic infection was seen in 8-11%
of humans associated with infected pig farms in Malaysia and Singapore (30, 33). In
addition, asymptomatic infection was detected in humans on farms where infected pigs
were not reported; one study found 10 of 166 (6%) individuals who tested positive
for NiV antibodies as part of a case-control study in Malaysia (33). In a serosurvey of
1,469 people potentially exposed to NiV following the 1999 outbreak in Singapore,
22 cases were identified; 10 of these (45%) had no history of compatible pulmonary
or neurological disease (156). Subclinical infections have also been reported among
contacts of patients in India. A serosurvey of 155 healthcare workers and 124 household
and community members with close contact with 18 lab-confirmed patients reported
two subclinically infected persons who developed anti-NiV IgM and IgG and one who
developed only IgM (157). These individuals were two family members of a laboratory-
confirmed patient and a healthcare worker in the emergency medicine department. A
study using magnetic resonance imaging (MRI) identified lesions characteristic of NiV
infection in the brain of an asymptomatically infected nurse who worked in the intensive
care unit caring for NiV patients during the Malaysian outbreak (158). Further studies
indicate that up to 16% of asymptomatic persons may have lesions detectable on brain
MRI scans (159). Brain MRI was thus recommended to identify subclinical brain lesions in
asymptomatic, seropositive patients; however, it is not clear how predictive these lesions
are for the occurrence of late-onset encephalitis (160).

Clinical signs associated with closely related parahenipaviruses are less well
described. Like NiV and HeV, LayV affects multiple systems. In all, 26 of the 35 patients
identified with acute LayV infection in the Shandong and Henan provinces of China
(6) were found to have LayV infection alone (i.e., no other pathogens detected). In this
subset, all patients presented with fever; around half (46-54%) presented with fatigue,
cough, anorexia, and/or myalgia, and a third or more (35-38%) presented with nausea,
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headaches, and/or vomiting. Clinical pathology included thrombocytopenia, leukopenia,
impaired liver function, and, less frequently, impaired kidney function.

Encephalitis

In both HeV and NiV infection, viral pathogenesis includes vasculitis-induced microin-
farction and neuronal infection causing severe tissue damage in the CNS (161, 162),
with neuronal infection implicated as more critical than microinfarction in acute NiV
encephalitis (163). HNV acute encephalitis is associated with a high CFR (pooled CFR,
61%) (164). Lesions visualized on MRI associated with NiV encephalitis include the
presence of numerous discrete lesions (2-7 mm) disseminated in the subcortical and
deep white matter of the cerebral hemisphere (165).

Knowledge of mechanisms for viral entry into the CNS and of viral targets in the
CNS is limited and derived predominantly from animal model studies. Based on studies
in hamsters, entry into the CNS is proposed to occur via neurons extending from the
olfactory epithelium through the cribriform plate into the olfactory bulb, a mechanism
that resulted in viral presence before the presentation of neurological signs (166).
The vascular endothelium in the brain was reported as the initial target of infection
in experimentally infected African green monkeys (AGMs; Chlorocebus aethiops) (167).
Mechanisms and localization of viral persistence in the CNS were also reported in these
studies; in AGMs that survived infection, encephalitis affected the entire brain, with the
majority of virus detected in the neurons and microglia of the brainstem, cerebral cortex,
and cerebellum (167).

Pathological features of human infection

To date, there are two publications reporting human autopsy results each for HeV (13,
14) and NiV (145, 163). The initial autopsy report describes the findings of the first
recognized fatal case of HeV infection (13); the most significant findings were in the lung
and were consistent with viral disease. Both lungs were congested, hemorrhagic, and
filled with serous fluid. Lung histology revealed focal necrotizing alveolitis with many
giant cells, some syncytial formation, and viral inclusions. In addition, pulmonary autopsy
findings reflected a history of heavy smoking (focal centrilobular emphysema, features
of chronic bronchitis, and a small adenocarcinoma arising from a terminal bronchiole).
Other tissue findings included mild non-specific chronic myocarditis, coronary athero-
sclerosis, areas of inflammation with necrosis scattered throughout the kidneys, and
pulmonary embolism. The second available HeV autopsy report focused on a single fatal
relapse case (14) and is discussed below regarding relapse and late-onset disease.

All NiV autopsy data are from patients in Malaysia and Singapore infected with
NiV-Malaysia. Detailed descriptions of gross pathology and histopathological lesions
are found in a report examining 32 such fatal cases and are summarized below (145).
In the CNS, gross lesions were non-specific, difficult to identify, and observed in a
small subset of brains; these lesions included small, discrete, occasionally hemorrhagic
necrotic lesions, and herniation. In the CNS and spinal cord, the main histopathological
findings were vasculitis, thrombosis, parenchymal necrosis, and viral inclusions. In the
brain, in both the gray and white matter, plaques with various degrees of necrosis were
reported and associated with inflammatory cellular infiltrate (neutrophils, macrophages,
lymphocytes, and reactive microglia). Outside the CNS, the most notable lesions were
seen in the lung, spleen, and kidney. Lesions were less frequently observed in the heart,
mesentery, adrenal gland, and pancreas, and no significant pathology was reported in
the liver, skeletal muscle, or other tissues examined. Microcystic degeneration was also
observed, most commonly near necrotic plaques. Incidence of necrosis was reported
from most frequent to least frequent in the brain, lung, spleen, kidney, and heart.
Vasculitis was similarly reported from most to least frequently in the brain, lung, heart,
and kidney; vasculitis was absent in the spleen. Correspondingly, in fatal cases, viral
antigen was most frequently detected in the brain, followed by the lung and kidney, then
the heart and spleen.
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A more recent report examining brain tissues (cerebrum, brainstem, and cerebel-
lum) from 15 autopsies described three types of parenchymal lesions with the follow-
ing features: (i) neuroglial immunohistochemistry (IHC) positivity for viral antigens
and minimal or no necrosis; (ii) neuroglial immunopositivity and necrosis; and (iii)
necrosis with no viral antigen (163). Several important observations and corresponding
conclusions were reported in these studies. Most viral antigen-positive or RNA-positive
cells were neurons, and findings indicated that neuronal infection was more important
than microinfarction as a mechanism of pathogenesis in acute encephalitis. In addition,
as cerebral glial immunopositivity was rare, the authors also concluded that microinfarc-
tion played a more important role in white matter injury.

Relapse and late-onset disease

Both HeV and NiV (100) can cause relapsing encephalitis and other pathology, with
similar pathogenesis (44). HNV relapse was first reported in a case of HeV (14). This
patient experienced a brief encephalitic disease that resolved but was followed by
relapse 13 months after exposure; relapse was characterized by a variety of non-spe-
cific signs including sore throat, headache, drowsiness, vomiting, neck stiffness, mood
changes, and low back pain. The patient’s other CNS signs included tonic-clonic, focal,
or generalized motor seizures, which progressed to depressed consciousness; the patient
later succumbed to the disease. Necropsy revealed leptomeningitis with lymphocyte
and plasma cell infiltration. Discrete foci of necrosis were limited to the neocortex, basal
ganglia, brainstem, and cerebellum; foci were not observed in the subcortical white
matter. Occasional multinucleate endothelial cells were seen in the brain, liver, spleen,
and lungs. IHC of brain tissue was positive for viral antigen, but the virus could not be
isolated.

Several cases of relapsing and late-onset disease were also recognized during the
initial NiV outbreak. In Malaysia, relapse encephalitis was reported in 7.5% of those who
recovered from acute encephalitis; moreover, late-onset encephalitis was seen in 3.4%
of those with initial non-encephalitic or asymptomatic infection (162). The mean interval
between the initial iliness and the onset of relapse signs was 8.4 months. Subsequent
case reports increased the prevalence of NiV relapse to around 9% (148). Both fatal cases
and survivors of relapse disease have been reported. One study, for example, described
a necropsy performed on a 26-year-old male who recovered from initial illness but later
died from relapse disease a few months later (145). Interestingly, the CNS pathology
in this relapse encephalitis case was different from that seen in the acute cases exam-
ined during the outbreak; the relapse case had more extensive viral inclusions, larger
parenchymal lesions that were associated with more severe histopathological findings
(neuronal loss, gliosis, macrophage abundance). In addition, vasculitis or typical necrotic
plagues were not seen, and perivascular cuffing was not a prominent feature (145).

Other patients survived relapse disease. For example, a 23-year-old male pig farmer
was diagnosed in February 1999 with acute NiV encephalitis, given general supportive
care, recovered uneventfully, and was discharged after 9 days. The patient presented
after two episodes of generalized tonic-clonic seizures in late June 2002, 40 months after
acute disease (148). Similarly, a 43-year-old female pig farmer was first admitted in April
1999 with fever, anorexia, myalgia, and generalized weakness that progressed to severe
neurological disease. She fully recovered and was discharged after 3 weeks. In Septem-
ber 2003, she presented after a single generalized tonic-clonic seizure. Abnormalities
were noted on electroencephalogram and brain MR, including those consistent with
previous acute NiV encephalitis. No additional neurological events were reported in this
patient.

Late-onset NiV encephalitis has been reported up to 53 months after initial infection
(148). A 51-year-old pig farmer presented in late March 1999 after a 1-week history
of fever, headache, sore throat, anorexia, nausea, vomiting, arthralgia, dizziness, and
drowsiness with fever but no additional signs or abnormalities; he was diagnosed with
non-encephalitic NiV infection and given a 1-week course of oral ribavirin. The patient

March 2025 Volume 38 Issue 1

Clinical Microbiology Reviews

10.1128/cmr.00128-2315


https://doi.org/10.1128/cmr.00128-23

Review

was asymptomatic until September 2003, when he presented with fever, headache,
and weakness, followed by seizure activity. In addition, areas of consolidation were
detected on chest radiographs. Late-onset NiV encephalitis with secondary aspiration
pneumonia was diagnosed, and he was treated with ribavirin, phenytoin and carbamaze-
pine, ceftriaxone, and metronidazole prior to recovery, with only mild neurological signs
remaining (148).

Sequelae

Severe chronic sequelae occur in many survivors, presenting primarily as neurological
signs (168). In HeV survivors, residual neurological symptoms including ataxia have
been observed (147). One study of pig farmers in Malaysia reported that 15% of cases
developed persistent neurologic deficits (100). A later study followed 9 patients with NiV
encephalitis over the course of 24 months; all but one developed clinical signs associated
with the encephalitis. Neurological sequelae defined as depression developed either
immediately after recovering from encephalitis or around a year after the outbreak.
Other sequelae included personality changes, chronic fatigue syndrome, and marked
deficits in attention, verbal, and/or visual memory. Verbal memory was more impaired
than visual memory in these patients. Interestingly, no correlation was found between
the total number of brain lesions and psychiatric or cognitive impairment (169).

Immunological response to infection

Limited clinical specimen availability has restricted studies to monitoring and evaluating
the immune response to HNV infection in humans. The kinetics of the antibody response
in human infection are still being characterized, and, due to the spectrum of clinical
phenotypes, may vary based on disease course and clinical presentation. Several studies
show that IgM and IgG antibodies are detected in the serum during the first week after
iliness onset; IgM antibodies persist from 3 to up to 7 months post-illness onset, while
IgG antibodies have been shown to persist for many years in survivors (145, 155, 170,
171).

IgM positivity can be observed as soon as the first day after the appearance of
symptoms in 50% of patients and 100% of patients after 3 days; IgG can be detected 2
days after symptom onset in 31% of patients, with 100% positivity reached by day 17
(171). Another small study in India detected antibodies in three symptomatic and two
asymptomatic contact cases when contact cases of NiV-positive patients were tested
regularly for several months (172). In symptomatic patients, IgM was detectable 5-27
days after disease onset, while IgG persisted for more than 1 year.

Interestingly, comparable IgM and IgG immune responses against NiV infection were
observed in the presence and absence of clinical symptoms; however, the severity
and duration of illness may affect antibody kinetics. In fatal cases from Malaysia and
Singapore, NiV IgM antibodies were detected more often than IgG in serum and CSF.
In patients with a longer duration of illness (6-10 days), IgM antibodies were found in
serum samples of 94% of patients and CSF of 64%, while IgG antibodies were found in
12% of serum samples and 9% of CSF samples. IgM antibodies were detectable in serum
before CSF (145). In two of three patients with total illness of >25 days (25-34 days), IgM
and IgG were both detected in the CSF, whereas detection in serum was variable (145).

Characterization of adaptive immune responses is also limited. Responses were
characterized in the two survivors of the 2018 Kerala outbreak, indicating the promi-
nence of a CD8 T-cell response (155). In both cases, elevated total B lymphocytes,
activated B cells, and plasmablast counts were observed. Interestingly, while the absolute
number of T lymphocytes was within normal limits during the period of iliness evaluated,
a marked elevation of activated CD8 T cells was observed, and clearance of NiV RNA from
blood coincided with peak levels of activated CD8 T cells.
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DIAGNOSTICS
Acute patient diagnostics

Early clinical presentations in NiV infections can closely resemble other febrile disea-
ses, so early diagnosis is vital for both the appropriate treatment of the individual
and for controlling any potential outbreaks (173). First-line testing primarily relies on
either molecular and/or serological approaches, with other methodologies, such as viral
isolation, used for confirmatory studies (Table 7).

Detection of viral RNA (vVRNA) in patient samples is the most common method for
diagnosing acute HNV infection. Numerous nucleic acid amplification tests (NAATs) have
been reported, but because many of them were developed internally within individual
institutions, there is significant variation in assay design, reagent type, assay methodol-
ogy, and instrumentation. Most of these assays are designed to target the N gene due
to the abundance of N mRNA transcribed during infection; however, assays have also
been developed to detect the L gene or multiple targets, including the M and P genes
(assays summarized in Table 8). Currently, variations of reverse-transcriptase quantitative
PCR (RT-qPCR) assays are the most frequently used method for diagnosing acute HNV
infection given their high sensitivity, specificity, and relatively brief processing time (174).
Development of an isothermal (65°C) reverse-transcription loop-mediated isothermal
amplification (RT-LAMP) method targeting the N gene for the rapid detection of NiV has
been reported and demonstrated high sensitivity, supporting future use of LAMP-based
approaches (175).

RT-gPCR can identify NiV infection in the early stages of disease, with VRNA detecta-
ble in blood (55), serum, oropharyngeal swabs (42, 54, 55, 86), urine (54, 55, 153), and

TABLE 7 Summary of henipavirus diagnostic approaches®

Clinical Microbiology Reviews

HNV test type Process Advantages for HNV detection
time

Disadvantages for HNV detection

Lateral flow device-based’ <1 hour Rapid; low cost; adaptable to point-of-care field ~ Decreased sensitivity

application
Loop-mediated isothermal <1 hour Isothermal reaction; rapid; low cost; lyophilized ~ Challenging to design primers with adequate specificity
amplification (LAMP) reagents can be used
RT-PCR/ Hours Specific; high sensitivity; adaptable for minor Qualitative only; limited dynamic range; low through-
nested RT-PCR sequence heterogeneity; low cost put; can be prone to cross-contamination resulting in
false positives
SYBR Green RT-PCR Hours Quantitative; high sensitivity; adaptable for minor High cost of equipment; training required to interpret

sequence heterogeneity; low cost; melt curves results; prone to false positives due to non-specific

can differentiate between strains

primer annealing/primer dimers

TagMan RT-gPCR Hours Quantitative; high specificity; high sensitivity; Higher cost of equipment; training required to interpret
adaptable for minor sequence heterogeneity; results
high throughput
Multiplex TagMan RT-gPCR  Hours Screen multiple pathogens simultaneously; Limited utility for intermittent small outbreaks;
(e.g., TagMan array cards medium throughput; less sample required cost-prohibitive; custom pre-developed panels (closed
[TACs)) system); large footprint equipment
IgM ELISA (MAC) Hours Consistent early detection of infection Requires inactivated viral antigen or purified
recombinant antigen; not automated
IgG ELISA Hours Specific utility for surveillance; adaptable for Requires inactivated viral antigen or purified
recombinant recombinant antigen; not automated
Luminex bead-based 3-6 hours  High throughput Requires advanced technology/expertise
Pseudotyped virus neutraliza- 1-3days  No BSL-4 requirement; higher throughput; Variable or lower sensitivity
tion quantitative
Virus neutralization 1-7 days  Specific and sensitive Requires BSL-4
Virus isolation 7-14days Specific Requires BSL-4; sensitivity dependent on sample quality

“Antigen or immunoassay.
’HNV, henipavirus; MAC, IgM antibody capture enzyme-linked immunosorbent assay.
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TABLE 8 Summary of published henipavirus molecular diagnostic assays®

Assay type Viral Assay Sample types evaluated in assay Reference
target  target development

RT-PCR NiV N Blood; respiratory secretions; urine; CSF  (27)
NiV N,M Blood; urine (53)
Nested/hemi-nested HeV F Tissue samples; viral supernatant (176)
RT-PCR HeV F Tissue samples (177)
NiV N Urine (178)
NiV L Tissue samples; viral supernatant (179)
Pan-HNV L Viral supernatant (180)
SYBR Green RT-gPCR  HeV,NiV. N Viral supernatant (181)
NiV N Tissue samples; viral supernatant (179)
TagMan HeV M Tissue samples; viral supernatant (176)
RT-gPCR NiV N Blood; respiratory secretions; urine; CSF (182-184)
NiV N,PM Tissue samples; viral supernatant (179)
NiV Fto GIGR Viral supernatant (185)
Multiplex TAC NiV N Serum; viral supernatant (183, 186)
NiV N CSF; viral supernatant (183, 187)
RT-LAMP NiV N Blood; respiratory secretions; urine; fecal (175)
swab
RT-RPA with LFD HeV N Viral supernatant (188)
NiV N Viral supernatant (189)

“IGR, intergenic region; LAMP, loop-mediated isothermal amplification; RPA, recombinase polymerase amplifica-
tion; TAC, TagMan array card.

CSF (153). In general, oropharyngeal swabs are one of the most sensitive sample matrices
and are thus the most common sample type obtained for diagnostic evaluation (86,
190). Importantly, blood samples may not reliably serve as the preferred sample type
for diagnostics, depending on exposure history, due to the transient nature of viremia
associated with HNV infection (54, 55). In addition, in areas with limited access to care,
patients most often present later in the course of infection, when the presence of viremia
is unreliable. In addition, the timing of testing may depend on the characteristics of the
outbreak. For example, in Kerala, most of the patients tested positive for NiV only later in
the illness (54), suggesting that RT-qPCR-based assays may not always detect cases early
after infection.

Diagnostic serological tests for HNV can be used to detect either viral antigens or
the patient’s antibody response to infection. Like with NAATs, most assays have been
developed internally within individual institutions. HNV antigen-specific IgM enzyme-
linked immunosorbent assays (ELISAs) are typically used in conjunction with RT-qPCR
to confirm active infection. Serum IgM titers peak around 9 days post-symptom onset
and can remain detectable for up to 3-7 months (171). ELISAs for IgG are generally
used for epidemiological analysis rather than acute diagnosis because these titers peak
later in infection but can persist for months (173). Again, due to its relative abundance
and immunodominance, N protein is the most commonly used antigen in HNV ELISAs,
although G, P, and M protein-based assays have also been described (27, 191-200). The
homology between HNV N and G proteins often allows the use of these ELISAs for
pan-henipavirus detection, and, in conjunction with the more heterologous P protein,
allows differentiation between NiV and HeV infection.

Well-characterized and accessible rapid point-of-care tests for serology and antigen
detection are currently unavailable and represent a notable gap in NiV diagnostics.
However, the development of several point-of-care targeted assays has been recently
reported, providing proof of principle that this technology can be applied to advance a
simple and rapid diagnostic assay for HNV. A rapid lateral flow strip test for NiV detection
was developed using EFNB2 as the capture ligand combined with a NiV mAb (F20NiV-65)
as the detector (201). A competitive ELISA using baculovirus-expressed recombinant NiV
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G antigen and a NiV G-specific monoclonal antibody detected NiV and/or HeV antibod-
ies from different animal species (192). Three additional rapid lateral flow detection
assays were developed based on reverse transcription recombinase-based isothermal
amplification targeting the NiV N gene: two assays use recombinase polymerase
amplification and one uses recombinase-aided amplification isothermal technology. All
three were shown to be sensitive and did not detect other viruses that cause similar
febrile symptoms (189).

Diagnostics for surveillance, research, and countermeasure evaluation

Neutralization assays are predominantly used as confirmatory assays or for research
and vaccine evaluation. Considering its high specificity, serum neutralization testing is
currently considered the reference standard for confirmatory NiV diagnosis by the World
Organization for Animal Health (202). While cross-reaction of HeV-immune sera against
NiV was key to the eventual definition of the henipavirus genus, cross-neutralization
does not occur as widely. Antibodies generated against F and G glycoproteins of HeV
and NiV have demonstrable cross-neutralizing activity (203-209); however, antibodies
against CedV were shown to cross-react with, but not cross-neutralize, HeV and NiV (78).

A major limitation of neutralization assays with authentic viruses is the requirement
for BSL-4 facilities. Pseudovirion-based neutralization assays, such as those based on
Moloney murine leukemia virus, vesicular stomatitis virus (VSV), and human immuno-
deficiency virus (HIV) (210-218), are an alternative approach for detecting antibodies
against viral surface glycoproteins that preclude the need for BSL-4 facilities. In general,
studies comparing live viruses to pseudotype systems indicate a good correlation in
results (211, 212, 217), though under some circumstances, pseudotype system-derived
data may vary. For example, a study comparing plaque reduction neutralization test
(PRNT) data to those obtained with replication-deficient luciferase-based VSV particles
pseudotyped with NiV F and G (pVSV-NiV-F/G) found that the results were similar except
when detecting low levels of antibodies. When anti-NiV antibody levels were relatively
low, PRNT showed higher sensitivity as it more consistently detected neutralizing activity
(211). Another study indicated that while a green fluorescent protein (GFP)-based VSV
pseudotype generally correlated with PRNT, the neutralizing titers of the pseudotype
were consistently higher than those from PRNT (212). Interestingly, the successful
deployment of pseudovirions as a surveillance tool identified seroprevalence among
those living in proximity to deforestation as well as those who butchered bat meat (219).

Other technologies applied to surveillance and research include virus isolation and
genetic sequencing. Virus isolation is also used for confirmatory diagnosis and down-
stream phenotypic and genomic characterization of the isolate. NiV can be isolated from
throat swabs (47, 62, 86), nasal swabs (47), urine (47, 150), and CSF (48, 150). Cytopathic
effect usually occurs within 7 days, depending on the number of infectious virions
present in the patient sample. Finally, high-throughput sequencing can be used as a
metagenomics approach to study viral evolution and phylogenetics and to investigate
transmission or new introductions (220).

MODELING ECOLOGICAL DYNAMICS IN ANIMALS

Animal models of HNV infection can be applied for two purposes: modeling mainte-
nance and transmission in nature and modeling human disease. HNVs can infect a wide
range of animal species. The natural host reservoirs of HNVs, predominantly bats, appear
to carry the virus asymptomatically (221, 222). In other susceptible species such as pigs,
horses, cats, and dogs, the disease can range from mild to severe, with severe disease
reported in both horses and young pigs (223). While severe clinical signs are typically
limited in animals, several animal models have been developed that more closely
mimic disease progression seen in humans, both respiratory and neurological (further
reviewed in references (224-228). Here and in the subsequent section, we summarize
experimental infection studies in bats, livestock, and other species used to investigate
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viral ecology. In the following section, we will review the development and use of rodent
and non-human primate (NHP) models of disease.

Bats

Early experimental infection studies of HNVs in fruit bats investigated transplacental
infection as a possible mode of transmission, with four gray-headed fruit bats (Pteropus
poliocephalus) inoculated with HeV. While no overt clinical disease was observed in the
bats, subclinical infection and associated pathology were indicated by viral isolation,
seroconversion, vascular lesions, and positive immunostaining (56). Positive immunos-
taining in two placentas, along with isolation of the virus from one of the associated
fetuses, supported transplacental transmission. In a separate study, HeV infection of
Australian black flying foxes (Pteropus alecto) again demonstrated no overt clinical
disease, with viral antigen detected but confined to the lungs in these animals (229).

In a 2008 report, P. poliocephalus were inoculated subcutaneously with an isolate of
NiV-Malaysia derived from a fatally infected human (222). As with HeV, infection was
subclinical but the animals seroconverted, transient presence of the virus within selected
viscera was noted, histopathological tissue changes were observed, and episodic viral
excretion in urine was detected. Later studies (2011) reported inoculation of Pteropus
spp. bats from Malaysia and Australia with NiV and HeV, respectively (64). Again, no
disease was seen, and, despite intensive sampling, no NiV was recovered; HeV was
re-isolated from only one bat. Conclusions from these initial experiments suggested that
opportunities for transmission may be limited and the probability of a spillover event
low. More recent studies in the Egyptian fruit bat (EFB; Rosettus aegyptiacus) were carried
out to evaluate the potential of this species to serve as a NiV disease model (230).
However, NiV did not efficiently replicate in EFBs in vivo; no viral replication or shedding
was detected, and no seroconversion against NiV glycoprotein occurred, suggesting that
some species of bats may be refractory to infection.

Livestock and domestic species

Experimental challenge studies in larger species like pigs and horses are currently limited
to two research facilities: the Australian Animal Health Laboratory (Geelong, Victoria,
Australia) and the Canadian Science Centre for Human and Animal Health (Winnipeg,
Manitoba) (225). Natural HeV infection in horses is highly variable and shows a broad
range of signs. In general, it is characterized by rapid progression, with an increase in
body temperature around 6 days post-challenge accompanied by an elevated heart rate.
Within 9 days post-challenge, respiratory signs (respiratory distress, increased breathing
rate, and nasal discharge at death) and neurological signs (restlessness, weight shifting
between legs, irritability) indicate HeV infection in horses (231). Three horses were
experimentally infected with HeV by the oronasal route to monitor potential routes of
shedding, which resulted in systemic disease. In two of the three animals, HeV RNA was
detected continually in nasal swabs as early as 2 days post-exposure, highlighting that
the systemic spread of the virus may be preceded by local viral replication in the nasal
cavity or nasopharynx (232).

In response to the discovery of HeV, other species in addition to horses have been
experimentally infected to investigate their putative roles in natural transmission and
utility as animal models of disease. Experimental HeV infection studies in cats resulted
primarily in respiratory disease but did not consistently recapitulate neurological disease
(233). Cats given the virus orally, intraperitoneally, or subcutaneously developed the
disease, as did one in-contact cat. Gross pathology was seen in all affected cats and
was consistent with respiratory disease (hydrothorax; dark, heavy, wet, congested, and/or
hemorrhagic lungs with froth sometimes found in the respiratory passages). Histolog-
ically, lesions in the lungs of the cats indicated severe interstitial pneumonia along
with clearly defined vascular lesions. Vascular lesions accompanied by parenchymal
degeneration were also seen in the gastrointestinal and lymphoid organs. Vascular
damage was associated with HeV antigen and syncytia in small blood vessels in the
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lungs and other organs (234). In addition, in utero transmission of NiV in cats has been
reported, with evidence of high levels of viral replication in many tissues of a preg-
nant adult cat and in fetal tissues, suggesting potential for both vertical and horizon-
tal transmission (235). Experimental inoculation in other domestic and peri-domestic
species (mice, rats, rabbits, dogs, and chickens; subcutaneous inoculation) failed to elicit
clinical disease (236). No remarkable gross or histological lesions were observed in mice,
rats, rabbits, chickens, or dogs 21 days after inoculation, and no virus was isolatable.
Significant concentrations of specific neutralizing or fluorescent antibodies were not
detected in the mice or chickens but were detected in 3 of 4 rats, 1 of 2 dogs, and both
rabbits (236).

Based on the well-recognized epidemiological link between NiV and porcine farmers,
several experimental infection studies in pigs have been performed, demonstrating
a predominance of mild to subclinical HNV infection with strain- and age-associated
outcomes. Experimental HeV infection in pigs indicated susceptibility to infection and
their potential role as intermediate hosts in transmission to humans. Pigs developed
fever and depression; a subset developed respiratory signs, sometimes followed by mild
neurological signs. Virus was detected in all infected pigs 2-5 days post-infection in
oral, nasal, and rectal swabs, and 3-5 days post-infection in ocular swabs. VRNA was
mainly distributed in tissues from respiratory and lymphoid systems at an early stage of
infection, and the presence of the virus was confirmed by virus isolation (237).

Like with HeV, experimental infection in pigs with NiV-Malaysia results in self-limiting
respiratory disease, with rare involvement of the CNS. Studies of 5-week-old piglets
infected intranasally, orally, and ocularly with NiV-Malaysia and euthanized 3-8 days
post-infection reported neurological signs in 2 of 11 animals, while the rest remained
clinically healthy (238). The virus was detected in the respiratory system, lymphoreticular
system, and nervous system of both sick and subclinical animals. Data suggested that
virus entry to the CNS was via cranial nerves and by crossing the blood-brain barrier after
initial virus replication in the upper respiratory tract (238).

In contrast to experimental infection with NiV-Malaysia, pigs experimentally infected
with NiV-Bangladesh do not display overt clinical signs of disease (223). The absence of
clinical disease in pigs oronasally infected with the Bangladesh strain is based on a single
study to date. In these animals, viremia was undetectable throughout the study, and only
low titers of neutralizing antibodies were measured around a month post-infection. The
virus was, however, detected in oral, nasal, and rectal excretions, and viral dissemination
from the upper respiratory tract to the brain, lungs, and associated lymphatic tissues was
observed.

ANIMAL MODELS OF DISEASE

NHPs, ferrets, cats, hamsters, guinea pigs, and, most recently, mice have all been
used to investigate disease; some of these animal models are now frequently used
as critical systems to evaluate countermeasures. Early after the discovery of HeV, cats
were observed to develop clinical disease following experimental infection (239) and
later shown to develop the similar disease when infected with NiV (233). While cats
were the first model used to test vaccine efficacy (207, 240), currently used animals
are predominantly hamsters and African green monkeys (AGMs), with other models
(ferrets and mice) in active development. Importantly, all these models recapitulate,
to varying levels, both the respiratory and neurological features reported in human
infection. Here we provide background on HNV-associated disease in animal models,
emphasizing that these are models of a complex clinical disease in humans. While
some species, such as hamsters, have been studied more frequently, continued model
development and natural history studies for all species detailed below are needed
to support robust conclusions regarding outcomes associated with viral dose, strain,
and administration route, and to provide robust tools for evaluating pathogenesis and
medical countermeasures. Overall, interpretations of data and comparisons between
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HNV animal model studies must carefully consider sample size, number of independent
investigations, experimental design (e.g., infection route), and endpoint criteria.

Non-human primates

The AGM (Chlorocebus aethiops) is the primary NHP species used to model human
HNV disease and evaluate medical countermeasures. The AGM model of disease was
reported first for HeV (241), followed by studies on NiV-Malaysia (242). Intratracheal
inoculation of AGMs with HeV produced a uniformly lethal infection within 7-9 days,
and the observed clinical signs and pathology displayed largely as ARDS, consistent
with HeV-mediated disease in humans. Animals developed extensive diffuse interstitial
infiltrates only 1-2 days prior to death, and severe lung lesions covering up to 90% of the
tissue were observed at necropsy. Histopathological changes were primarily found in the
lung and included alveolar hemorrhage, pulmonary edema, inflammation, and syncytial
vascular endothelium, as described in human cases of both HeV and NiV. Similarly,
initial investigations of NiV in AGMs confirmed their susceptibility to disease; infection
caused severe systemic infection and high lethality that recapitulated many key aspects
of human disease, including severe respiratory pathology and generalized vasculitis
(242). Detailed clinical analyses have been performed in the NiV model, characterizing
lethality, clinical parameters, and other observations, as well as virological indices and
pathological findings (243). In contrast to HeV, NiV infection in AGMs is not uniformly
lethal. Circumstances resulting in a protracted disease course or survival (i.e., due to type
of exposure or intervention studies) appear to support a high propensity for neurological
involvement in the model. Viral RNA and neurological lesions may be detectable in
surviving animals even in the absence of clinical signs. Histopathological evidence of
relapse encephalitis, which was not apparent clinically, was reported in AGM survivors
euthanized 32 days post-infection (243). NiV genomic RNA was detected only in the
brains of both survivors but not in any other organs evaluated (colon, eyes, liver, lungs,
lymph nodes, spleen, stomach, and testes) (167).

More recent model development efforts have focused on further refinement of the
AGM model, characterizing clinical disease associated with inoculation routes, specifi-
cally comparing intratracheal/intrabronchial and aerosol exposure and further defining
variation associated with aerosol particle size to determine appropriate models for
the spectrum of clinical phenotypes in human disease. Disease presentation in AGMs
following aerosol exposure to NiV can vary based on estimated inhaled dose, aerody-
namic particle size, and deposition site (244). Intratracheal and small-particle (1-3 pm)
aerosol infection of AGMs with NiV-Malaysia leads to severe respiratory disease without
neurological indications (245). Aerosol exposure to intermediate-size (6-8 pum) virus
particles, to mimic potential human exposure by facilitating virus deposition in the
upper respiratory tract, results in pulmonary parenchymal disease (i.e., consolidations,
ground-glass opacities, and reactive adenopathy) but also induces neurological disease
indicated by MRI lesions in the brain of a subset of animals in the absence of neurological
signs (246). Neurological abnormalities were also observed in the disease following
large-particle (10-14 um) aerosol exposure to NiV (247). Efforts to modify aerosol
exposure and characterize associated neurological signs in NHP studies are critical to
the development of a model that can also recapitulate the incidence and spectrum of
neurological disease reported in human infection.

Experimental infection studies have been performed in other NHP species, demon-
strating species-associated differences in outcome. Squirrel monkeys (Saimiri sciureus)
infected intranasally or intravenously with NiV-Malaysia developed clinical signs. The
disease course was more acute in intravenously infected monkeys (2-3 days) and was
lethal in three of four animals in which the disease was allowed to proceed; the disease
was associated with acute neurologic and respiratory illness (248). The illness lasted
longer in intranasally infected animals (7 days), and clinical signs were milder and seen
only in two of four animals before recovery after 3-7 days. More recently, the common
marmoset (Callithrix jacchus) was evaluated for susceptibility to NiV-Bangladesh infection
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(249). All four intratracheally/intranasally inoculated marmosets succumbed to infection
within 8-11 days post-challenge. Among these, three animals primarily developed
respiratory disease, while one animal recapitulated neurologic clinical manifestations
and cardiomyopathy seen upon gross pathology investigations. Interestingly, the gene
ontology of the brainstem transcriptome from the lone animal that displayed neurolog-
ical signs indicated enrichment in the expression of genes related to myelination and
oligodendrocyte function.

By contrast, only mild or asymptomatic infections were reported in cynomolgus
macaques (Macaca fascicularis) intratracheally and intranasally inoculated with HeV,
NiV-Malaysia, or NiV-Bangladesh (250). Although HeV and NiV replicated with similar
kinetics as in AGMs, NiV or HeV antigen was not detected in any of the tissues analyzed
at the endpoint (day 28) except in one NiV-Bangladesh-infected animal, which exhibited
a focal cluster of neurons with cytoplasmic immunolabeling within the brainstem. In
addition, histopathological and IHC analyses of formalin-fixed tissues were unremark-
able. Notably, analyses of cytokine/chemokine profiles and targeted transcriptome
profiling indicated that differences in cell-mediated and humoral immunity could be
delineated by clinical outcomes, suggesting that characteristics and quality of the
immune response to infection (e.g., which cells are activated/recruited, the magnitude
of the inflammatory response, and/or Th1 vs Th2 skewing) may be more important than
early control of viral replication (250).

Ferrets

Initial studies on HNV disease in ferrets (Mustela putorius furo) were reported in 2009
(251, 252). HNV infection in ferrets is typically performed via oronasal or intranasal
inoculation. Ferrets are very sensitive to HeV infection; regardless of route, doses as
low as 10 TCIDsq result in 75-100% lethality (251, 253). The disease is characterized
by fever (developing 4-7 days post-infection), depression, lack of grooming, hunched
posture, respiratory signs (labored breathing), and/or neurological signs (ataxia, paralysis,
generalized tremors, myoclonus, head tilt, seizures), with animals succumbing around
a week post-infection (253). Although similar clinical signs and disease course are
observed in ferrets infected with NiV, severe disease manifestations are seen less
frequently than with HeV: 10 TCID5q of NiV results in 25% lethality (254).

As with other animal models, HNV infection leads to widespread viral dissemination
and replication. The presence of replicating HNV and/or viral antigen has been repor-
ted in syncytial cells of small blood vessels and highly vascular tissues, including the
lung, kidney, spleen, and brain. Low-level virus shedding has been detected via both
pharyngeal and rectal swabs (225). Recapitulating features of human disease, systemic
vasculitis involving the pulmonary system and CNS has been reported in both HeV-infec-
ted and NiV-infected ferrets (251, 253).

Hamsters

Multiple studies have investigated HNV clinical course and pathogenesis in hamsters and
have characterized clinical analytes (255) and serology (256) of these animals. Ham-
ster studies have also employed reverse-genetics approaches to generate recombinant
virus-expressing reporter proteins (e.g., luciferase or Zoanthus spp. green fluorescent
protein [ZsGreen1]) for use in advanced imaging to examine infectivity, pathogenic-
ity, and real-time viral dissemination, and to correlate clinical signs with anatomical
localization of fluorescence at the study end points (257-260).

The first hamster model of NiV disease was reported by Wong et al. (261) in 2003.
Syrian (golden) hamsters (Mesocricetus auratus) infected intranasally or intraperitoneally
with NiV-Malaysia succumbed to infection within 9-29 days or 5-9 days, respectively
(261). At the terminal stage of infection, virus and/or vRNA could be recovered from
most organs (both vascular and extravascular tissues) and urine, but not from serum,
consistent with intermittent or absent detection of virus in blood and sera of human
cases. Lesions were reported in multiple tissues but were most severe and extensive
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in the brain; vasculitis and multinucleated syncytia were detected in blood vessels.
Subsequent studies have shown that NiV replication in hamsters is detectable early
(=8 hours post intranasal inoculation) in type | pneumocytes, bronchiolar respiratory
epithelium, alveolar macrophages in the lung, and in respiratory and olfactory epithelial
linings of nasal turbinates (262). In addition, associated with early infection of olfac-
tory epithelium in nasal turbinates, visible NiV-infected neurons extending through the
cribriform plate into the olfactory bulb have been reported, providing evidence for early
axonal transport of NiV into the CNS in the absence of concurrent neurological signs
(166). Viral spread appears to be rapid; within the first day of infection (at 16 hours), the
virus disseminates to epithelial cells lining the larynx and trachea (262).

In 2009, HeV infection in Syrian hamsters was first reported; like with NiV, infection
was widespread and involved both the respiratory and neuronal systems (263). While
there is variation between reports, like ferrets, hamsters appear to be more sensi-
tive to low-dose infection with HeV (263) than with NiV (261). Interestingly, replica-
tion patterns differ between NiV and HeV following intranasal infection; NiV initially
replicates in the upper respiratory tract epithelium, whereas HeV initiates infection
primarily in the interstitium (264). For both NiV and HeV, a dose-associated difference
in clinical phenotype has been reported in hamsters; high-dose (10° TCIDsq) intranasal
infection with either virus results in acute respiratory distress, whereas low-dose (10°
TCIDsq) infection results in neurological signs and more systemic spread of the virus
through involvement of the endothelium (264). However, subsequent studies report a
broad spectrum of disease within experimental cohorts, even at relatively high doses,
indicating that the relationship between inoculation dose and outcome is more complex
(265).

Comparisons between NiV strains have been investigated in hamsters. In studies
following respiratory exposure, NiV-Malaysia and NiV-Bangladesh both demonstrated
similar endotheliotropism in small- and medium-caliber arteries and arterioles (but not
in veins) in the lung, correlating with EFNB2 localization (266). Correspondingly, although
a slower rate of spread was noted in hamsters infected with NiV-Bangladesh (262),
the pattern of viral dissemination was similar for both strains, and they both resulted
in comparable respiratory tract lesions (266). An isolate from Bangladesh was found
to cause slightly more severe rhinitis and bronchointerstitial pneumonia 2 days after
inoculation, but differences in lesion severity could no longer be detected 4 days after
inoculation (266).

NiV-Malaysia has been suggested to result in more rapid and severe disease in
hamsters: experimental intraperitoneal infection with NiV-Malaysia leads to accelerated
viral replication, pathology, and death when compared to NiV-Bangladesh infection,
and NiV-Malaysia infection was shown to activate host immune response genes at an
earlier time point (267). These studies are relatively limited; more data are needed using
various inoculation routes to support this conclusion and identify trends associated with
experimental design.

Guinea pigs

HNV studies in guinea pigs are relatively limited and most studies to date have
focused on HeV infection. Guinea pigs appear susceptible to disease after subcutaneous
inoculation; however, signs may not be present in all animals. Early studies reported
that a subset of guinea pigs infected subcutaneously with HeV succumbed to respi-
ratory disease and exhibited gross lesions of pneumonia (236). In a later study, all
guinea pigs inoculated subcutaneously with HeV developed disease; at necropsy, all
guinea pigs were cyanosed and had congestion and edema in the gastrointestinal tract.
Histologically, widespread vascular disease was observed in arteries and veins and in
many organs, including the lung, kidney, spleen, lymph node, gastrointestinal tract, and
skeletal and intercostal muscle, but no severe pulmonary edema was detected, unlike in
horses and cats (234). Similarly, in a study of 18 pregnant guinea pigs inoculated with
HeV mid-gestation, half (9 of 18) of the animals developed the disease as confirmed by
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viral isolation, histopathology, and IHC. These studies demonstrated vertical transmis-
sion of HeV from the dam to fetus. In the placentas of five of the nine clinically affec-
ted guinea pigs, necrosis and strong positive immunostaining for HeV antigen were
detected; one of these five animals aborted and HeV was isolated from its three fetuses,
one of which also demonstrated positive immunostaining. In three other sick guinea pig
dams, the virus was isolated from the fetuses, with positive immunostaining in two of
them (56).

In 2001, a guinea pig model of HeV encephalitis was reported (268). Subcutaneous
(but not intranasal or intradermal into the footpad) inoculation with HeV consistently
produced disease in guinea pigs. Most (14 of 15; 93%) of the animals developed
vascular disease with positive HeV IHC labeling in a range of tissues. Interestingly, the
authors used immunolabeling to report, for the first time, the presence of lesions,
including syncytial cells, in the transitional epithelium of the bladder. Virus isolation
from urine rather than from nasal, oral, rectal, or conjunctival swabs was consistent with
previous epidemiological work in horses, indicating a limited possibility of transmission.
In addition, experimental infection produced microscopic lesions of encephalitis in 8
of 15 (53%) guinea pigs, with positive immunolabeling in blood vessels and neurons,
especially in the medulla, cerebellum, and thalamus. The virus was recovered from six
of the eight (75%) encephalitic brains. Severe vascular degeneration in the centers of
these encephalitic lesions and positive immunolabeling in the choroid plexus of another
animal indicated that the virus entered the brain following virus-induced vascular injury
and choroid plexus invasion.

NiV studies in guinea pigs are more limited. The first report primarily focused on
experimental infection of bats but included a control group of eight guinea pigs that
were inoculated intraperitoneally with a human isolate of NiV-Malaysia. Three of eight
(38%) guinea pigs developed clinical signs 7-9 days post-inoculation (222). Follow-up
studies performing histopathologic and IHC characterization of NiV infection in the
guinea pig reported that intraperitoneal inoculation with NiV is primarily associated with
encephalitis, recapitulating disease with notable resemblance to that in humans but with
reduced pulmonary involvement (269).

Mice

The utility of wild-type mice as disease models of HNV infection appears limited. Early
reports in juvenile BALB/c and Swiss Brown mice inoculated with HeV and NiV, respec-
tively, indicated resistance to infection in mice (236, 261). To date, only one study has
reported clinical signs in HNV-infected wild-type mice; 1 of 5 juvenile (8-week-old) and
5 of 5 aged (12-month-old) C57BL/6 mice developed the clinical disease after intra-
nasal but not subcutaneous exposure to HeV, with aged mice reliably developing the
encephalitic disease (270). Similar results were seen with HeV in intranasally inoculated
BALB/c mice; 0 of 5 juvenile and 3 of 5 aged mice presented with clinical signs. Here, mice
developed transient lower respiratory tract infection without progressing to viremia and
systemic vasculitis which is commonly seen in other animal models. Viremia and systemic
spread were not an important feature of infection, and viral antigens and lesions in
the brain were largely confined to neuroanatomical sites associated with the afferent
olfactory pathway. However, there are no reports of clinical signs in wild-type immu-
nocompetent mice inoculated with NiV; a comparable study to that which observed
signs of HeV in young adult and aged BALB/c and C57BL/6 mice reported subclinical
infection following intranasal exposure to NiV-Malaysia or NiV-Bangladesh (271). vRNA
was detected in the lung tissue of mice at euthanasia (21 days post-inoculation) along
with a non-neutralizing antibody response. Serial euthanasia studies indicated that
presence of this VRNA reflected an earlier self-limiting and subclinical lower respiratory
tract infection. No evidence of viremia or infection of other organs, including the brain,
was observed.

The varied clinical outcomes in wild-type mice inoculated with HeV compared to
NiV were similarly observed by Edwards et al. (272). Following intranasal inoculation of
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3-week-old BALB/cArc mice with HeV or NiV-Bangladesh, neurological disease developed
in 2 of 5 HeV-infected mice, whereas NiV infection was restricted to the lungs (272).
The two HeV-infected mice with clinical disease were euthanized on day 10 post-infec-
tion due to depression, isolation, increased respiration, and erratic hypersensitivity to
stimuli; one of the animals also displayed piloerection and hunched posture. All other
mice remained clinically normal for the duration of the study and were euthanized at
the study’s end (21 days post-inoculation). Weight loss and temperature changes were
not observed other than expected minor daily fluctuations. To investigate molecular
determinants of clinical outcome, HeV proteins were substituted into recombinant NiV
viruses, but none of the attempted combinations changed the NiV disease phenotype
(272).

The factors which confer resistance to disease in immunocompetent mice are
not fully understood. Rodent cells express the ephrin B2 receptor and are generally
permissive to infection, but the efficiency of virus replication in mouse (and rat) cells in
culture was found to be markedly lower than in human and hamster cells, suggesting
that factors other than receptors may be involved in the control of virus replication
(273). A key breakthrough in mouse models was a report indicating that resistance
to lethal virus infection in wild-type mice was elicited by type | IFN signaling (274).
Mice lacking the type I IFN receptor (IFNAR-KO) were susceptible to both HeV and NiV.
Intraperitoneally infected mice developed fatal encephalitis, with pathology and IHC
features like those seen in humans. vVRNA was found in the majority of analyzed organs,
and sub-lethally infected animals developed virus-specific neutralizing antibodies. In
addition, IFNAR-KO mice have been shown to support replication and transient infection
with non-pathogenic CedV, whereas wild-type mice did not (275).

Beyond disease model development, mice have been used to investigate vari-
ous aspects of infection. IFNAR, RIG-I-like receptor-associated mitochondrial antiviral
signaling protein (MAVS), MyD88, and TLR-3 receptor (TLR3) knockout mice, and mice
crossed to bear several deletions (including MyD88/TRIF, MyD88/MAVS, and MyD88/TRIF/
MAVS knockouts) have been utilized to demonstrate the redundant but essential roles
of both MAVS and MyD88 adaptors, but not TRIF, in the control of NiV infection in mice
(276). A similar approach used C57BL/6 knockout strains (IFNAR, MyD88, and combi-
nations of MyD88, TRIF, MAVS, and the cyclic guanosine monophosphate-adenosine
monophosphate [cGAMP] synthase [cGAS]/stimulator of interferon genes [STING]) to
support the role for STING in controlling NiV infection (277). A human lung xenograft
mouse model has also been used to study the pathogenesis of NiV. NiV targeted
the endothelium and respiratory epithelium in the human lung tissues, and infection
resulted in the production of several cytokines and chemokines, including IL-6, IP-10,
eotaxin, G-CSF, and GM-CSF (278).

Overall, mouse models of HNV infection may prove more useful than initially
considered. Further model characterization and refinement as performed with the
hamster model, with a focus on immunocompromised strains, could provide additional
pre-clinical options with high utility due to low cost, reagent availability, ease of
handling, and improved logistical considerations for BSL-4 studies, including housing
and husbandry.

VACCINES

A HeV vaccine for horses (Equivac HeV) was licensed in Australia in 2012, 18 years after
HeV was first identified (Fig. 3), representing the first commercialized vaccine against a
BSL-4 agent (279, 280). Currently, no vaccines are approved for the prevention of NiV
or HeV disease in humans. In June 2017, WHO released a Target Product Profile for NiV
vaccines to inform vaccine development and provide a framework for evaluating the
progress of vaccine candidates (Table 9) (281). Vaccine availability was prioritized for
active immunization of at-risk persons (all age groups and populations at high risk of NiV
disease) during an outbreak for the prevention of NiV disease, to be used in conjunction
with other control measures to curtail or end an outbreak.
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FIG 3 Timeline of henipavirus virus vaccine development and clinical trials.

The effectiveness of the vaccine depends on various factors, including the type
of vector used for vaccination, the timing of the challenge after vaccination, and the
route of vaccine administration. A critical aspect of vaccine development is defining the
correlates of protection. Currently, no clear correlates of protection against NiV have
been defined in either animal models or humans. Until recently, the prevalent assump-
tion was that the presence of neutralizing antibodies is the gold standard correlate
of protection for NiV vaccines. This assumption was largely based on the success of
using neutralizing monoclonal antibodies (mAbs) as a therapeutic, and the survival of
all vaccinated and challenged animals that had neutralizing antibodies at the time of
challenge. However, recent studies point to additional mechanisms of protection. For
example, vaccinated animals can survive virus challenges in the absence of detectable
neutralizing antibodies. Even in animals that have neutralizing antibodies at times of
challenge, the titers are often very low, raising the question of whether they truly
contribute to protection (282-284). Immune responses to NiV can be multiple, and
humoral and cellular immunity can contribute to protection. A longitudinal study of
two survivors of the Kerala NiV outbreak has shown the induction of T-cell responses
coinciding with viral clearance, which is followed by the development of strong and
long-lasting neutralizing antibody responses (134).

TABLE 9 Summary of WHO target product profile for NiV vaccines (2017) for use as rapid deployment in
outbreak settings

Characteristic Preferred Minimal

Efficacy in >90% >70%
preventing
disease

Onset of <2 weeks after first dose <2 weeks after final dose
protection

Dosing regimen  Single-dose series Requires no more than two doses, with some

level of protection conferred after initial dose

mRNA vaccine
phase-l clinical trial

start (NRNA-1215)

Durability
Stability

Lasting immunity for >1 year
Shelf life of 5 years when stored
at 2-8°C (long-term viability)

Immunity for at least 6 months.

Shelf life of = 12 months at —20°C, with
demonstrated stability of > 1 month at 2-8°C
(suitability for field delivery in remote areas)
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Currently, multiple NiV vaccine candidates are in various stages of development, with
most still in pre-clinical phases and only a few progressing to clinical trials. These vaccine
candidates use a range of vaccine platforms, all of which incorporate the viral glycopro-
teins F and/or G as the primary NiV antigens. NiV vaccine clinical trials are currently
underway for four candidates, including (i) subunit sG HeV vaccine (ClinicalTrials.gov:
NCT04199169) (ii); rVSV-DG vector39 (ISRCTN87634044 ClinicalTrials.gov: NCT05178901)
(iii); mRNA (ClinicalTrials.gov: NCT05398796); and (iv) ChAdOx1 NipahB vaccine from the
Oxford Vaccine Group. The University of Oxford is utilizing the ChAdOx1 platform, the
same viral vector vaccine platform that was used for the Oxford/AstraZeneca COVID-19
vaccine (clinical trial; ISRCTN87634044) (Table 10).

Viral vector vaccines

Several recombinant viral vector vaccine platforms expressing the NiV F or G glycopro-
tein have been evaluated as vaccine candidates. The majority are VSV based; three types
have been evaluated with varying levels of replication competency (replication-incom-
petent, single-cycle replication, or replication-competent); all conferred protection after
a single dose.

Replication-incompetent VSV pseudotypes in hamsters demonstrated that single-
dose vaccination with VSV expressing either the NiV F or G glycoproteins protected
hamsters from the lethal NiV challenge (285). VSV virions that express NiV F or G
and are capable of a single round of replication have also demonstrated efficacy. A
study of AGMs vaccinated with a single dose of recombinant VSV (rVSV) expressing
NiV-Bangladesh strain glycoproteins (rVSV-AG-NiVBF or rVSV-AG-NiVBG) resulted in 100%
efficacy against NiV-Bangladesh challenge; both vaccines induced strong neutralizing
antibody responses (286). In addition, complete protection is seen in as little as a
week in AGMs receiving rVSV-AG-NiVBG prior to NiV-Bangladesh challenge (282). Even
when vaccinated animals were challenged on day 3, 67% of animals survived, despite
no neutralizing antibodies detected at the time of challenge. Transcriptomic studies
suggested activation of natural killer (NK) cells and cytotoxic T cells, indicating poten-
tial early protection mediated by non-neutralizing antibody mechanisms (282). Single-
round replication rVSV-based vaccines can also confer long-lasting immunity against
NiV disease. AGMs vaccinated with rVSV-AG-NiVBG 1 year before NiV challenge survived

TABLE 10 Nipah virus vaccines currently in pre-clinical and clinical trials?

Vaccine developer Format Clinical phase Clinical trial status’ Funding
Auro Vaccines & PATH ~ HeV-sG-V Phase 1 trial Posted: 12/13/2019 CEPI
recombinant subunit vaccine containing a portion of the HeV G Completed: 5/6/2022
glycoprotein
Moderna mRNA-1215 Phase 1 trial Start: 07/11/2022 NIAID
mRNA vaccine encoding secreted prefusion-stabilized F Completion: 10/2024 (est.)
component covalently linked to G monomer (pre-F/G)
Public Health Vaccines  rVSV-G Phase 1 trial Start: 01/10/2022 CEPI
recombinant VSV (rVSV) expressing NiV G protein Completed: 05/30/2023
Phase 1 prime/ Start: 02/2024 (est.)
boost trial Completion: 12/2024 (est.)
University of Tokyo rMV-G Pre-clinical N/A CEPI
recombinant measles virus (rMV) expressing NiV G protein (discont.)
Janssen Vaccines & ChAdOx1-NiVg Phase 1 trial Recruiting CEPI
University of Oxford  replication-deficient simian adenoviral vaccine vector expressing start: 10/24/2023
NiV G protein
CDC, NiVAF non-spreading viral replicon particle (VRP) lacking F gene  Pre-clinical N/A DARPA

Viral Special Pathogens
Branch

9CEPI, Coalition for Epidemic Preparedness Innovations; DARPA, Defense Advanced Research Projects Agency; NIAID, National Institute of Allergy and Infectious Diseases,
National Institutes of Health.
®N/A, not applicable (clinical trials not initiated to date).
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with no clinical signs or evidence of NiV replication. The vaccine induced stable and
robust humoral responses; all vaccinated animals exhibited low detectable neutralizing
antibody levels and cellular responses (287).

Replication-competent VSV-NiVG or VSV-NiVF vaccine candidates have been
developed that use the licensed VSV Ebola virus vaccine as a backbone, in which the
VSV-G protein is replaced by Ebola virus glycoprotein and co-expresses NiV F or G
(288-290). These vaccines induced total IgG and neutralizing antibodies and protected
AGM s from lethal challenge. Vaccinated animals were protected even when neutralizing
antibody titers were below the lower limit of detection, which means that either very
low levels of neutralizing antibodies may be enough to provide protection or that total
antibody level and perhaps cellular responses may be more important for protection
than previously thought (283). A recombinant VSV that expresses NiV G protein is
currently in phase 1 clinical trial supported by CEPI.

Other viral vector vaccines include those using vaccinia virus (291), poxvirus (292),
canarypox (293), measles virus (294), Venezuelan equine encephalitis virus (295), rabies
virus (296), Newcastle disease virus (297), adeno-associated virus (AAV) (298), and
chimpanzee adenovirus (ChAd) (299). All the reported candidates (except for poxvirus,
for which efficacy has not been reported to date) conferred complete protection against
lethal challenge and/or elicited high titers of neutralizing antibodies. However, of these
candidates, only the AAV- and ChAd-vectored vaccines conferred protection after a
single dose. ChAdOx1 NiV vaccination has been also shown to protect against lethal
NiV-Bangladesh infection in AGMs and induced almost sterilizing immunity. Neutralizing
antibodies and specific T-cell responses were detected in all animals on the day of
challenge (299). The vaccine is currently in phase 1 trial supported by CEPI.

Subunit vaccines

The first NiV vaccine to progress to clinical trials was a subunit vaccine candidate
that used a purified, recombinant G glycoprotein from HeV, with the transmembrane
domain removed to facilitate soluble G protein expression (sG). There is high sequence
conservation between NiV and HeV G glycoproteins (83% amino acid homology) (4).
Although vaccination with NiV G does not efficiently generate HeV cross-neutralizing
antibodies (298), expression of HeV sG induces potent NiV cross-neutralizing antibodies
(300). The efficacy of sG-based vaccines was first investigated in cat models of disease;
the homologous efficacy of an sG vaccine against NiV was first evaluated (207), followed
by heterologous protection against NiV when HeV sG was used (240). Although HeV-sG
was first developed as a veterinary vaccine, the ability of HeV sG to protect against
HeV (301) and NiV challenge warranted additional studies. Efficacy studies of HeV-sG
vaccination for human use against NiV in AGM challenge studies indicated single-dose
protection, with efficacy observed as early as 1 week post-immunization (302). These
findings supported the potential use of the HeV sG subunit vaccine as an emergency
countermeasure during NiV outbreaks. The vaccine is currently in phase one clinical trial
supported by CEPI. In conjunction with sG, various adjuvant formulations have been
tested, including aluminum +CpG (240, 303), CpG alone (304), and Quil A/DEAEdex-
tran/Montanide (207). All formulations were 100% efficacious, eliciting neutralizing
antibodies and providing complete protection to all vaccinated animals against lethal
NiV challenge, with no signs of clinical disease.

mRNA vaccines

The mRNA vaccine platform has been widely pursued, particularly in recent times, due
to its potential to allow rapid vaccine development against newly emerging pathogens.
Pre-clinical data on mRNA vaccines for NiV were first reported in 2020; a single dose of
an HeV soluble glycoprotein mRNA vaccine in liquid nanoparticles protected up to 70%
of hamsters against a lethal intraperitoneal challenge with NiV-Malaysia (305). Immune
responses were suboptimal, suggesting that improved protection may be conferred
using a two-dose regimen. A recent mRNA NiV candidate vaccine was designed based
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on a chimeric vaccine antigen that included both F and G proteins. Guided by pro-
tein structure studies, the F protein was stabilized in its pre-fusion trimeric conforma-
tion (pre-F) and covalently linked at the C-terminus to three G protein monomers.
The resulting chimeric mRNA vaccine showed robust induction of both neutralizing
antibody responses and cellular immune responses (306). This chimeric mRNA vaccine
(mRNA-1215) is currently in phase 1 trials that began in July 2022 (307) supported by
NIAID. In September 2023, Phylex BioSciences announced a NiV vaccine initiative with
its nanoparticle mRNA vaccine technology (308). The Phylex BioSciences mRNA vaccine
candidate encodes a nanoparticle displaying 60 copies of the antigen based upon the
head domain of NiV G protein, applying the same technology used in its second-genera-
tion nanoparticle mRNA vaccine against the SARS-CoV-2 delta virus; this candidate has
not begun clinical trials and no pre-clinical data have been reported to date.

Virus-like and replicon particle vaccines

A vaccine candidate comprised of an enveloped virus-like particle created by the
co-expression of the NiV M, F, and G glycoproteins and adjuvanted in either aluminum
hydroxide (Alhydrogel), monophosphoryl lipid A, or CpG has also been tested and
was 100% protective in the hamster challenge model (309). The NiV replicon particle
(VRP), NiVAF, morphologically resembles authentic Nipah virions but encodes a genome
lacking the F gene, which makes it replication-competent with regards to viral RNA
transcription, genome replication, encapsidation, and budding, but incompetent in
terms of cell-to-cell spread and to the generation of viable infectious particles (284).
This vaccine approach combines the advantages of a live-attenuated virus platform
expressing multiple viral antigens with a high safety profile due to the complete absence
of the F gene. Using the hamster model and given intranasally as a single dose, NiVAF
confers protection against lethal disease even when given only 3 days before the
challenge. Protection by this vaccine is not reliant on eliciting a neutralizing antibody
response but appears to involve other antibody-mediated activities, including Fc effector
functions (284).

Vaccine-targeting antigen-presenting cells

Recently, an approach targeting CD40 of antigen-presenting cells has been used to
develop a vaccine that targets select epitopes of NiV-Bangladesh G, F, and N pro-
teins. The CD40.NiV vaccine was shown to induce strong neutralizing immune respon-
ses towards NiV-Bangladesh, cross-neutralization against HeV, and protection in AGM
pre-clinical models of disease (310).

TREATMENT AND THERAPEUTICS
Supportive care

Although a variety of treatments has been investigated pre-clinically and more are
in development and screening, supportive care remains the mainstay of treatment
for HNV infection and disease (311). Patients with respiratory distress receive non-inva-
sive ventilation and intermittent positive pressure ventilation, as indicated. In certain
outbreaks, most patients also received antibiotics to prevent secondary bacterial
infection. Other treatments have included antiepileptics for patients with seizures and
management of increased intracranial tension and brain edema with mannitol and
dexamethasone. Patients in hypertensive crisis receive anti-hypertensives, and those in
septic shock receive vasopressors and crystalloids (54).

Direct-acting and host-directed small molecule therapeutics

Although much work has been done to investigate direct-acting and host-directed
small molecule therapeutics (summarized in Tables 11 and 12, respectively), no effective
therapeutics for HNV infection are currently approved for use in humans. During the
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TABLE 11 Overview of direct-acting small molecule therapeutics and their status”

L Remdesivir (GS-5734) LV, mG, RdRp  NHP (100% Approved for SARS-CoV-2, phase 3 (106,314-317)
[NiV]) discontinued for Ebola virus

L V2043, V2053, V2067, V2068 Lv NT Pre-clinical (318,319)

L Favipiravir (T-705) LV H (100% [NiV]) Approved for IAV, SARS-CoV-2 (320)

L 4’-Azidocytidine (Balapiravir) LV, RdRp NT Phase 2 discontinued for dengue & HCV (106, 321)

L 2’-Mono-/di-fluoro 4-azidocytidine LV NT Exploratory (322)

L Lumicitabine (ALS-8112) LV NT Phase 2 discontinued for RSV (323)

L 4’-FIU (EIDD-2749) mG, LV NT Pre-clinical (324)

L Galidesivir (BCX4430) LV NT Phase 1 completed for Marburg virus (325)

LN si-RNA mG, LV NT Exploratory (326)

F VIKI-PEG4-chol, VIKI-PEG4-Toco LV, FUS H (40-100% Pre-clinical (327-329)
[NiV1); NHP
(33% [NiV])

F&G (RBP)  GRFT, 3mG, Q-GRFT LV, PSE,FUS  H (30-40% Phase 1 completed (for HIV, SARS-CoV-2) (330)
[Niv])

Viral lipid LJ001, JL103 LV, PSE NT Pre-clinical (331,332)

membrane

9F, fusion protein; FUS, fusion assay; G, glycoprotein; RBP, receptor binding protein; H, hamster; L, viral polymerase; LV, live virus; mG, mini-genome; HCV, hepatitis C virus;
NHP, non-human primate; IAV, influenza A virus; NT, not tested; RdRp, RNA-dependent RNA polymerase assay; RSV, respiratory syncytial virus; PSE, pseudotype entry assay.

1998-1999 NiV-Malaysia outbreak, the purine analog ribavirin was administered to 140
patients. There were 45 deaths (32%) in the ribavirin arm and 29 deaths (54%) in the
control arm consisting of 52 untreated patients, suggesting a 36% reduction in mortality
(312). However, the true impact of treatment is unclear, as ribavirin allocation was not
randomized and the treated patients may have received better overall care (313). In the
2018 outbreak in Kerala, ribavirin was empirically tried on 6 patients, 2 of whom survived;

TABLE 12 Overview of host-directed small molecule therapeutics and their status®

Inosine monophosphate Ribavirin® LV H (0% [NiV & HeV]); Approved for HCV (241, 333,334)
dehydrogenase NHP (0% [HeV1])
Orotidine monophosphate  6-azauridine (Azaribine) LV H (0%) Approval withdrawn for psoriasis (333)
decarboxylase
Inosine monophosphate EICAR LV NT Pre-clinical (333)
dehydrogenase
Immune activator Rintatolimod (Ampligen, LV H (80% [NiV]) Phase 1, 2a, two for various (333, 335)
Poly(l)-poly(C;,U)) cancers, COVID-19 in cancer
patients, long COVID; phase 3 for
chronic fatigue syndrome/myal-
gic encephalomyelitis
Immune activator KIN1400, KIN1408 LV NT Exploratory (336)
Kinase inhibitor (PDK-1, PAK) OSU-03012 (AR-12) LV NT Exploratory (337)
Endosomal acidification Chloroquine Lv H (0% [NiV & HeV]); Approved for treatment of (252,334, 338)
Fe (0% [NiV]) malaria, autoimmune diseases
Proteosome inhibitor Bortezomib LV,B NT Approved for multiple myeloma  (339)
Membrane fusion blocker 25-hydroxycholesterol LV, FUS NT Exploratory (340)
(25HC)
Glycosaminoglycan Heparin LV H (20% [NiV]) Pre-clinical (341)
Cathepsin B/L Inhibitors Cath |, Cath LI, CA-074Me FUS NT Exploratory (342, 343)

9B, budding assay; F, fusion protein; Fe, ferret; FUS, fusion assay; H, hamster; HCV, hepatitis C virus; LV, live virus; NT, not tested.
®Ribavirin has also shown direct acting antiviral activity in vitro at high concentrations.
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all 6 patients who did not receive treatment succumbed to the disease. However,
no statistically significant decrease in CFR was seen in this cohort, precluding clinical
support for ribavirin based on these data (54). Additional therapeutics administered
during the Kerala outbreak included intravenous acyclovir (54).

Ribavirin, alongside other inhibitors of inosine monophosphate dehydrogenase
and/or orotidine monophosphate decarboxylase (e.g., 6-aza-uridine), has shown in vitro
efficacy against NiV replication. However, when these two small molecules were tested
alongside the IFN inducer poly(l)-poly(C (12)U) for antiviral efficacy against a lethal
NiV challenge in the Syrian hamster model, both ribavirin and 6-aza-uridine could
only delay but not prevent NiV-induced mortality. Poly(l)-poly(C (12)U), on the other
hand, protected 5 out of 6 animals receiving a daily dose of 3 mg/kg of body weight
from the day of infection to 10 days post-infection (333, 336, 337, 339-343). A similar
observation was shown in studies evaluating ribavirin against HeV AGM. Neither pre- nor
post-exposure treatments protected against HeV challenge, but 24 hours pre-treatment
and 12 hours post-treatment regimens significantly delayed the time to death. The delay
in time to death was likely due to the reduction of viral titers in the respiratory tract;
however, the inability of ribavirin to cross the blood-brain barrier rendered the brain
susceptible to infection, culminating in the onset of neurological symptoms in the AGMs
(241). Additional challenge studies in hamsters and ferrets also showed that ribavirin
did not prevent death after NiV or HeV infection (252, 334, 338). While different classes
of innate immune modulators and other host-directed antivirals have shown antiviral
activity in vitro (336, 337, 339-343), they have either not yet been tested in vivo or have
shown little or no efficacy.

Based on prior work demonstrating the antiviral activity of 4-modified nucleo-
sides against positive- and negative-stranded RNA viruses (344, 345), the repurposing
potential of such compounds against HNVs was explored. 4’-Azidocytidine (R1479) is
the parental nucleoside of the prodrug balapiravir, which was evaluated in clinical trials
against the hepatitis C virus and dengue virus. R1479 exhibited single-digit micromolar
ECso potencies in vitro against HeV, NiV, and a number of other related paramyxoviruses
(321). A follow-up study demonstrated enhanced in vitro antiviral activity of 2"-mono-
fluoro- and 2’-di-fluoro-modified analogs of R1479 against NiV and HeV (322). The third
and final study in this series investigated the in vitro activity of B-D-4’-chloromethyl-2"-
deoxy-2"-fluorocytidine (ALS-8112), the parent nucleoside of lumicitabine (lumicitabine
has been evaluated in phase 1 and 2 clinical trials to treat pediatric and adult respiratory
syncytial virus infection). ALS-8112 demonstrated potent in vitro activity against NiV and
HeV, further affirming the potential of 4-modified nucleosides as antiviral therapeutics.

Recently, orally bioavailable 4-fluorouridine (4’-FIU; EIDD-2749) demonstrated
broad-spectrum in vitro antiviral activity against respiratory syncytial virus (RSV),
SARS-CoV-2, and multiple paramyxoviruses, including NiV and HeV (324, 346). This
demonstrated in vivo efficacy of 4"-FIU against RSV, SARS-CoV-2, and influenza A viruses
warrants further in vitro and in vivo efficacy studies of this compound against HNV (347).

Favipiravir (T-705), also known by its brand name Avigan, is a purine analog primarily
used to treat severe non-seasonal influenza in Japan; it has garnered attention for its
potential in treating other emerging zoonotic viral infections, including Ebola virus, Lassa
virus, and SARS-CoV-2 (348). Favipiravir showed in vitro antiviral activity against NiV
and HeV viruses and provided complete protection for hamsters when administered at
the time of virus challenge either periorally twice daily for 14 days, or subcutaneously
once daily for 13 days. The potential efficacy of post-exposure prophylactic favipiravir
administration should be explored in future in vivo studies.

Remdesivir (RDV; GS-5734; Veklury), a broad-spectrum antiviral nucleotide prodrug
that inhibits the RNA-dependent RNA polymerase (314, 318), was evaluated in AGMs
when administered 24 hours post-inoculation with a lethal dose of NiV-Bangladesh.
Treated animals developed mild respiratory symptoms, reduced appetite, and local virus
replication, but no viremia was detected and all treated animals fully recovered (315).
More recent studies support early initiation of RDV treatment. When administration
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of treatment was delayed until 3 days post-infection in AGM challenge studies with
NiV-Bangladesh, it conferred dose-dependent partial protection from severe disease but
did not prevent clinical disease; surviving animals showed histologic lesions in the brain
(316). Since the necessity for intravenous administration of RDV confines its utility to
treatment in hospital settings (as observed for COVID-19 treatment), multiple investi-
gators have sought to chemically optimize an orally available prodrug of the parent
nucleoside GS-441524 (349, 350). In vitro studies evaluated orally available lipid-modi-
fied monophosphate prodrugs against HNVs and filoviruses, some of which showed
equivalent and even improved antiviral activity over RDV in multiple primary-like cell
types (318, 319). Most recently, an orally available prodrug of GS-441524 (Obeldesivir)
was shown to prophylactically protect against Sudan ebolavirus in rhesus macaques
(351). It remains to be seen whether obeldesivir can protect against NiV in the AGM
model.

With the exception of HNV sequence-targeted small interfering RNA (326), other
direct-acting non-nucleoside small molecule antivirals have targeted different aspects
of viral entry. Griffithsin (GRFT), a high-mannose oligosaccharide dimeric binding lectin,
has been shown to have in vivo broad-spectrum antiviral activity against SARS-CoV-1,
HIV-1, hepatitis C virus, and Japanese encephalitis virus. GRFT and its synthetic trimeric
tandemer (3mG) were evaluated against NiV; 3mG had comparatively greater potency
than GRFT against NiV due to its enhanced ability to block NiV glycoprotein-induced
syncytia formation. In studies evaluating in vivo prophylactic activity of an oxidation-
resistant GRFT (Q-GRFT), the treatment showed significant protection against lethal NiV
challenge in Syrian hamsters but did not prevent clinical disease (330). Paramyxovirus
fusion (F) proteins share a common mechanism in which a conformational change is
triggered via receptor engagement by their respective cognate receptor binding protein.
A key step in inducing the fusion of viral and host membranes is the formation of the
fusogenic 6-helix bundle. Peptides derived from the C-terminal heptad repeat regions
(HRC) of paramyxovirus F proteins have been shown to interfere with their respective
homotypic 6-helix bundle formation. Interestingly, the HRC of human parainfluenza 3
virus (hPIV-3) was shown to also inhibit NiV and HeV fusion (327). Sequence optimiza-
tion and conjugation of the hPIV-3 HRC with a cholesterol moiety and a polyethylene
glycol spacer (VIKI-PEG4-chol) not only increased in vitro potency against NiV fusion by
approximately 60-fold but was able to protect 40%-100% of lethally challenged Syrian
hamsters (328). However, it only protected 33% of treated NHP (329). Finally, broad-spec-
trum membrane intercalating photosensitizing molecules have been shown to block cell
fusion of many enveloped RNA viruses, including NiV and HeV (331). While certain classes
of such molecules may have high in vitro potency, the prohibitive requirements for deep
tissue penetration of light to consistently and systemically activate such compounds
complicate the evaluation of in vivo efficacy.

Monoclonal antibodies

Exploring various epitopes of G- and F-specific antibodies and their characterization by
crystallography have been key to the development of therapeutic antibodies. Neutral-
izing monoclonal antibodies (mAbs) specific for NiV-G or -F glycoproteins have been
shown to protect hamsters, ferrets, and NHPs against lethal NiV infection (251, 263, 352,
353). The best-characterized and most clinically advanced mAb candidate to date is
m102.4, a human mAb targeting the EFNB2/B3-binding site on NiV and HeV G glyco-
proteins (Table 13). Investigation of a near-identical analog m102.3 showed that the
antibody occupies the same binding surfaces of HeV G typically accessed by EFNB2 (354).

m102.4 has been tested in NiV animal models for prophylactic and therapeutic use.
Studies in ferrets evaluating m102.4 were the first successful post-exposure passive
antibody therapy reported for NiV using a human monoclonal antibody. All ferrets
that received m102.4 10 hours after a lethal oronasal NiV dose were protected from
disease (251). Later studies in AGMs supported their efficacy against lethal NiV and HeV
infection. Fourteen AGMs were challenged intratracheally with a lethal dose of HeV, and
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TABLE 13 Overview of direct-acting antibody-based treatments for henipaviruses and their status®

Clinical Microbiology Reviews

HNV Antibody Cell based assay In vivo model (% survival) FDA/clinical trial Reference

target tested status

G (RBP) m102.4 Lv Fe (100% [HeV]); NHP (100% [HeV, Phase 1 completed (251, 353-358)
NiV])

G HENV-26, HENV-32 Lv Fe (100%, 100% [NiV]) Pre-clinical (359)

G HENV-103, HENV-117, HENV 103 + 117 LV, PSE H (40%, 40%, 100% [NiV]) Pre-clinical (360)

G Nip GIP 1.7, Nip 3B10 Lv H (75%, 100% [NiV]) Pre-clinical (352)

G NiV 41, NiV 41-6 LV, PSE H (80-100% [NiV]) Pre-clinical (361)

F 5B3, h5B3.1 LV, FUS Fe (100% [NiV], 100% HeV]) Pre-clinical (203, 208)

F 12B2, h12B2 LV, FUS, PSE H (60% [NiV]) Pre-clinical (204, 209)

F 1F5, h1F5 LV, FUS, PSE H (100% [NiV]); NHP (100% [NiV]) Pre-clinical (204, 209)

F mAb92 LV, PSE H (100% [NiV], 28% [HeV]) Pre-clinical (362)

F Nip GIP 35, Nip GIP 3 Lv HM (100%, 75% [NiV]) Pre-clinical (352)

“F, fusion protein; Fe, ferret; FUS, fusion assay; G, glycoprotein; H, hamster; h, humanized; LV, live virus; NHP, non-human primate; NT, not tested; PSE, pseudotype entry assay.

12 subjects were infused twice with a 100 mg dose of m102.4 beginning 10, 24, or 72
hours after infection and again about 48 hours later. All animals that received m102.4
survived infection; animals in the 72-hour treatment group exhibited neurological signs
of disease, but all started to recover by day 16 post-infection (355). Similarly, AGMs were
challenged intratracheally with a lethal dose of NiV; treatment animals were infused
twice with m102.4 (15 mg/kg) 1, 3, or 5 days after the viral challenge and again about 2
days later. All animals that received m102.4 survived infection, demonstrating successful
treatment up to 5 days post-infection with NiV-Malaysia. Although half of the treated
monkeys developed overt clinical signs (fever, respiratory, and neurological signs), all
fully recovered (356). The window for successful treatment with m102.4 was only 3
days post-infection when AGMs were challenged with NiV-Bangladesh (353), suggesting
that m102.4 may have utility as a post-exposure prophylactic or therapeutic in humans.
In addition, m102.4 has been administered on an emergency basis as post-exposure
prophylaxis to a handful of humans at high risk of exposure to NiV or HeV (279). None of
the patients became ill, though whether the antibody prevented illness is unclear.

Aside from m102.4, additional monoclonal antibodies targeting the G glycopro-
tein (whether administered individually or as a cocktail) have shown post-exposure
prophylactic protection in animal models (208, 359-361); whether these antibodies can
improve upon the efficacy of m102.4 is unclear.

On the other hand, several studies evaluating the therapeutic potential of monoclo-
nal antibodies targeting the F glycoprotein have demonstrated efficacy equivalent to or
better than that of m102.4 in animal models (208, 209). Of note is h1F5, which outper-
formed m102.4 in a head-to-head comparison in which a single 25 mg/kg dose of either
antibody was given to AGMs (six animals/treatment group) 5 days post-challenge with
NiV-Bangladesh (the challenge was conducted via aerosolization). Whereas only 16% (1
of 6) AGMs were protected by m102.4, h1F5 not only provided complete protection from
the lethal challenge but also markedly minimized clinical signs of iliness; only three of six
AGMs receiving h1F5 showed intermittent decreases in appetite throughout the study.
Moreover, a lower dose of h1F5 (10 mg/kg) was still able to protect all three treated
animals against lethal disease.

FUTURE OF VACCINE AND THERAPEUTIC DEVELOPMENT

Vaccine and therapeutic development for NiV has notably advanced in recent years.
Currently, four vaccine candidates—HeV soluble glycoprotein vaccine (HeV-sG-V),
rVSV-DG vector39 (PHV02), mRNA-1215, and ChAdOx1 NipahB—and one mAb (m102.4)
have had a registered human clinical trial. All trials were phase 1, with dose-ranging trials
taking place in the United States or Australia and enrolling healthy adults (363). However,
a major limitation in the development of NiV vaccines and therapeutics is the practicality
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of later-phase, large-scale vaccine efficacy trials in the field due to the relatively low
number of annually reported NiV cases. This shortage of cases will complicate the
potential evaluation of efficacy during phase 3 clinical trials. An assessment of the
feasibility of NiV vaccine efficacy trials based on previous outbreaks in Bangladesh
concluded that without a change in the epidemiology of NiV, ring vaccination or
mass vaccination trials are unlikely to be completed within a reasonable time window
(364). While the most advanced vaccine candidates have decidedly and understandably
targeted the virus glycoprotein(s), characterizing the natural history of NiV disease in
human patients as well as immune responses against multi-valent vaccines will likely
provide key correlates of protection that also involve cell-mediated components of the
immune response (155, 284). Given the sporadic and unpredictable nature of outbreaks,
innovative strategies will be needed to circumvent the infeasibility of traditional phase
3 clinical trial regulatory pathways (365). Implementation of adaptive trial designs,
early warning/disease surveillance systems, and the development of point-of-care rapid
diagnostics can all contribute to minimizing logistical hurdles to vaccine/therapeutic
administration and evaluation and should be considered wherever possible (189, 201,
366-368).

Licensure of vaccines and therapeutics may rely heavily on knowledge of regulatory
pathways and the application of the animal rule, which allows for the extrapolation
of vaccine efficacy from animal studies when human efficacy trials are not feasible.
To address these challenges, extensive research is required to identify and clearly
understand the correlates of protection during natural NiV infection. These studies
will help in selecting the most promising vaccine candidates for licensure. In addition,
the true burden of the disease remains unclear since the detection of cases occurs
only at the advanced stages of illness when the patient presents at the hospital with
acute encephalitis. We may be missing patients with milder disease or with respiratory
symptoms. Increased efforts to support surveillance and monitoring of NiV outbreaks
may be necessary to facilitate the evaluation of vaccine and therapeutic efficacy in
real-world settings.

CONCLUSION

The identification of HNVs in association with severe lethal disease, as well as the
recognition that transmission cycles involve complex interactions between wildlife and
both agricultural and domestic species, has generated understandable concern. The
pathophysiology of the disease is equally complex, involving many tissues and with the
potential to develop into acute severe respiratory or neurological disease. Late-onset or
recrudescent illness is also possible. Several key advancements have been made in the
field since the initial discovery of HeV and NiV, including the identification of the natural
virus reservoir and cellular receptor, the development of various diagnostic modali-
ties, and the concurrent clinical advancement of promising therapeutic and vaccine
candidates. However, gaps in knowledge remain, including the long-term consequen-
ces of infection (both asymptomatic and symptomatic), and how best to recapitulate
and investigate the diverse clinical phenotypes manifested in human disease using
pre-clinical models. The correlates of protection, critical to vaccine evaluation, are also
unclear.

Efforts to accelerate the development of diagnostics, therapeutics, and vaccines were
the focus of a development roadmap published by the WHO in 2019 (369). In 2024,
an update to the roadmap was published detailing research priorities and identifying
strategic goals and milestones focused on key achievements needed over the next 6
years for cross-cutting issues, diagnostics, therapeutics, and vaccines (370). As the field
progresses to address known and new or emerging HNVs, the aim is to advance our
understanding of disease and identify infection mitigation and treatment strategies.
While monoclonal antibodies will likely contribute to any efficacious treatment regimen
against HNVs, identifying and characterizing combinations of novel broad-spectrum,
direct-acting, and host-directed small molecule therapeutics can potentially serve an
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important complementary role in pandemic preparedness. The largest challenge to
clinical advancement and approval of medical countermeasures will likely be limitations
in late-stage clinical trials due to low case frequency. Relatedly, research and prepar-
edness for these high-consequence, low-incidence viruses will always face challenges
based on an exposure risk perceived as low compared to other public health threats.
However, investment in efforts related to these agents is critical because increased
incidence or changes, social or virological, facilitating more efficient spread could result
in a devastating public health emergency requiring rapid deployment of diagnostics and
countermeasures. Currently, this need is recognized by governmental agencies and other
public, private, philanthropic, and civil society organizations aimed at preventing and
treating emerging infectious diseases. Continued efforts and support in basic virological
and clinical research, as well as investment and prioritization of vaccine and therapeutic
development, will be key to future preparedness efforts.

ACKNOWLEDGMENTS

This work was supported in part by CDC Emerging Infectious Disease Research Core
Funds.

The views and conclusions contained in this document are those of the authors
and should not be interpreted as necessarily representing the official views, assertions,
opinions, or policies, either expressed or implied, of the Centers for Disease Control and
Prevention.

AUTHOR AFFILIATION

'Viral Special Pathogens Branch, Division of High-Consequence Pathogens and
Pathology, Centers for Disease Control and Prevention, Atlanta, Georgia, USA

AUTHOR ORCIDs

Jessica R. Spengler @ http://orcid.org/0000-0002-5383-0513
Michael K. Lo @ http://orcid.org/0000-0002-0409-7896
Stephen R. Welch @ http://orcid.org/0000-0002-6905-8521

AUTHOR CONTRIBUTIONS

Jessica R. Spengler, Conceptualization, Visualization, Writing - original draft, Writing —
review and editing | Michael K. Lo, Conceptualization, Visualization, Writing — original
draft, Writing — review and editing | Stephen R. Welch, Conceptualization, Visualization,
Writing - original draft, Writing — review and editing | Christina F. Spiropoulou, Conceptu-
alization, Visualization, Writing - original draft, Writing - review and editing

REFERENCES

Clinical Microbiology Reviews

1.

Lamb RA, Parks GD. 2013. Paramyxoviridae: the viruses and their
replicationp 957-995. In Fields BN, Knipe DM, Howley PM (ed), Fields
virology, 6th ed. Lippincott Williams & Wilkins, Philadelphia, PA, USA.
Rima B, Balkema-Buschmann A, Dundon WG, Duprex P, Easton A,
Fouchier R, Kurath G, Lamb R, Lee B, Rota P, Wang L, ICTV Report
Consortium. 2019. ICTV virus taxonomy profile: Paramyxoviridae. J Gen
Virol 100:1593-1594. https://doi.org/10.1099/jgv.0.001328

Rota PA, Lo MK. 2012. Molecular virology of the henipaviruses. Curr Top
Microbiol Immunol 359:41-58. https://doi.org/10.1007/82_2012_211
Wang L, Harcourt BH, Yu M, Tamin A, Rota PA, Bellini WJ, Eaton BT. 2001.
Molecular biology of Hendra and Nipah viruses. Microbes Infect 3:279-
287. https://doi.org/10.1016/51286-4579(01)01381-8

Madera S, Kistler A, Ranaivoson HC, Ahyong V, Andrianiaina A, Andry S,
Raharinosy V, Randriambolamanantsoa TH, Ravelomanantsoa NAF,
Tato CM, DeRisi JL, Aguilar HC, Lacoste V, Dussart P, Heraud J-M, Brook
CE. 2022. Discovery and genomic characterization of a novel
Henipavirus, Angavokely virus, from fruit bats in Madagascar. J Virol
96:€0092122. https://doi.org/10.1128/jvi.00921-22

March 2025 Volume 38 Issue 1

Zhang X-A, Li H, Jiang F-C, Zhu F, Zhang Y-F, Chen J-J, Tan C-W,
Anderson DE, Fan H, Dong L-Y, Li C, Zhang P-H, Li Y, Ding H, Fang L-Q,
Wang L-F, Liu W. 2022. A zoonotic Henipavirus in febrile patients in
China. N Engl J Med 387:470-472. https://doi.org/10.1056/NEJMc22027
05

Lee S-H, Kim K, Kim J, No JS, Park K, Budhathoki S, Lee SH, Lee J, Cho SH,
Cho S, Lee G-Y, Hwang J, Kim H-C, Klein TA, Uhm C-S, Kim W-K, Song J-
W. 2021. Discovery and genetic characterization of novel paramyxovi-
ruses related to the genus Henipavirus in Crocidura species in the
Republic of Korea. Viruses 13:2020. https://doi.org/10.3390/v13102020
Vanmechelen B, Meurs S, Horemans M, Loosen A, Joly Maes T, Laenen L,
Vergote V, Koundouno FR, Magassouba N, Konde MK, Condé IS, Carroll
MW, Maes P. 2022. The characterization of multiple novel paramyxovi-
ruses highlights the diverse nature of the subfamily Orthoparamyxoviri-
nae. Virus Evol 8:veac061. https://doi.org/10.1093/ve/veac061

Wu Z, Yang L, Yang F, Ren X, Jiang J, Dong J, Sun L, Zhu Y, Zhou H, Jin Q.
2014. Novel Henipa-like virus, Mojiang paramyxovirus, in rats, China,

10.1128/cmr.00128-23 36


https://doi.org/10.1099/jgv.0.001328
https://doi.org/10.1007/82_2012_211
https://doi.org/10.1016/s1286-4579(01)01381-8
https://doi.org/10.1128/jvi.00921-22
https://doi.org/10.1056/NEJMc2202705
https://doi.org/10.3390/v13102020
https://doi.org/10.1093/ve/veac061
https://doi.org/10.1128/cmr.00128-23

Review

20.

21,

22.

23.

24,

25.

26.

27.

March 2025 Volume 38

2012. Emerg Infect Dis 20:1064-1066. https://doi.org/10.3201/eid2006.
131022

Horemans M, Van Bets J, Joly Maes T, Maes P, Vanmechelen B. 2023.
Discovery and genome characterization of six new Orthoparamyxovi-
ruses in small Belgian mammals. Virus Evol 9:vead065. https://doi.org/1
0.1093/ve/vead065

Caruso S, Edwards SJ. 2023. Recently emerged novel Henipa-like
viruses: shining a spotlight on the shrew. Viruses 15:2407. https://doi.or
9/10.3390/v15122407

Murray K, Rogers R, Selvey L, Selleck P, Hyatt A, Gould A, Gleeson L,
Hooper P, Westbury H. 1995. A novel morbillivirus pneumonia of horses
and its transmission to humans. Emerg Infect Dis 1:31-33. https://doi.or
9/10.3201/eid0101.950107

Selvey LA, Wells RM, McCormack JG, Ansford AJ, Murray K, Rogers RJ,
Lavercombe PS, Selleck P, Sheridan JW. 1995. Infection of humans and
horses by a newly described morbillivirus. Med J Aust 162:642-645. htt
ps://doi.org/10.5694/j.1326-5377.1995.tb126050.x

O'Sullivan JD, Allworth AM, Paterson DL, Snow TM, Boots R, Gleeson LJ,
Gould AR, Hyatt AD, Bradfield J. 1997. Fatal encephalitis due to novel
paramyxovirus transmitted from horses. Lancet 349:93-95. https://doi.o
rg/10.1016/50140-6736(96)06162-4

Hooper PT, Gould AR, Russell GM, Kattenbelt JA, Mitchell G. 1996. The
retrospective diagnosis of a second outbreak of equine morbillivirus
infection. Aust Veterinary J 74:244-245. https://doi.org/10.1111/j.1751-
0813.1996.tb15414.x

Queensland Government. 2023. Summary of Hendra virus incidents in
horses. Business_Queensland

Rogers RJ, Douglas IC, Baldock FC, Glanville RJ, Seppanen KT, Gleeson
LJ, Selleck PN, Dunn KJ. 1996. Investigation of a second focus of equine
morbillivirus infection in coastal Queensland. Aust Vet J 74:243-244. htt
ps://doi.org/10.1111/j.1751-0813.1996.tb15413.x

Young PL, Halpin K, Selleck PW, Field H, Gravel JL, Kelly MA, Mackenzie
JS. 1996. Serologic evidence for the presence in Pteropus bats of a
paramyxovirus related to equine morbillivirus. Emerg Infect Dis 2:239-
240. https://doi.org/10.3201/eid0203.960315

Halpin K, Young PL, Field HE, Mackenzie JS. 2000. Isolation of Hendra
virus from pteropid bats: a natural reservoir of Hendra virus. J Gen Virol
81:1927-1932. https://doi.org/10.1099/0022-1317-81-8-1927

Edson D, Field H, McMichael L, Vidgen M, Goldspink L, Broos A, Melville
D, Kristoffersen J, de Jong C, McLaughlin A, Davis R, Kung N, Jordan D,
Kirkland P, Smith C. 2015. Routes of Hendra virus excretion in naturally-
infected flying-foxes: implications for viral transmission and spillover
risk. PLoS One 10:e0140670. https://doi.org/10.1371/journal.pone.0140
670

Plowright RK, Field HE, Smith C, Divljan A, Palmer C, Tabor G, Daszak P,
Foley JE. 2008. Reproduction and nutritional stress are risk factors for
Hendra virus infection in little red flying foxes (Pteropus scapulatus).
Proc Biol Sci 275:861-869. https://doi.org/10.1098/rspb.2007.1260
Halpin K, Mungall BA. 2007. Recent progress in henipavirus research.
Comp Immunol Microbiol Infect Dis 30:287-307. https://doi.org/10.101
6/j.cimid.2007.05.008

Taylor J, Thompson K, Annand EJ, Massey PD, Bennett J, Eden J-S,
Horsburgh BA, Hodgson E, Wood K, Kerr J, Kirkland P, Finlaison D, Peel
AJ, Eby P, Durrheim DN. 2022. Novel variant Hendra virus genotype 2
infection in a horse in the greater Newcastle region, New South Wales,
Australia. One Health 15:100423. https://doi.org/10.1016/j.onehlt.2022.
100423

Hanna JN, McBride WJ, Brookes DL, Shield J, Taylor CT, Smith IL, Craig
SB, Smith GA. 2006. Hendra virus infection in a veterinarian. Med J Aust
185:562-564. https://doi.org/10.5694/j.1326-5377.2006.tb00692.x

Field H, Schaaf K, Kung N, Simon C, Waltisbuhl D, Hobert H, Moore F,
Middleton D, Crook A, Smith G, Daniels P, Glanville R, Lovell D. 2010.
Hendra virus outbreak with novel clinical features, Australia. Emerg
Infect Dis 16:338-340. https://doi.org/10.3201/eid1602.090780

Amal NM, Lye MS, Ksiazek TG, Kitsutani PD, Hanjeet KS, Kamaluddin MA,
Ong F, Devi S, Stockton PC, Ghazali O, Zainab R, Taha MA. 2000. Risk
factors for Nipah virus transmission, Port Dickson, Negeri Sembilan,
Malaysia: results from a hospital-based case-control study. Southeast
Asian J Trop Med Public Health 31:301-306.

Chua KB, Bellini WJ, Rota PA, Harcourt BH, Tamin A, Lam SK, Ksiazek TG,
Rollin PE, Zaki SR, Shieh W-J, Goldsmith CS, Gubler DJ, Roehrig JT, Eaton
B, Gould AR, Olson J, Field H, Daniels P, Ling AE, Peters CJ, Anderson LJ,

Issue 1

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Clinical Microbiology Reviews

Mahy BWJ. 2000. Nipah virus: a recently emergent deadly paramyxovi-
rus. Science 288:1432-1435. https://doi.org/10.1126/science.288.5470.1
432

Centers for Disease Control and Prevention (CDC). 1999. Update:
outbreak of Nipah Virus — Malaysia and Singapore, 1999. MMWR Morb
Mortal Wkly Rep 48:335-337.

Lee KE, Umapathi T, Tan CB, Tjia HT, Chua TS, Oh HM, Fock KM, Kurup A,
Das A, Tan AK, Lee WL. 1999. The neurological manifestations of Nipah
virus encephalitis, a novel paramyxovirus. Ann Neurol 46:428-432.
Chew MHL, Arguin PM, Shay DK, Goh K, Rollin PE, Shieh W, Zaki SR, Rota
PA, Ling A, Ksiazek TG, Chew S, Anderson LJ. 2000. Risk factors for Nipah
virus infection among abattoir workers in Singapore. J Infect Dis
181:1760-1763. https://doi.org/10.1086/315443

Paton NI, Leo YS, Zaki SR, Auchus AP, Lee KE, Ling AE, Chew SK, Ang B,
Rollin PE, Umapathi T, Sng |, Lee CC, Lim E, Ksiazek TG. 1999. Outbreak
of Nipah-virus infection among abattoir workers in Singapore. Lancet
354:1253-1256. https://doi.org/10.1016/50140-6736(99)04379-2
McLean RK, Graham SP. 2022. The pig as an amplifying host for new
and emerging zoonotic viruses. One Health 14:100384. https://doi.org/
10.1016/j.onehlt.2022.100384

Parashar UD, Sunn LM, Ong F, Mounts AW, Arif MT, Ksiazek TG,
Kamaluddin MA, Mustafa AN, Kaur H, Ding LM, Othman G, Radzi HM,
Kitsutani PT, Stockton PC, Arokiasamy J, Gary HE, Anderson LJ. 2000.
Case-control study of risk factors for human infection with a new
zoonotic paramyxovirus, Nipah virus, during a 1998-1999 outbreak of
severe encephalitis in Malaysia. J Infect Dis 181:1755-1759. https://doi.
org/10.1086/315457

Harcourt BH, Tamin A, Ksiazek TG, Rollin PE, Anderson LJ, Bellini WJ,
Rota PA. 2000. Molecular characterization of Nipah virus, a newly
emergent paramyxovirus. Virol (Auckl) 271:334-349. https://doi.org/10.
1006/viro.2000.0340

Ching PKG, de los Reyes VC, Sucaldito MN, Tayag E, Columna-Vingno
AB, Malbas FF Jr, Bolo GC Jr, Sejvar JJ, Eagles D, Playford G, Dueger E,
Kaku Y, Morikawa S, Kuroda M, Marsh GA, McCullough S, Foxwell AR.
2015. Outbreak of henipavirus infection, Philippines, 2014. Emerg Infect
Dis 21:328-331. https://doi.org/10.3201/eid2102.141433

Satter SM, Aquib WR, Sultana S, Sharif AR, Nazneen A, Alam MR, Siddika
A, Akther Ema F, Chowdhury KIA, Alam AN, Rahman M, Klena JD,
Rahman MZ, Banu S, Shirin T, Montgomery JM. 2023. Tackling a global
epidemic threat: Nipah surveillance in Bangladesh, 2006-2021. PLoS
Negl Trop Dis 17:e0011617. https://doi.org/10.1371/journal.pntd.00116
17

Ahmed |, Roknuzzaman ASM, Islam MR, Nazmunnahar. 2023. The
recent Nipah virus outbreak in Bangladesh could be a threat for global
public health: a brief report. Health Sci Rep 6:e1423. https://doi.org/10.
1002/hsr2.1423

Institute of Epidemiology Disease Control and Research. 2024. [EDCR
NiV situation dashboard

Montgomery JM, Hossain MJ, Gurley E, Carroll GDS, Croisier A, Bertherat
E, Asgari N, Formenty P, Keeler N, Comer J, Bell MR, Akram K, Molla AR,
Zaman K, Islam MR, Wagoner K, Mills JN, Rollin PE, Ksiazek TG, Breiman
RF. 2008. Risk factors for Nipah virus encephalitis in Bangladesh. Emerg
Infect Dis 14:1526-1532. https://doi.org/10.3201/eid1410.060507

Wang Z, McCallum M, Yan L, Gibson CA, Sharkey W, Park Y-J, Dang HV,
Amaya M, Person A, Broder CC, Veesler D. 2024. Structure and design of
Langya virus glycoprotein antigens. Proc Natl Acad Sci U S A
121:€2314990121. https://doi.org/10.1073/pnas.2314990121

Luby SP, Hossain MJ, Gurley ES, Ahmed BN, Banu S, Khan SU, Homaira
N, Rota PA, Rollin PE, Comer JA, Kenah E, Ksiazek TG, Rahman M. 2009.
Recurrent zoonotic transmission of Nipah virus into humans,
Bangladesh, 2001-2007. Emerg Infect Dis 15:1229-1235. https://doi.org
/10.3201/eid1508.081237

Hassan MZ, Sazzad HMS, Luby SP, Sturm-Ramirez K, Bhuiyan MU,
Rahman MZ, Islam MM, Stroher U, Sultana S, Kafi MAH, Daszak P,
Rahman M, Gurley ES. 2018. Nipah virus contamination of hospital
surfaces during outbreaks, Bangladesh, 2013-2014. Emerg Infect Dis
24:15-21. https://doi.org/10.3201/eid2401.161758

Smither SJ, Eastaugh LS, Findlay JS, O'Brien LM, Thom R, Lever MS.
2019. Survival and persistence of Nipah virus in blood and tissue
culture media. Emerg Microbes Infect 8:1760-1762. https://doi.org/10.1
080/22221751.2019.1698272

Wong KT, Robertson T, Ong BB, Chong JW, Yaiw KC, Wang LF, Ansford
AJ, Tannenberg A. 2009. Human Hendra virus infection causes acute

10.1128/cmr.00128-23 37


https://doi.org/10.3201/eid2006.131022
https://doi.org/10.1093/ve/vead065
https://doi.org/10.3390/v15122407
https://doi.org/10.3201/eid0101.950107
https://doi.org/10.5694/j.1326-5377.1995.tb126050.x
https://doi.org/10.1016/s0140-6736(96)06162-4
https://doi.org/10.1111/j.1751-0813.1996.tb15414.x
https://doi.org/10.1111/j.1751-0813.1996.tb15413.x
https://doi.org/10.3201/eid0203.960315
https://doi.org/10.1099/0022-1317-81-8-1927
https://doi.org/10.1371/journal.pone.0140670
https://doi.org/10.1098/rspb.2007.1260
https://doi.org/10.1016/j.cimid.2007.05.008
https://doi.org/10.1016/j.onehlt.2022.100423
https://doi.org/10.5694/j.1326-5377.2006.tb00692.x
https://doi.org/10.3201/eid1602.090780
https://doi.org/10.1126/science.288.5470.1432
https://doi.org/10.1086/315443
https://doi.org/10.1016/S0140-6736(99)04379-2
https://doi.org/10.1016/j.onehlt.2022.100384
https://doi.org/10.1086/315457
https://doi.org/10.1006/viro.2000.0340
https://doi.org/10.3201/eid2102.141433
https://doi.org/10.1371/journal.pntd.0011617
https://doi.org/10.1002/hsr2.1423
https://doi.org/10.3201/eid1410.060507
https://doi.org/10.1073/pnas.2314990121
https://doi.org/10.3201/eid1508.081237
https://doi.org/10.3201/eid2401.161758
https://doi.org/10.1080/22221751.2019.1698272
https://doi.org/10.1128/cmr.00128-23

Review

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

March 2025 Volume 38

and relapsing encephalitis. Neuropathol Appl Neurobiol 35:296-305. ht
tps://doi.org/10.1111/j.1365-2990.2008.00991.x

Negrete OA, Wolf MC, Aguilar HC, Enterlein S, Wang W, Mihlberger E,
Su SV, 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 Pathog 2:e7. https://doi.org/10.1371/journal.ppat.0020007

Chua KB. 2003. Nipah virus outbreak in Malaysia. J Clin Virol 26:265-
275. https://doi.org/10.1016/51386-6532(02)00268-8

Chua KB, Lam SK, Goh KJ, Hooi PS, Ksiazek TG, Kamarulzaman A, Olson
J, Tan CT. 2001. The presence of Nipah virus in respiratory secretions
and urine of patients during an outbreak of Nipah virus encephalitis in
Malaysia. J Infect 42:40-43. https://doi.org/10.1053/jinf.2000.0782

Chua KB, Lam SK, Tan CT, Hooi PS, Goh KJ, Chew NK, Tan KS, Kamarulza-
man A, Wong KT. 2000. High mortality in Nipah encephalitis is
associated with presence of virus in cerebrospinal fluid. Ann Neurol
48:802-805.

Gurley ES, Montgomery JM, Hossain MJ, Bell M, Azad AK, Islam MR,
Molla MAR, Carroll DS, Ksiazek TG, Rota PA, Lowe L, Comer JA, Rollin P,
Czub M, Grolla A, Feldmann H, Luby SP, Woodward JL, Breiman RF.
2007. Person-to-person transmission of Nipah virus in a Bangladeshi
community. Emerg Infect Dis 13:1031-1037. https://doi.org/10.3201/ei
d1307.061128

Hsu VP, Hossain MJ, Parashar UD, Ali MM, Ksiazek TG, Kuzmin |,
Niezgoda M, Rupprecht C, Bresee J, Breiman RF. 2004. Nipah virus
encephalitis reemergence, Bangladesh. Emerg Infect Dis 10:2082-2087.
https://doi.org/10.3201/eid1012.040701

Nikolay B, Salje H, Hossain MJ, Khan AKMD, Sazzad HMS, Rahman M,
Daszak P, Stréher U, Pulliam JRC, Kilpatrick AM, Nichol ST, Klena JD,
Sultana S, Afroj S, Luby SP, Cauchemez S, Gurley ES. 2019. Transmission
of Nipah virus - 14 years of investigations in Bangladesh. N Engl J Med
380:1804-1814. https://doi.org/10.1056/NEJM0a1805376

Chandni R, Renjith TP, Fazal A, Yoosef N, Ashhar C, Thulaseedharan NK,
Suraj KP, Sreejith MK, Sajeeth Kumar KG, Rajendran VR, Remla Beevi A,
Sarita RL, Sugunan AP, Arunkumar G, Mourya DT, Murhekar M. 2020.
Clinical manifestations of Nipah virus-infected patients who presented
to the emergency department during an outbreak in Kerala state in
India, May 2018. Clin Infect Dis 71:152-157. https://doi.org/10.1093/cid/
ciz789

Chadha MS, Comer JA, Lowe L, Rota PA, Rollin PE, Bellini WJ, Ksiazek TG,
Mishra A. 2006. Nipah virus-associated encephalitis outbreak, Siliguri,
India. Emerg Infect Dis 12:235-240. https://doi.org/10.3201/eid1202.05
1247

Pallivalappil B, Ali A, Thulaseedharan NK, Karadan U, Chellenton J, Dipu
KP, Anoop Kumar AS, Sajeeth Kumar KG, Rajagopal TP, Suraj KP,
Santosh Kumar GR, Supreeth RN, Yelisetti M, Muthyala PR, Aryasree KS,
Apurva Rao KS. 2020. Dissecting an outbreak: a clinico-epidemiological
study of Nipah virus infection in Kerala, India, 2018. J Glob Infect Dis
12:21-27. https://doi.org/10.4103/jgid.jgid_4_19

Arunkumar G, Abdulmajeed J, Santhosha D, Aswathyraj S, Robin S,
Jayaram A, Radhakrishnan C, Sajeeth KKG, Sakeena K, Jayasree V, Reena
JKK, Sarita LRR. 2019. Persistence of Nipah virus RNA in semen of
survivor. Clin Infect Dis 69:377-378. https://doi.org/10.1093/cid/ciy1092
Williamson MM, Hooper PT, Selleck PW, Westbury HA, Slocombe RF.
2000. Experimental Hendra virus infection in pregnant guinea-pigs and
fruit bats (Pteropus poliocephalus). J Comp Pathol 122:201-207. https://
doi.org/10.1053/jcpa.1999.0364

Rahman SA, Hassan SS, Olival KJ, Mohamed M, Chang L-Y, Hassan L,
Saad NM, Shohaimi SA, Mamat ZC, Naim MS, Epstein JH, Suri AS, Field
HE, Daszak P, Henipavirus Ecology Research Group. 2010. Characteriza-
tion of Nipah virus from naturally infected Pteropus vampyrus bats,
Malaysia. Emerg Infect Dis 16:1990-1993. https://doi.org/10.3201/eid16
12.091790

Chua KB, Koh CL, Hooi PS, Wee KF, Khong JH, Chua BH, Chan YP, Lim
ME, Lam SK. 2002. Isolation of Nipah virus from Malaysian island flying-
foxes. Microbes Infect 4:145-151. https://doi.org/10.1016/51286-4579(0
1)01522-2

Yob JM, Field H, Rashdi AM, Morrissy C, van der Heide B, Rota P, bin
Adzhar A, White J, Daniels P, Jamaluddin A, Ksiazek T. 2001. Nipah virus
infection in bats (order Chiroptera) in peninsular Malaysia. Emerg Infect
Dis 7:439-441. https://doi.org/10.3201/eid0703.010312

Epstein JH, Prakash V, Smith CS, Daszak P, McLaughlin AB, Meehan G,
Field HE, Cunningham AA. 2008. Henipavirus infection in fruit bats
(Pteropus giganteus), India. Emerg Infect Dis 14:1309-1311. https://doi.o
rg/10.3201/eid1408.071492

Issue 1

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Clinical Microbiology Reviews

Yadav PD, Raut CG, Shete AM, Mishra AC, Towner JS, Nichol ST, Mourya
DT. 2012. Short report: detection of Nipah virus RNA in fruit bat
(Pteropus giganteus) from India. Am J Trop Med Hyg 87:576-578. https:/
/doi.org/10.4269/ajtmh.2012.11-0416

Yadav PD, Shete AM, Kumar GA, Sarkale P, Sahay RR, Radhakrishnan C,
Lakra R, Pardeshi P, Gupta N, Gangakhedkar RR, Rajendran VR,
Sadanandan R, Mourya DT. 2019. Nipah virus sequences from humans
and bats during Nipah outbreak, Kerala, India, 2018. Emerg Infect Dis
25:1003-1006. https://doi.org/10.3201/eid2505.181076

Anderson DE, Islam A, Crameri G, Todd S, Islam A, Khan SU, Foord A,
Rahman MZ, Mendenhall IH, Luby SP, Gurley ES, Daszak P, Epstein JH,
Wang L-F. 2019. Isolation and full-genome characterization of Nipah
viruses from bats, Bangladesh. Emerg Infect Dis 25:166-170. https://doi.
org/10.3201/eid2501.180267

Halpin K, Hyatt AD, Fogarty R, Middleton D, Bingham J, Epstein JH,
Rahman SA, Hughes T, Smith C, Field HE, Daszak P, Henipavirus Ecology
Research Group. 2011. Pteropid bats are confirmed as the reservoir
hosts of henipaviruses: a comprehensive experimental study of virus
transmission. Am J Trop Med Hyg 85:946-951. https://doi.org/10.4269/
ajtmh.2011.10-0567

Field H, Jordan D, Edson D, Morris S, Melville D, Parry-Jones K, Broos A,
Divljan A, McMichael L, Davis R, Kung N, Kirkland P, Smith C. 2015.
Spatiotemporal aspects of Hendra virus infection in Pteropid bats
(flying-foxes) in eastern Australia. PLoS One 10:e0144055. https://doi.or
g/10.1371/journal.pone.0144055

Wang J, Anderson DE, Halpin K, Hong X, Chen H, Walker S, Valdeter S,
van der Heide B, Neave MJ, Bingham J, O'Brien D, Eagles D, Wang L-F,
Williams DT. 2021. A new Hendra virus genotype found in Australian
flying foxes. Virol J 18:197. https://doi.org/10.1186/512985-021-01652-7
Peel AJ, Yinda CK, Annand EJ, Dale AS, Eby P, Eden J-S, Jones DN,
Kessler MK, Lunn TJ, Pearson T, Schulz JE, Smith IL, Munster VJ,
Plowright RK, Bat One Health Group. 2022. Novel Hendra Virus Variant
Circulating in Black Flying Foxes and Grey-Headed Flying Foxes,
Australia. Emerg Infect Dis 28:1043-1047. https://doi.org/10.3201/eid28
05.212338

Cappelle J, Hoem T, Hul V, Furey N, Nguon K, Prigent S, Dupon L, Ken S,
Neung C, Hok V, Pring L, Lim T, Bumrungsri S, Duboz R, Buchy P, Ly S,
Duong V, Tarantola A, Binot A, Dussart P. 2020. Nipah virus circulation
at human-bat interfaces, Cambodia. Bull World Health Organ 98:539-
547. https://doi.org/10.2471/BLT.20.254227

Olson JG, Rupprecht C, Rollin PE, An US, Niezgoda M, Clemins T,
Walston J, Ksiazek TG. 2002. Antibodies to Nipah-like virus in bats
(Pteropus lylei), Cambodia. Emerg Infect Dis 8:987-988. https://doi.org/1
0.3201/eid0809.010515

Reynes J-M, Counor D, Ong S, Faure C, Seng V, Molia S, Walston J,
Georges-Courbot MC, Deubel V, Sarthou J-L. 2005. Nipah virus in Lyle’s
flying foxes, Cambodia. Emerg Infect Dis 11:1042-1047. https://doi.org/
10.3201/eid1107.041350

Wacharapluesadee S, Samseeneam P, Phermpool M, Kaewpom T,
Rodpan A, Maneeorn P, Srongmongkol P, Kanchanasaka B, Hema-
chudha T. 2016. Molecular characterization of Nipah virus from
Pteropus hypomelanus in Southern Thailand. Virol J 13:53. https://doi.or
9/10.1186/512985-016-0510-x

Wacharapluesadee S, Boongird K, Wanghongsa S, Ratanasetyuth N,
Supavonwong P, Saengsen D, Gongal GN, Hemachudha T. 2010. A
longitudinal study of the prevalence of Nipah virus in Pteropus lylei bats
in Thailand: evidence for seasonal preference in disease transmission.
Vector Borne Zoonotic Dis 10:183-190. https://doi.org/10.1089/vbz.200
8.0105

Wacharapluesadee S, Lumlertdacha B, Boongird K, Wanghongsa S,
Chanhome L, Rollin P, Stockton P, Rupprecht CE, Ksiazek TG,
Hemachudha T. 2005. Bat Nipah virus, Thailand. Emerg Infect Dis
11:1949-1951. https://doi.org/10.3201/eid1112.050613

Hasebe F, Thuy NTT, Inoue S, Yu F, Kaku Y, Watanabe S, Akashi H, Dat
DT, Mai LTQ, Morita K. 2012. Serologic evidence of Nipah virus infection
in bats, Vietnam. Emerg Infect Dis 18:536-537. https://doi.org/10.3201/
eid1803.111121

Sendow [, Ratnawati A, Taylor T, Adjid RMA, Saepulloh M, Barr J, Wong
F, Daniels P, Field H. 2013. Nipah virus in the fruit bat Pteropus vampyrus
in Sumatera, Indonesia. PLoS One 8:69544. https://doi.org/10.1371/jou
rnal.pone.0069544

Breed AC, Meers J, Sendow |, Bossart KN, Barr JA, Smith I, Wacharaplue-
sadee S, Wang L, Field HE. 2013. The distribution of henipaviruses in

10.1128/cmr.00128-23 38


https://doi.org/10.1111/j.1365-2990.2008.00991.x
https://doi.org/10.1371/journal.ppat.0020007
https://doi.org/10.1016/s1386-6532(02)00268-8
https://doi.org/10.1053/jinf.2000.0782
https://doi.org/10.3201/eid1307.061128
https://doi.org/10.3201/eid1012.040701
https://doi.org/10.1056/NEJMoa1805376
https://doi.org/10.1093/cid/ciz789
https://doi.org/10.3201/eid1202.051247
https://doi.org/10.4103/jgid.jgid_4_19
https://doi.org/10.1093/cid/ciy1092
https://doi.org/10.1053/jcpa.1999.0364
https://doi.org/10.3201/eid1612.091790
https://doi.org/10.1016/s1286-4579(01)01522-2
https://doi.org/10.3201/eid0703.010312
https://doi.org/10.3201/eid1408.071492
https://doi.org/10.4269/ajtmh.2012.11-0416
https://doi.org/10.3201/eid2505.181076
https://doi.org/10.3201/eid2501.180267
https://doi.org/10.4269/ajtmh.2011.10-0567
https://doi.org/10.1371/journal.pone.0144055
https://doi.org/10.1186/s12985-021-01652-7
https://doi.org/10.3201/eid2805.212338
https://doi.org/10.2471/BLT.20.254227
https://doi.org/10.3201/eid0809.010515
https://doi.org/10.3201/eid1107.041350
https://doi.org/10.1186/s12985-016-0510-x
https://doi.org/10.1089/vbz.2008.0105
https://doi.org/10.3201/eid1112.050613
https://doi.org/10.3201/eid1803.111121
https://doi.org/10.1371/journal.pone.0069544
https://doi.org/10.1128/cmr.00128-23

Review

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

March 2025 Volume 38

Southeast Asia and Australasia: is Wallace’s line a barrier to Nipah virus?
PLoS One 8:e61316. https://doi.org/10.1371/journal.pone.0061316

Li Y, Wang J, Hickey AC, Zhang Y, Li Y, Wu Y, Zhang H, Yuan J, Han Z,
McEachern J, Broder CC, Wang L-F, Shi Z. 2008. Antibodies to Nipah or
Nipah-like viruses in bats, China. Emerg Infect Dis 14:1974-1976. https:/
/doi.org/10.3201/eid1412.080359

Marsh GA, de Jong C, Barr JA, Tachedjian M, Smith C, Middleton D, Yu
M, Todd S, Foord AJ, Haring V, Payne J, Robinson R, Broz I, Crameri G,
Field HE, Wang L-F. 2012. Cedar virus: a novel henipavirus isolated from
Australian bats. PLoS Pathog 8:@1002836. https://doi.org/10.1371/journ
al.ppat.1002836

Islam A, Cannon DL, Rahman MZ, Khan SU, Epstein JH, Daszak P, Luby
SP, Montgomery JM, Klena JD, Gurley ES. 2023. Nipah virus exposure in
domestic and peridomestic animals living in human outbreak sites,
Bangladesh, 2013-2015. Emerg Infect Dis 29:393-396. https://doi.org/1
0.3201/eid2902.221379

Field H, Young P, Yob JM, Mills J, Hall L, Mackenzie J. 2001. The natural
history of Hendra and Nipah viruses. Microbes Infect 3:307-314. https://
doi.org/10.1016/s1286-4579(01)01384-3

Eaton BT, Broder CC, Middleton D, Wang LF. 2006. Hendra and Nipah
viruses: different and dangerous. Nat Rev Microbiol 4:23-35. https://doi.
org/10.1038/nrmicro1323

Negrete OA, Levroney EL, Aguilar HC, Bertolotti-Ciarlet A, Nazarian R,
Tajyar S, Lee B. 2005. EphrinB2 is the entry receptor for Nipah virus, an
emergent deadly paramyxovirus. Nature 436:401-405. https://doi.org/1
0.1038/nature03838

Bonaparte MI, Dimitrov AS, Bossart KN, Crameri G, Mungall BA, Bishop
KA, Choudhry V, Dimitrov DS, Wang L-F, Eaton BT, Broder CC. 2005.
Ephrin-B2 ligand is a functional receptor for Hendra virus and Nipah
virus. Proc Natl Acad Sci U S A 102:10652-10657. https://doi.org/10.107
3/pnas.0504887102

Tambyah PA, Tan JH, Ong BKC, Ho KH, Chan KP. 2001. First case of Nipah
virus encephalitis in Singapore. Intern Med J 31:132-133. https://doi.or
9/10.1111/j.1444-0903.2001.00032.x

Fogarty R, Halpin K, Hyatt AD, Daszak P, Mungall BA. 2008. Henipavirus
susceptibility to environmental variables. Virus Res 132:140-144. https:/
/doi.org/10.1016/j.virusres.2007.11.010

Rahman MA, Hossain MJ, Sultana S, Homaira N, Khan SU, Rahman M,
Gurley ES, Rollin PE, Lo MK, Comer JA, Lowe L, Rota PA, Ksiazek TG,
Kenah E, Sharker Y, Luby SP. 2012. Date palm sap linked to Nipah virus
outbreak in Bangladesh, 2008. Vector Borne Zoonotic Dis 12:65-72. htt
ps://doi.org/10.1089/vbz.2011.0656

Luby SP, Rahman M, Hossain MJ, Blum LS, Husain MM, Gurley E, Khan R,
Ahmed B-N, Rahman S, Nahar N, Kenah E, Comer JA, Ksiazek TG. 2006.
Foodborne transmission of Nipah virus, Bangladesh. Emerg Infect Dis
12:1888-1894. https://doi.org/10.3201/eid1212.060732

Islam MS, Sazzad HMS, Satter SM, Sultana S, Hossain MJ, Hasan M,
Rahman M, Campbell S, Cannon DL, Stréher U, et al. 2016. Nipah virus
transmission from bats to humans associated with drinking traditional
liquor made from date palm sap, Bangladesh, 2011-2014. Emerg Infect
Dis 22:664-670. https://doi.org/10.3201/eid2204.151747

Luby SP, Gurley ES, Hossain MJ. 2009. Transmission of human infection
with Nipah virus. Clin Infect Dis 49:1743-1748. https://doi.org/10.1086/
647951

Khan SU, Gurley ES, Hossain MJ, Nahar N, Sharker MAY, Luby SP.2012. A
randomized controlled trial of interventions to impede date palm sap
contamination by bats to prevent Nipah virus transmission in
Bangladesh. PLoS One 7:e42689. https://doi.org/10.1371/journal.pone.
0042689

Arunkumar G, Chandni R, Mourya DT, Singh SK, Sadanandan R, Sudan P,
Bhargava B, Nipah Investigators People and Health Study Group. 2019.
Outbreak investigation of Nipah virus disease in Kerala, India, 2018. J
Infect Dis 219:1867-1878. https://doi.org/10.1093/infdis/jiy612

Paul L. 2018. Nipah virus in Kerala: a deadly zoonosis. Clin Microbiol
Infect 24:1113-1114. https://doi.org/10.1016/j.cmi.2018.06.017
Chakraborty S, Chandran D, Mohapatra RK, Islam MA, Alagawany M,
Bhattacharya M, Chakraborty C, Dhama K. 2022. Langya virus, a newly
identified Henipavirus in China - Zoonotic pathogen causing febrile
illness in humans, and its health concerns: current knowledge and
counteracting strategies — Correspondence. Int J Surg 105:106882. http
s://doi.org/10.1016/}.ijsu.2022.106882

Issue 1

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

Clinical Microbiology Reviews

Hayman DTS, Wang LF, Barr J, Baker KS, Suu-lre R, Broder CC,
Cunningham AA, Wood JLN. 2011. Antibodies to henipavirus or henipa-
like viruses in domestic pigs in Ghana, West Africa. PLoS One 6:€25256.
https://doi.org/10.1371/journal.pone.0025256

Schulz JE, Seifert SN, Thompson JT, Avanzato V, Sterling SL, Yan L, Letko
MC, Matson MJ, Fischer RJ, Tremeau-Bravard A, Seetahal JFR,
Ramkissoon V, Foster J, Goldstein T, Anthony SJ, Epstein JH, Laing ED,
Broder CC, Carrington CVF, Schountz T, Munster VJ. 2020. Serological
evidence for Henipa-like and filo-like viruses in Trinidad bats. J Infect
Dis 221:5375-5382. https://doi.org/10.1093/infdis/jiz648

de Araujo J, Lo MK, Tamin A, Ometto TL, Thomazelli LM, Nardi MS,
Hurtado RF, Nava A, Spiropoulou CF, Rota PA, Durigon EL. 2017.
Antibodies against Henipa-like viruses in Brazilian bats. Vector Borne
Zoonotic Dis 17:271-274. https://doi.org/10.1089/vbz.2016.2051
Atherstone C, Diederich S, Weingartl HM, Fischer K, Balkema -
Buschmann A, Grace D, Alonso S, Dhand NK, Ward MP, Mor SM. 2019.
Evidence of exposure to henipaviruses in domestic pigs in Uganda.
Transbound Emerg Dis 66:921-928. https://doi.org/10.1111/tbed.13105
Herndndez LHA, da Paz TYB, Silva SP da, Silva FS da, Barros BCV de,
Nunes BTD, Casseb LMN, Medeiros DBA, Vasconcelos PF da C, Cruz ACR.
2022. First genomic evidence of a Henipa-like virus in Brazil. Viruses
14:2167. https://doi.org/10.3390/v14102167

Chua KB, Goh KJ, Wong KT, Kamarulzaman A, Tan PS, Ksiazek TG, Zaki
SR, Paul G, Lam SK, Tan CT. 1999. Fatal encephalitis due to Nipah virus
among pig-farmers in Malaysia. Lancet 354:1257-1259. https://doi.org/
10.1016/50140-6736(99)04299-3

Goh KJ, Tan CT, Chew NK, Tan PS, Kamarulzaman A, Sarji SA, Wong KT,
Abdullah BJ, Chua KB, Lam SK. 2000. Clinical features of Nipah virus
encephalitis among pig farmers in Malaysia. N Engl J Med 342:1229-
1235. https://doi.org/10.1056/NEJM200004273421701

Ang LT, Nguyen AT, Liu KJ, Chen A, Xiong X, Curtis M, Martin RM, Raftry
BC, Ng CY, Vogel U, et al. 2022. Generating human artery and vein cells
from pluripotent stem cells highlights the arterial tropism of Nipah and
Hendra viruses. Cell 185:2523-2541. https://doi.org/10.1016/j.cell.2022.
05.024

Laing ED, Navaratnarajah CK, Cheliout Da Silva S, Petzing SR, Xu Y,
Sterling SL, Marsh GA, Wang L-F, Amaya M, Nikolov DB, Cattaneo R,
Broder CC, Xu K. 2019. Structural and functional analyses reveal
promiscuous and species specific use of ephrin receptors by Cedar
virus. Proc Natl Acad Sci U S A 116:20707-20715. https://doi.org/10.107
3/pnas.1911773116

GuoY,Wu S, LiW, Yang H, Shi T, Ju B, Zhang Z, Yan R. 2024. The cryo-EM
structure of homotetrameric attachment glycoprotein from langya
henipavirus. Nat Commun 15:812. https://doi.org/10.1038/s41467-024-
45202-5

Wang C, Li M, Wang Y, Ding Q, Fan S, Lan J. 2024. Structural insights into
the Langya virus attachment glycoprotein. Structure 32:1090-1098. htt
ps://doi.org/10.1016/j.5tr.2024.05.003

Liu Q, Stone JA, Bradel-Tretheway B, Dabundo J, Benavides Montano JA,
Santos-Montanez J, Biering SB, Nicola AV, lorio RM, Lu X, Aguilar HC.
2013. Unraveling a three-step spatiotemporal mechanism of triggering
of receptor-induced Nipah virus fusion and cell entry. PLoS Pathog
9:21003770. https://doi.org/10.1371/journal.ppat.1003770

Jordan PC, Liu C, Raynaud P, Lo MK, Spiropoulou CF, Symons JA,
Beigelman L, Deval J. 2018. Initiation, extension, and termination of
RNA synthesis by a paramyxovirus polymerase. PLoS Pathog
14:1006889. https://doi.org/10.1371/journal.ppat.1006889

Bruhn JF, Hotard AL, Spiropoulou CF, Lo MK, Saphire EO. 2019. A
conserved basic patch and central kink in the Nipah virus phosphopro-
tein multimerization domain are essential for polymerase function.
Structure 27:660-668. https://doi.org/10.1016/j.5tr.2019.01.012

Bruhn JF, Barnett KC, Bibby J, Thomas JMH, Keegan RM, Rigden DJ,
Bornholdt ZA, Saphire EO. 2014. Crystal structure of the nipah virus
phosphoprotein tetramerization domain. J Virol 88:758-762. https://doi
.org/10.1128/JV1.02294-13

Hu S, Kim H, Yang P, Yu Z, Ludeke B, Mobilia S, Pan J, Stratton M, Bian Y,
Fearns R, Abraham J. 2024. Structural and functional analysis of the
Nipah virus polymerase complex. bioRxiv. https://doi.org/10.1101/2024
.05.29.596445

Walpita P, Flick R. 2005. Reverse genetics of negative-stranded RNA
viruses: a global perspective. FEMS Microbiol Lett 244:9-18. https://doi.
org/10.1016/j.femsle.2005.01.046

Curran J, Kolakofsky D. 1999. Replication of paramyxoviruses. Adv Virus
Res 54:403-422. https://doi.org/10.1016/s0065-3527(08)60373-5

10.1128/cmr.00128-23 39


https://doi.org/10.1371/journal.pone.0061316
https://doi.org/10.3201/eid1412.080359
https://doi.org/10.1371/journal.ppat.1002836
https://doi.org/10.3201/eid2902.221379
https://doi.org/10.1016/s1286-4579(01)01384-3
https://doi.org/10.1038/nrmicro1323
https://doi.org/10.1038/nature03838
https://doi.org/10.1073/pnas.0504887102
https://doi.org/10.1111/j.1444-0903.2001.00032.x
https://doi.org/10.1016/j.virusres.2007.11.010
https://doi.org/10.1089/vbz.2011.0656
https://doi.org/10.3201/eid1212.060732
https://doi.org/10.3201/eid2204.151747
https://doi.org/10.1086/647951
https://doi.org/10.1371/journal.pone.0042689
https://doi.org/10.1093/infdis/jiy612
https://doi.org/10.1016/j.cmi.2018.06.017
https://doi.org/10.1016/j.ijsu.2022.106882
https://doi.org/10.1371/journal.pone.0025256
https://doi.org/10.1093/infdis/jiz648
https://doi.org/10.1089/vbz.2016.2051
https://doi.org/10.1111/tbed.13105
https://doi.org/10.3390/v14102167
https://doi.org/10.1016/S0140-6736(99)04299-3
https://doi.org/10.1056/NEJM200004273421701
https://doi.org/10.1016/j.cell.2022.05.024
https://doi.org/10.1073/pnas.1911773116
https://doi.org/10.1038/s41467-024-45202-5
https://doi.org/10.1016/j.str.2024.05.003
https://doi.org/10.1371/journal.ppat.1003770
https://doi.org/10.1371/journal.ppat.1006889
https://doi.org/10.1016/j.str.2019.01.012
https://doi.org/10.1128/JVI.02294-13
https://doi.org/10.1101/2024.05.29.596445
https://doi.org/10.1016/j.femsle.2005.01.046
https://doi.org/10.1016/s0065-3527(08)60373-5
https://doi.org/10.1128/cmr.00128-23

Review

112

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

March 2025 Volume 38

Noton SL, Fearns R. 2015. Initiation and regulation of paramyxovirus
transcription and replication. Virology (Auckl) 479-480:545-554. https:/
/doi.org/10.1016/j.virol.2015.01.014

Ranadheera C, Proulx R, Chaiyakul M, Jones S, Grolla A, Leung A,
Rutherford J, Kobasa D, Carpenter M, Czub M. 2018. The interaction
between the Nipah virus nucleocapsid protein and phosphoprotein
regulates virus replication. Sci Rep 8:15994. https://doi.org/10.1038/s41
598-018-34484-7

Vazquez CA, Widerspick L, Thuenauer R, Schneider C, Reimer R, Neira P,
Olal C, Heung M, Niemetz L, Lawrence P, Kucinskaite-Kodze I, Redecke
L, Escudero-Pérez B. 2022. Nipah virus infection generates ordered
structures in cellulo. Viruses 14:1523. https://doi.org/10.3390/v1407152
3

Diederich S, Moll M, Klenk H-D, Maisner A. 2005. The nipah virus fusion
protein is cleaved within the endosomal compartment. J Biol Chem
280:29899-29903. https://doi.org/10.1074/jbc.M504598200

Diederich S, Sauerhering L, Weis M, Altmeppen H, Schaschke N,
Reinheckel T, Erbar S, Maisner A. 2012. Activation of the Nipah virus
fusion protein in MDCK cells is mediated by cathepsin B within the
endosome-recycling compartment. J Virol 86:3736-3745. https://doi.or
g9/10.1128/JV1.06628-11

Ciancanelli MJ, Basler CF. 2006. Mutation of YMYL in the Nipah virus
matrix protein abrogates budding and alters subcellular localization. J
Virol 80:12070-12078. https://doi.org/10.1128/JV1.01743-06

Ong ST, Yusoff K, Kho CL, Abdullah JO, Tan WS. 2009. Mutagenesis of
the nucleocapsid protein of Nipah virus involved in capsid assembly. J
Gen Virol 90:392-397. https://doi.org/10.1099/vir.0.005710-0

Patch JR, Crameri G, Wang L-F, Eaton BT, Broder CC. 2007. Quantitative
analysis of Nipah virus proteins released as virus-like particles reveals
central role for the matrix protein. Virol J 4:1. https://doi.org/10.1186/17
43-422X-4-1

Patch JR, Han Z, McCarthy SE, Yan L, Wang L-F, Harty RN, Broder CC.
2008. The YPLGVG sequence of the Nipah virus matrix protein is
required for budding. Virol J 5:137. https://doi.org/10.1186/1743-422X-
5-137

Sanderson CM, Wu HH, Nayak DP. 1994. Sendai virus M protein binds
independently to either the F or the HN glycoprotein in vivo. J Virol
68:69-76. https://doi.org/10.1128/JV1.68.1.69-76.1994

Ray G, Schmitt PT, Schmitt AP. 2016. C-terminal DxD-containing
sequences within paramyxovirus nucleocapsid proteins determine
matrix protein compatibility and can direct foreign proteins into
budding particles. J Virol 90:3650-3660. https://doi.org/10.1128/JV1.026
73-15

Cifuentes-Mufoz N, Sun W, Ray G, Schmitt PT, Webb S, Gibson K, Dutch
RE, Schmitt AP. 2017. Mutations in the transmembrane domain and
cytoplasmic tail of hendra virus fusion protein disrupt virus-like-particle
assembly. J Virol 91:e00152-17. https://doi.org/10.1128/JVI.00152-17
Sun W, McCrory TS, Khaw WY, Petzing S, Myers T, Schmitt AP. 2014.
Matrix proteins of Nipah and Hendra viruses interact with beta subunits
of AP-3 complexes. J Virol 88:13099-13110. https://doi.org/10.1128/JVI.
02103-14

Lamb RA, Parks GD. 2007. Paramyxoviridae: the viruses and their
replication. Lippincott, Williams, and Wilkins.

Lo MK, Harcourt BH, Mungall BA, Tamin A, Peeples ME, Bellini WJ, Rota
PA. 2009. Determination of the henipavirus phosphoprotein gene
mRNA editing frequencies and detection of the C, V and W proteins of
Nipah virus in virus-infected cells. J Gen Virol 90:398-404. https://doi.or
9/10.1099/vir.0.007294-0

Shaw ML, Garcia-Sastre A, Palese P, Basler CF. 2004. Nipah virus Vand W
proteins have a common STAT1-binding domain yet inhibit STAT1
activation from the cytoplasmic and nuclear compartments, respec-
tively. J Virol 78:5633-5641. https://doi.org/10.1128/JV1.78.11.5633-564
1.2004

Rodriguez JJ, Parisien J-P, Horvath CM. 2002. Nipah virus V protein
evades alpha and gamma interferons by preventing STAT1 and STAT2
activation and nuclear accumulation. J Virol 76:11476-11483. https://d
0i.0rg/10.1128/jvi.76.22.11476-11483.2002

Rodriguez JJ, Wang L-F, Horvath CM. 2003. Hendra virus V protein
inhibits interferon signaling by preventing STAT1 and STAT2 nuclear
accumulation. J Virol 77:11842-11845. https://doi.org/10.1128/jvi.77.21
.11842-11845.2003

Ludlow LE, Lo MK, Rodriguez JJ, Rota PA, Horvath CM. 2008. Henipavi-
rus V protein association with Polo-like kinase reveals functional

Issue 1

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145,

146.

Clinical Microbiology Reviews

overlap with STAT1 binding and interferon evasion. J Virol 82:6259-
6271. https://doi.org/10.1128/JV1.00409-08

Jensen MR, Yabukarski F, Communie G, Condamine E, Mas C, Volchkova
V, Tarbouriech N, Bourhis J-M, Volchkov V, Blackledge M, Jamin M. 2020.
Structural description of the Nipah virus phosphoprotein and its
interaction with STAT1. Biophys J 118:2470-2488. https://doi.org/10.10
16/}.bpj.2020.04.010

Wagner ND, Liu H, Rohrs HW, Amarasinghe GK, Gross ML, Leung DW.
2022. Nipah virus V protein binding alters MDA5 helicase folding
dynamics. ACS Infect Dis 8:118-128. https://doi.org/10.1021/acsinfecdis
.1c00403

Sanchez-Aparicio MT, Feinman LJ, Garcia-Sastre A, Shaw ML. 2018.
Paramyxovirus V proteins interact with the RIG-I/TRIM25 regulatory
complex and inhibit RIG-I signaling. J Virol 92:e01960-17. https://doi.org
/10.1128/JVI.01960-17

Shaw ML, Cardenas WB, Zamarin D, Palese P, Basler CF. 2005. Nuclear
localization of the Nipah virus W protein allows for inhibition of both
virus- and toll-like receptor 3-triggered signaling pathways. J Virol
79:6078-6088. https://doi.org/10.1128/JVI.79.10.6078-6088.2005
Edwards MR, Hoad M, Tsimbalyuk S, Menicucci AR, Messaoudi |,
Forwood JK, Basler CF. 2020. Henipavirus W proteins interact with
14-3-3 to modulate host gene expression. J Virol 94:e00373-20. https://
doi.org/10.1128/JV1.00373-20

Mathieu C, Guillaume V, Volchkova VA, Pohl C, Jacquot F, Looi RY, Wong
KT, Legras-Lachuer C, Volchkov VE, Lachuer J, Horvat B. 2012.
Nonstructural Nipah virus C protein regulates both the early host
proinflammatory response and viral virulence. J Virol 86:10766-10775.
https://doi.org/10.1128/JV1.01203-12

Lo MK, Peeples ME, Bellini WJ, Nichol ST, Rota PA, Spiropoulou CF. 2012.
Distinct and overlapping roles of Nipah virus P gene products in
modulating the human endothelial cell antiviral response. PLoS One
7:€47790. https://doi.org/10.1371/journal.pone.0047790

Bharaj P, Wang YE, Dawes BE, Yun TE, Park A, Yen B, Basler CF, Freiberg
AN, Lee B, Rajsbaum R. 2016. The matrix protein of Nipah virus targets
the E3-ubiquitin ligase TRIM6 to inhibit the IKKe kinase-mediated type-|
IFN antiviral response. PLoS Pathog 12:21005880. https://doi.org/10.137
1/journal.ppat.1005880

Sugai A, Sato H, Takayama |, Yoneda M, Kai C. 2017. Nipah and Hendra
virus nucleoproteins inhibit nuclear accumulation of signal transducer
and activator of transcription 1 (STAT1) and STAT2 by interfering with
their complex formation. J Virol 91:e01136-17. https://doi.org/10.1128/J
VI.01136-17

Satterfield BA, Cross RW, Fenton KA, Agans KN, Basler CF, Geisbert TW,
Mire CE. 2015. The immunomodulating V and W proteins of Nipah virus
determine disease course. Nat Commun 6:7483. https://doi.org/10.1038
/ncomms8483

Satterfield B.A, Cross RW, Fenton KA, Borisevich V, Agans KN, Deer DJ,
Graber J, Basler CF, Geisbert TW, Mire CE. 2016. Nipah virus C and W
proteins contribute to respiratory disease in ferrets. J Virol 90:6326-
6343. https://doi.org/10.1128/JV1.00215-16

Satterfield B.A, Borisevich V, Foster SL, Rodriguez SE, Cross RW, Fenton
KA, Agans KN, Basler CF, Geisbert TW, Mire CE. 2019. Antagonism of
STAT1 by Nipah virus P gene products modulates disease course but
not lethal outcome in the ferret model. Sci Rep 9:16710. https://doi.org/
10.1038/541598-019-53037-0

Yoneda M, Guillaume V, Sato H, Fujita K, Georges-Courbot M-C, lkeda F,
Omi M, Muto-Terao Y, Wild TF, Kai C. 2010. The nonstructural proteins of
Nipah virus play a key role in pathogenicity in experimentally infected
animals. PLoS One 5:€12709. https://doi.org/10.1371/journal.pone.0012
709

Lieu KG, Marsh GA, Wang LF, Netter HJ. 2015. The non-pathogenic
Henipavirus Cedar paramyxovirus phosphoprotein has a compromised
ability to target STAT1 and STAT2. Antiviral Res 124:69-76. https://doi.or
g/10.1016/j.antiviral.2015.09.017

Wong KT, Shieh W-J, Kumar S, Norain K, Abdullah W, Guarner J,
Goldsmith CS, Chua KB, Lam SK, Tan CT, Goh KJ, Chong HT, Jusoh R,
Rollin PE, Ksiazek TG, Zaki SR, Nipah Virus Pathology Working Group.
2002. Nipah virus infection: pathology and pathogenesis of an
emerging paramyxoviral zoonosis. Am J Pathol 161:2153-2167. https://
doi.org/10.1016/50002-9440(10)64493-8

Taylor C, Playford EG, McBride WJH, McMahon J, Warrilow D. 2012. No
evidence of prolonged Hendra virus shedding by 2 patients, Australia.
Emerg Infect Dis 18:2025-2027. https://doi.org/10.3201/eid1812.12072
2

10.1128/cmr.00128-23 40


https://doi.org/10.1016/j.virol.2015.01.014
https://doi.org/10.1038/s41598-018-34484-7
https://doi.org/10.3390/v14071523
https://doi.org/10.1074/jbc.M504598200
https://doi.org/10.1128/JVI.06628-11
https://doi.org/10.1128/JVI.01743-06
https://doi.org/10.1099/vir.0.005710-0
https://doi.org/10.1186/1743-422X-4-1
https://doi.org/10.1186/1743-422X-5-137
https://doi.org/10.1128/JVI.68.1.69-76.1994
https://doi.org/10.1128/JVI.02673-15
https://doi.org/10.1128/JVI.00152-17
https://doi.org/10.1128/JVI.02103-14
https://doi.org/10.1099/vir.0.007294-0
https://doi.org/10.1128/JVI.78.11.5633-5641.2004
https://doi.org/10.1128/jvi.76.22.11476-11483.2002
https://doi.org/10.1128/jvi.77.21.11842-11845.2003
https://doi.org/10.1128/JVI.00409-08
https://doi.org/10.1016/j.bpj.2020.04.010
https://doi.org/10.1021/acsinfecdis.1c00403
https://doi.org/10.1128/JVI.01960-17
https://doi.org/10.1128/JVI.79.10.6078-6088.2005
https://doi.org/10.1128/JVI.00373-20
https://doi.org/10.1128/JVI.01203-12
https://doi.org/10.1371/journal.pone.0047790
https://doi.org/10.1371/journal.ppat.1005880
https://doi.org/10.1128/JVI.01136-17
https://doi.org/10.1038/ncomms8483
https://doi.org/10.1128/JVI.00215-16
https://doi.org/10.1038/s41598-019-53037-0
https://doi.org/10.1371/journal.pone.0012709
https://doi.org/10.1016/j.antiviral.2015.09.017
https://doi.org/10.1016/S0002-9440(10)64493-8
https://doi.org/10.3201/eid1812.120722
https://doi.org/10.1128/cmr.00128-23

Review

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

March 2025 Volume 38

Playford EG, McCall B, Smith G, Slinko V, Allen G, Smith I, Moore F, Taylor
C, Kung YH, Field H. 2010. Human Hendra virus encephalitis associated
with equine outbreak, Australia, 2008. Emerg Infect Dis 16:219-223. htt
ps://doi.org/10.3201/eid1602.090552

Chong HT, Tan CT. 2003. Relapsed and late-onset Nipah encephalitis, a
report of three cases. Neurol J Southeast Asia:109-112.

Sim B-F, Jusoh MR, Chang C-C, Khalid R. 2002. Nipah encephalitis: a
report of 18 patients from Kuala Lumpur Hospital. Neurol J Southeast
7:13-18.

Hossain MJ, Gurley ES, Montgomery JM, Bell M, Carroll DS, Hsu VP,
Formenty P, Croisier A, Bertherat E, Faiz MA, Azad AK, Islam R, Molla
MAR, Ksiazek TG, Rota PA, Comer JA, Rollin PE, Luby SP, Breiman RF.
2008. Clinical presentation of Nipah virus infection in Bangladesh. Clin
Infect Dis 46:977-984. https://doi.org/10.1086/529147

Homaira N, Rahman M, Hossain MJ, Epstein JH, Sultana R, Khan MSU,
Podder G, Nahar K, Ahmed B, Gurley ES, Daszak P, Lipkin WI, Rollin PE,
Comer JA, Ksiazek TG, Luby SP. 2010. Nipah virus outbreak with person-
to-person transmission in a district of Bangladesh, 2007. Epidemiol
Infect 138:1630-1636. https://doi.org/10.1017/50950268810000695
Homaira N, Rahman M, Hossain MJ, Nahar N, Khan R, Rahman M,
Podder G, Nahar K, Khan D, Gurley ES, Rollin PE, Comer JA, Ksiazek TG,
Luby SP. 2010. Cluster of Nipah virus infection, Kushtia District,
Bangladesh. PLoS One 5:e13570. https://doi.org/10.1371/journal.pone.
0013570

Arankalle VA, Bandyopadhyay BT, Ramdasi AY, Jadi R, Patil DR, Rahman
M, Majumdar M, Banerjee PS, Hati AK, Goswami RP, Neogi DK, Mishra
AC. 2011. Genomic characterization of Nipah virus, West Bengal, India.
Emerg Infect Dis 17:907-909. https://doi.org/10.3201/eid1705.100968
Sazzad HMS, Hossain MJ, Gurley ES, Ameen KMH, Parveen S, Islam MS,
Faruque LI, Podder G, Banu SS, Lo MK, Rollin PE, Rota PA, Daszak P,
Rahman M, Luby SP. 2013. Nipah virus infection outbreak with
nosocomial and corpse-to-human transmission, Bangladesh. Emerg
Infect Dis 19:210-217. https://doi.org/10.3201/eid1902.120971
Arunkumar G, Devadiga S, McElroy AK, Prabhu S, Sheik S, Abdulmajeed
J, Robin S, Sushama A, Jayaram A, Nittur S, Shakir M, Kumar KGS,
Radhakrishnan C, Sakeena K, Vasudevan J, Reena KJ, Sarita RL, Klena JD,
Spiropoulou CF, Laserson KF, Nichol ST. 2019. Adaptive immune
responses in humans during Nipah virus acute and convalescent
phases of infection. Clin Infect Dis 69:1752-1756. https://doi.org/10.109
3/cid/ciz010

Chan KP, Rollin PE, Ksiazek TG, Leo YS, Goh KT, Paton NI, Sng EH, Ling
AE. 2002. A survey of Nipah virus infection among various risk groups in
Singapore. Epidemiol Infect 128:93-98. https://doi.org/10.1017/509502
68801006422

Kumar CPG, Sugunan AP, Yadav P, Kurup KK, Aarathee R, Manickam P,
Bhatnagar T, Radhakrishnan C, Thomas B, Kumar A V, Jayasree J,
Philomina B, Kumar KGS, Thulaseedharan NK, Gupta N V, Rajendran R,
Saritha RL, Mourya DT, Gangakhedkar RR, Murhekar MV. 2079.
Infections among contacts of patients with Nipah virus, India. Emerg
Infect Dis 25:1007-1010. https://doi.org/10.3201/eid2505.181352

Tan CT, Tan KS. 2001. Nosocomial transmissibility of Nipah virus. J Infect
Dis 184:1367. https://doi.org/10.1086/323996

Tan K-S, Sarji SA, Tan C-T, Johan B, Abdullah J, Chong H-T, Thayaparan T,
Koh C-N. 2000. Patients with asymptomatic Nipah virus infection may
have abnormal cerebral MR imaging. Nerol J Southeast Asia 5:69-73.
Tan CT, Wong KT. 2020. Infections among contacts of patients with
Nipah virus, India. Emerg Infect Dis 26:1963. https://doi.org/10.3201/eid
2608.190722

Ong KC, Wong KT. 2015. Henipavirus encephalitis: recent developments
and advances. Brain Pathol 25:605-613. https://doi.org/10.1111/bpa.12
278

Tan CT, Wong KT. 2003. Nipah encephalitis outbreak in Malaysia. Ann
Acad Med Singap 32:112-117.

Ong KC, Ng KY, Ng CW, Tan SH, Teo WL, Karim N, Kumar S, Wong KT.
2022. Neuronal infection is a major pathogenetic mechanism and cause
of fatalities in human acute Nipah virus encephalitis. Neuropathology
Appl Neurobio 48:12828. https://doi.org/10.1111/nan.12828

Kenmoe S, Demanou M, Bigna JJ, Nde Kengne C, Fatawou Modiyinji A,
Simo FBN, Eyangoh S, Sadeuh-Mba SA, Njouom R. 2019. Case fatality
rate and risk factors for Nipah virus encephalitis: a systematic review
and meta-analysis. J Clin Virol 117:19-26. https://doi.org/10.1016/j.jcv.2
019.05.009

Issue 1

165.

166.

167.

168.

169.

170.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Clinical Microbiology Reviews

Sarji SA, Abdullah BJ, Goh KJ, Tan CT, Wong KT. 2000. MR imaging
features of Nipah encephalitis. AJR Am J Roentgenol 175:437-442. http
s://doi.org/10.2214/ajr.175.2.1750437

Munster VJ, Prescott JB, Bushmaker T, Long D, Rosenke R, Thomas T,
Scott D, Fischer ER, Feldmann H, de Wit E. 2012. Rapid Nipah virus entry
into the central nervous system of hamsters via the olfactory route. Sci
Rep 2:736. https://doi.org/10.1038/srep00736

Liu J, Coffin KM, Johnston SC, Babka AM, Bell TM, Long SY, Honko AN,
Kuhn JH, Zeng X. 2019. Nipah virus persists in the brains of nonhuman
primate survivors. JCI Insight 4:2129629. https://doi.org/10.1172/jci.insi
ght.129629

Sejvar JJ, Hossain J, Saha SK, Gurley ES, Banu S, Hamadani JD, Faiz MA,
Siddiqui FM, Mohammad QD, Mollah AH, Uddin R, Alam R, Rahman R,
Tan CT, Bellini W, Rota P, Breiman RF, Luby SP. 2007. Long-term
neurological and functional outcome in Nipah virus infection. Ann
Neurol 62:235-242. https://doi.org/10.1002/ana.21178

Ng B-Y, Lim CCT, Yeoh A, Lee WL. 2004. Neuropsychiatric sequelae of
Nipah virus encephalitis. J Neuropsychiatry Clin Neurosci 16:500-504. h
ttps://doi.org/10.1176/jnp.16.4.500

Wong SC, Ooi MH, Wong MN, Tio PH, Solomon T, Cardosa MJ. 2001.
Late presentation of Nipah virus encephalitis and kinetics of the
humoral immune response. J Neurol Neurosurg Psychiatry 71:552-554.
https://doi.org/10.1136/jnnp.71.4.552

Ramasundrum V, Tan CT, Chua KB, Chong HT, Goh KJ, Chew NK, Tan SK,
ThayaparanK, KunjapanSR, PetharunamV, Loh YL, KsiazekTG, Lam SK.
2000. Kinetics of IgM and IgG seroconversion in Nipah virus infection.
Neurol J Southeast Asia:23-28.

Shete AM, Radhakrishnan C, Pardeshi PG, Yadav PD, Jain R, Sahay RR,
Sugunan AP. 2021. Antibody response in symptomatic & asymptomatic
Nipah virus cases from Kerala, India. Indian J Med Res 154:533. https://d
0i.org/10.4103/ijmr.lJMR_4388_20

Mazzola LT, Kelly-Cirino C. 2019. Diagnostics for Nipah virus: a zoonotic
pathogen endemic to Southeast Asia. BMJ Glob Health 4:e001118. http
s://doi.org/10.1136/bmjgh-2018-001118

Wang L-F, Daniels P. 2012. Diagnosis of henipavirus infection: current
capabilities and future directions. Curr Top Microbiol Immunol
359:179-196. https://doi.org/10.1007/82_2012_215

Ma L, Chen Z, Guan W, Chen Q, Liu D. 2019. Rapid and specific
detection of all known Nipah virus strains’ sequences with reverse
transcription-loop-mediated isothermal amplification. Front Microbiol
10:418. https://doi.org/10.3389/fmicb.2019.00418

Smith IL, Halpin K, Warrilow D, Smith GA. 2001. Development of a
fluorogenic RT-PCR assay (TagMan) for the detection of Hendra virus. J
Virol Methods 98:33-40. https://doi.org/10.1016/50166-0934(01)00354-
8

Hooper PT, Gould AR, Hyatt AD, Braun MA, Kattenbelt JA, Hengstberger
SG, Westbury HA. 2000. Identification and molecular characterization of
Hendra virus in a horse in Queensland. Aust Vet J 78:281-282. https://d
0i.0rg/10.1111/j.1751-0813.2000.tb11759.x

Wacharapluesadee S, Hemachudha T. 2007. Duplex nested RT-PCR for
detection of Nipah virus RNA from urine specimens of bats. J Virol
Methods 141:97-101. https://doi.org/10.1016/j.jviromet.2006.11.023
Feldman KS, Foord A, Heine HG, Smith IL, Boyd V, Marsh GA, Wood JLN,
Cunningham AA, Wang L-F. 2009. Design and evaluation of consensus
PCR assays for henipaviruses. J Virol Methods 161:52-57. https://doi.org
/10.1016/j.jviromet.2009.05.014

Tong S, Chern S-W, Li Y, Pallansch MA, Anderson LJ. 2008. Sensitive and
broadly reactive reverse transcription-PCR assays to detect novel
paramyxoviruses. J Clin Microbiol 46:2652-2658. https://doi.org/10.112
8/JCM.00192-08

Chang L-Y, Ali ARM, Hassan SS, AbuBakar S. 2006. Quantitative
estimation of Nipah virus replication kinetics in vitro. Virol J 3:47. https:/
/doi.org/10.1186/1743-422X-3-47

Guillaume V, Lefeuvre A, Faure C, Marianneau P, Buckland R, Lam SK,
Wild TF, Deubel V. 2004. Specific detection of Nipah virus using real-
time RT-PCR (TagMan). J Virol Methods 120:229-237. https://doi.org/10.
1016/j.jviromet.2004.05.018

Lo MK, Lowe L, Hummel KB, Sazzad HMS, Gurley ES, Hossain MJ, Luby
SP, Miller DM, Comer JA, Rollin PE, Bellini WJ, Rota PA. 2012. Characteri-
zation of Nipah virus from outbreaks in Bangladesh, 2008-2010. Emerg
Infect Dis 18:248-255. https://doi.org/10.3201/eid1802.111492

Patel K, Klena J, Lo MK. 2023. A revised diagnostic quantitative RT-PCR
for the detection of Nipah virus infection. Methods Mol Biol 2682:25-
31. https://doi.org/10.1007/978-1-0716-3283-3_2

10.1128/cmr.00128-23 41


https://doi.org/10.3201/eid1602.090552
https://doi.org/10.1086/529147
https://doi.org/10.1017/S0950268810000695
https://doi.org/10.1371/journal.pone.0013570
https://doi.org/10.3201/eid1705.100968
https://doi.org/10.3201/eid1902.120971
https://doi.org/10.1093/cid/ciz010
https://doi.org/10.1017/s0950268801006422
https://doi.org/10.3201/eid2505.181352
https://doi.org/10.1086/323996
https://doi.org/10.3201/eid2608.190722
https://doi.org/10.1111/bpa.12278
https://doi.org/10.1111/nan.12828
https://doi.org/10.1016/j.jcv.2019.05.009
https://doi.org/10.2214/ajr.175.2.1750437
https://doi.org/10.1038/srep00736
https://doi.org/10.1172/jci.insight.129629
https://doi.org/10.1002/ana.21178
https://doi.org/10.1176/jnp.16.4.500
https://doi.org/10.1136/jnnp.71.4.552
https://doi.org/10.4103/ijmr.IJMR_4388_20
https://doi.org/10.1136/bmjgh-2018-001118
https://doi.org/10.1007/82_2012_215
https://doi.org/10.3389/fmicb.2019.00418
https://doi.org/10.1016/s0166-0934(01)00354-8
https://doi.org/10.1111/j.1751-0813.2000.tb11759.x
https://doi.org/10.1016/j.jviromet.2006.11.023
https://doi.org/10.1016/j.jviromet.2009.05.014
https://doi.org/10.1128/JCM.00192-08
https://doi.org/10.1186/1743-422X-3-47
https://doi.org/10.1016/j.jviromet.2004.05.018
https://doi.org/10.3201/eid1802.111492
https://doi.org/10.1007/978-1-0716-3283-3_2
https://doi.org/10.1128/cmr.00128-23

Review

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

March 2025 Volume 38

Jensen KS, Adams R, Bennett RS, Bernbaum J, Jahrling PB, Holbrook MR.
2018. Development of a novel real-time polymerase chain reaction
assay for the quantitative detection of Nipah virus replicative viral RNA.
PLoS One 13:0199534. https://doi.org/10.1371/journal.pone.0199534
Liu J, Ochieng C, Wiersma S, Stréher U, Towner JS, Whitmer S, Nichol ST,
Moore CC, Kersh GJ, Kato C, et al. 2016. Development of a TagMan array
card for acute-febrile-iliness outbreak investigation and surveillance of
emerging pathogens, including Ebola virus. J Clin Microbiol 54:49-58. h
ttps://doi.org/10.1128/JCM.02257-15

Onyango CO, Loparev V, Lidechi S, Bhullar V, Schmid DS, Radford K, Lo
MK, Rota P, Johnson BW, Munoz J, Oneko M, Burton D, Black CM,
Neatherlin J, Montgomery JM, Fields B. 2017. Evaluation of a TagMan
array card for detection of central nervous system infections. J Clin
Microbiol 55:2035-2044. https://doi.org/10.1128/JCM.02469-16

Pollak NM, Marsh GA, Olsson M, McMillan D, Macdonald J. 2023. Rapid,
sensitive, and specific, low-resource molecular detection of Hendra
virus. One Health 16:100504. https://doi.org/10.1016/j.onehlt.2023.100
504

Pollak NM, Olsson M, Marsh GA, Macdonald J, McMillan D. 2022.
Evaluation of three rapid low-resource molecular tests for Nipah virus.
Front Microbiol 13:1101914. https://doi.org/10.3389/fmicb.2022.11019
14

Centers for Disease Control and Prevention (CDC). 2022. Nipah virus
(NiV)

Eshaghi M, Tan WS, Mohidin TBM, Yusoff K. 2004. Nipah virus
glycoprotein: production in baculovirus and application in diagnosis.
Virus Res 106:71-76. https://doi.org/10.1016/j.virusres.2004.06.011

Zhu W, Pickering B, Smith G, Pinette M, Truong T, Babiuk S, Kobasa D,
Banadyga L, Yang M. 2023. Development and laboratory evaluation of a
competitive ELISA for serodiagnosis of Nipah and Hendra virus
infection using recombinant Nipah glycoproteins and a monoclonal
antibody. Front Vet Sci 10:1120367. https://doi.org/10.3389/fvets.2023.
1120367

Eshaghi M, Tan WS, Chin WK, Yusoff K. 2005. Purification of the extra-
cellular domain of Nipah virus glycoprotein produced in Escherichia coli
and possible application in diagnosis. J Biotechnol 116:221-226. https:/
/doi.org/10.1016/j.jbiotec.2004.10.020

Chen J-M, Yu M, Morrissy C, Zhao Y-G, Meehan G, Sun Y-X, Wang Q-H,
Zhang W, Wang L-F, Wang Z-L. 2006. A comparative indirect ELISA for
the detection of henipavirus antibodies based on a recombinant
nucleocapsid protein expressed in Escherichia coli. J Virol Methods
136:273-276. https://doi.org/10.1016/j.jviromet.2006.05.003

Yu F, Khairullah NS, Inoue S, Balasubramaniam V, Berendam SJ, Teh LK,
Ibrahim NSW, Abdul Rahman S, Hassan SS, Hasebe F, Sinniah M, Morita
K. 2006. Serodiagnosis using recombinant nipah virus nucleocapsid
protein expressed in Escherichia coli. J Clin Microbiol 44:3134-3138. htt
ps://doi.org/10.1128/JCM.00693-06

Chen J-M, Yaiw KC, Yu M, Wang L-F, Wang Q-H, Crameri G, Wang Z-L.
2007. Expression of truncated phosphoproteins of Nipah virus and
Hendra virus in Escherichia coli for the differentiation of henipavirus
infections. Biotechnol Lett 29:871-875. https://doi.org/10.1007/s10529-
007-9323-8

Chiang C-F, Lo MK, Rota PA, Spiropoulou CF, Rollin PE. 2010. Use of
monoclonal antibodies against Hendra and Nipah viruses in an antigen
capture ELISA. Virol J 7:115. https://doi.org/10.1186/1743-422X-7-115
Kaku Y, Noguchi A, Marsh GA, Barr JA, Okutani A, Hotta K, Bazartseren
B, Broder CC, Yamada A, Inoue S, Wang L-F. 2012. Antigen capture ELISA
system for henipaviruses using polyclonal antibodies obtained by DNA
immunization. Arch Virol 157:1605-1609. https://doi.org/10.1007/s007
05-012-1338-3

Joseph NM, Ho KL, Tey BT, Tan CS, Shafee N, Tan WS. 2016. Production
of the virus-like particles of nipah virus matrix protein in Pichia pastoris
as diagnostic reagents. Biotechnol Prog 32:1038-1045. https://doi.org/
10.1002/btpr.2279

Kulkarni DD, Venkatesh G, Tosh C, Patel P, Mashoria A, Gupta V, Gupta S,
D S. 2016. Development and evaluation of recombinant nucleocapsid
protein based diagnostic ELISA for detection of Nipah virus infection in
pigs. J Immunoassay Immunochem 37:154-166. https://doi.org/10.108
0/15321819.2015.1074922

Yang M, Zhu W, Truong T, Pickering B, Babiuk S, Kobasa D, Banadyga L.
2022. Detection of Nipah and Hendra viruses using recombinant
human ephrin B2 capture virus in immunoassays. Viruses 14:1657. https
://doi.org/10.3390/v14081657

Issue 1

202.

203.

204.

205.

206.

207.

208.

209.

210.

212.

213.

214.

215.

216.

Clinical Microbiology Reviews

Garbuglia AR, Lapa D, Pauciullo S, Raoul H, Pannetier D. 2023. Nipah
virus: an overview of the current status of diagnostics and their role in
preparedness in endemic countries. Viruses 15:2062. https://doi.org/10.
3390/v15102062

Dang HV, Chan Y-P, Park Y-J, Snijder J, Da Silva SC, Vu B, Yan L, Feng Y-R,
Rockx B, Geisbert TW, Mire CE, Broder CC, Veesler D. 2019. An antibody
against the F glycoprotein inhibits Nipah and Hendra virus infections.
Nat Struct Mol Biol 26:980-987. https://doi.org/10.1038/5s41594-019-03
08-9

Dang HV, Cross RW, Borisevich V, Bornholdt ZA, West BR, Chan Y-P, Mire
CE, Da Silva SC, Dimitrov AS, Yan L, Amaya M, Navaratnarajah CK, Zeitlin
L, Geisbert TW, Broder CC, Veesler D. 2021. Broadly neutralizing
antibody cocktails targeting Nipah virus and Hendra virus fusion
glycoproteins. Nat Struct Mol Biol 28:426-434. https://doi.org/10.1038/
s41594-021-00584-8

Tamin A, Harcourt BH, Ksiazek TG, Rollin PE, Bellini WJ, Rota PA. 2002.
Functional properties of the fusion and attachment glycoproteins of
Nipah virus. Virol (Auckl) 296:190-200. https://doi.org/10.1006/viro.200
2.1418

Crameri G, Wang L-F, Morrissy C, White J, Eaton BT. 2002. A rapid
immune plaque assay for the detection of Hendra and Nipah viruses
and anti-virus antibodies. J Virol Methods 99:41-51. https://doi.org/10.1
016/50166-0934(01)00377-9

Mungall BA, Middleton D, Crameri G, Bingham J, Halpin K, Russell G,
Green D, McEachern J, Pritchard LI, Eaton BT, Wang L-F, Bossart KN,
Broder CC. 2006. Feline model of acute Nipah virus infection and
protection with a soluble glycoprotein-based subunit vaccine. J Virol
80:12293-12302. https://doi.org/10.1128/JV1.01619-06

Mire CE, Chan Y-P, Borisevich V, Cross RW, Yan L, Agans KN, Dang HV,
Veesler D, Fenton KA, Geisbert TW, Broder CC. 2020. A cross-reactive
humanized monoclonal antibody targeting fusion glycoprotein
function protects ferrets against lethal Nipah virus and Hendra virus
infection. J Infect Dis 221:5471-S479. https://doi.org/10.1093/infdis/jiz5
15

Zeitlin L, Cross RW, Woolsey C, West BR, Borisevich V, Agans KN, Prasad
AN, Deer DJ, Stuart L, McCavitt-Malvido M, Kim DH, Pettitt J, Crowe JE,
Whaley KJ, Veesler D, Dimitrov A, Abelson DM, Geisbert TW, Broder CC.
2024. Therapeutic administration of a cross-reactive mAb targeting the
fusion glycoprotein of Nipah virus protects nonhuman primates. Sci
Transl Med 16:eadl2055. https://doi.org/10.1126/scitransimed.adl2055
Khetawat D, Broder CC. 2010. A functional Henipavirus envelope
glycoprotein pseudotyped lentivirus assay system. Virol J 7:312. https://
doi.org/10.1186/1743-422X-7-312

Tamin A, Harcourt BH, Lo MK, Roth JA, Wolf MC, Lee B, Weingartl H,
Audonnet J-C, Bellini WJ, Rota PA. 2009. Development of a neutraliza-
tion assay for Nipah virus using pseudotype particles. J Virol Methods
160:1-6. https://doi.org/10.1016/j.jviromet.2009.02.025

Kaku Y, Noguchi A, Marsh GA, McEachern JA, Okutani A, Hotta K,
Bazartseren B, Fukushi S, Broder CC, Yamada A, Inoue S, Wang L-F. 2009.
A neutralization test for specific detection of Nipah virus antibodies
using pseudotyped vesicular stomatitis virus expressing green
fluorescent protein. J Virol Methods 160:7-13. https://doi.org/10.1016/j.
jviromet.2009.04.037

Kaku Y, Noguchi A, Marsh GA, Barr JA, Okutani A, Hotta K, Bazartseren
B, Fukushi S, Broder CC, Yamada A, Inoue S, Wang L-F. 2012. Second
generation of pseudotype-based serum neutralization assay for Nipah
virus antibodies: sensitive and high-throughput analysis utilizing
secreted alkaline phosphatase. J Virol Methods 179:226-232. https://do
i.org/10.1016/j.jviromet.2011.11.003

Witting SR, Vallanda P, Gamble AL. 2013. Characterization of a third
generation lentiviral vector pseudotyped with Nipah virus envelope
proteins for endothelial cell transduction. Gene Ther 20:997-1005. http
s://doi.org/10.1038/gt.2013.23

Palomares K, Vigant F, Van Handel B, Pernet O, Chikere K, Hong P,
Sherman SP, Patterson M, An DS, Lowry WE, Mikkola HKA, Morizono K,
Pyle AD, Lee B. 2013. Nipah virus envelope-pseudotyped lentiviruses
efficiently target ephrinB2-positive stem cell populations in vitro and
bypass the liver sink when administered in vivo. J Virol 87:2094-2108. ht
tps://doi.org/10.1128/JV1.02032-12

Bae SE, Kim SS, Moon ST, Cho YD, Lee H, Lee J-Y, Shin HY, Lee H-J, Kim
YB. 2019. Construction of the safe neutralizing assay system using
pseudotyped Nipah virus and G protein-specific monoclonal antibody.
Biochem Biophys Res Commun 513:781-786. https://doi.org/10.1016/j.
bbrc.2019.03.212

10.1128/cmr.00128-23 42


https://doi.org/10.1371/journal.pone.0199534
https://doi.org/10.1128/JCM.02257-15
https://doi.org/10.1128/JCM.02469-16
https://doi.org/10.1016/j.onehlt.2023.100504
https://doi.org/10.3389/fmicb.2022.1101914
https://doi.org/10.1016/j.virusres.2004.06.011
https://doi.org/10.3389/fvets.2023.1120367
https://doi.org/10.1016/j.jbiotec.2004.10.020
https://doi.org/10.1016/j.jviromet.2006.05.003
https://doi.org/10.1128/JCM.00693-06
https://doi.org/10.1007/s10529-007-9323-8
https://doi.org/10.1186/1743-422X-7-115
https://doi.org/10.1007/s00705-012-1338-3
https://doi.org/10.1002/btpr.2279
https://doi.org/10.1080/15321819.2015.1074922
https://doi.org/10.3390/v14081657
https://doi.org/10.3390/v15102062
https://doi.org/10.1038/s41594-019-0308-9
https://doi.org/10.1038/s41594-021-00584-8
https://doi.org/10.1006/viro.2002.1418
https://doi.org/10.1016/s0166-0934(01)00377-9
https://doi.org/10.1128/JVI.01619-06
https://doi.org/10.1093/infdis/jiz515
https://doi.org/10.1126/scitranslmed.adl2055
https://doi.org/10.1186/1743-422X-7-312
https://doi.org/10.1016/j.jviromet.2009.02.025
https://doi.org/10.1016/j.jviromet.2009.04.037
https://doi.org/10.1016/j.jviromet.2011.11.003
https://doi.org/10.1038/gt.2013.23
https://doi.org/10.1128/JVI.02032-12
https://doi.org/10.1016/j.bbrc.2019.03.212
https://doi.org/10.1128/cmr.00128-23

Review

217.

218.

219.

220.

221.
222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234,

235.

March 2025 Volume 38

Jain S, Lo MK, Kainulainen MH, Welch SR, Spengler JR, Satter SM,
Rahman MZ, Hossain ME, Chiang C-F, Klena JD, Bergeron E, Montgom-
ery JM, Spiropoulou CF, Albarino CG. 2023. Development of a
neutralization assay using a vesicular stomatitis virus expressing Nipah
virus glycoprotein and a fluorescent protein. Virol (Auckl) 587:109858. h
ttps://doi.org/10.1016/j.virol.2023.109858

Nie J, Liu L, Wang Q, Chen R, Ning T, Liu Q, Huang W, Wang Y. 2019.
Nipah pseudovirus system enables evaluation of vaccines in vitro and in
vivo using non-BSL-4 facilities. Emerg Microbes Infect 8:272-281. https:/
/doi.org/10.1080/22221751.2019.1571871

Pernet O, Schneider BS, Beaty SM, LeBreton M, Yun TE, Park A,
Zachariah TT, Bowden TA, Hitchens P, Ramirez CM, Daszak P, Mazet J,
Freiberg AN, Wolfe ND, Lee B. 2014. Evidence for henipavirus spillover
into human populations in Africa. Nat Commun 5:5342. https://doi.org/
10.1038/ncomms6342

Whitmer SLM, Lo MK, Sazzad HMS, Zufan S, Gurley ES, Sultana S,
Amman B, Ladner JT, Rahman MZ, Doan S, Satter SM, Flora MS,
Montgomery JM, Nichol ST, Spiropoulou CF, Klena JD. 2021. Inference
of Nipah virus evolution, 1999-2015. Virus Evol 7:veaa062. https://doi.or
9/10.1093/ve/veaa062

World Health Organization (WHO). 2018. Nipah virus - Fact Sheet
Middleton DJ, Morrissy CJ, van der Heide BM, Russell GM, Braun MA,
Westbury HA, Halpin K, Daniels PW. 2007. Experimental Nipah virus
infection in pteropid bats (Pteropus poliocephalus). J Comp Pathol
136:266-272. https://doi.org/10.1016/},jcpa.2007.03.002

Kasloff SB, Leung A, Pickering BS, Smith G, Moffat E, Collignon B,
Embury-Hyatt C, Kobasa D, Weingartl HM. 2019. Pathogenicity of Nipah
henipavirus Bangladesh in a swine host. Sci Rep 9:5230. https://doi.org/
10.1038/541598-019-40476-y

Pigeaud DD, Geisbert TW, Woolsey C. 2023. Animal models for
Henipavirus research. Viruses 15:1980. https://doi.org/10.3390/v151019
80

Rockx B. 2014. Recent developments in experimental animal models of
Henipavirus infection. Pathog Dis 71:199-206. https://doi.org/10.1111/2
049-632X.12149

Geisbert TW, Feldmann H, Broder CC. 2012. Animal challenge models of
henipavirus infection and pathogenesis. Curr Top Microbiol Immunol
359:153-177. https://doi.org/10.1007/82_2012_208

Williamson MM, Torres-Velez FJ. 2010. Henipavirus: a review of
laboratory animal pathology. Vet Pathol 47:871-880. https://doi.org/10.
1177/0300985810378648

de Wit E, Munster VJ. 2015. Animal models of disease shed light on
Nipah virus pathogenesis and transmission. J Pathol 235:196-205. https
://doi.org/10.1002/path.4444

Woon AP, Boyd V, Todd S, Smith I, Klein R, Woodhouse B, Riddell S,
Crameri G, Bingham J, Wang L-F, Purcell AW, Middleton D, Baker ML.
2020. Acute experimental infection of bats and ferrets with Hendra
virus: insights into the early host response of the reservoir host and
susceptible model species. PLoS Pathog 16:e1008412. https://doi.org/1
0.1371/journal.ppat.1008412

Seifert SN, Letko MC, Bushmaker T, Laing ED, Saturday G, Meade-White
K, van Doremalen N, Broder CC, Munster VJ. 2020. Rousettus aegyptiacus
bats do not support productive nipah virus replication. J Infect Dis
221:5407-5413. https://doi.org/10.1093/infdis/jiz429

Khusro A, Aarti C, Pliego AB, Cipriano-Salazar M. 2020. Hendra virus
infection in horses: a review on emerging mystery paramyxovirus. J
Equine Vet Sci 91:103149. https://doi.org/10.1016/j.jevs.2020.103149
Marsh GA, Haining J, Hancock TJ, Robinson R, Foord AJ, Barr JA, Riddell
S, Heine HG, White JR, Crameri G, Field HE, Wang L-F, Middleton D.
2011. Experimental infection of horses with Hendra virus/Australia/
horse/2008/Redlands. Emerg Infect Dis 17:2232-2238. https://doi.org/1
0.3201/eid1712.111162

Middleton DJ, Westbury HA, Morrissy CJ, van der Heide BM, Russell GM,
Braun MA, Hyatt AD. 2002. Experimental Nipah virus infection in pigs
and cats. J Comp Pathol 126:124-136. https://doi.org/10.1053/jcpa.200
1.0532

Hooper PT, Westbury HA, Russell GM. 1997. The lesions of experimental
equine morbillivirus disease in cats and guinea pigs. Vet Pathol 34:323-
329. https://doi.org/10.1177/030098589703400408

Mungall BA, Middleton D, Crameri G, Halpin K, Bingham J, Eaton BT,
Broder CC. 2007. Vertical transmission and fetal replication of Nipah
virus in an experimentally infected cat. J Infect Dis 196:812-816. https://
doi.org/10.1086/520818

Issue 1

236.

237.

238.

239.

240.

241.

242,

243.

244,

245.

246.

247.

248.

249.

250.

251,

Clinical Microbiology Reviews

Westbury HA, Hooper PT, Selleck PW, Murray PK. 1995. Equine
morbillivirus pneumonia: susceptibility of laboratory animals to the
virus. Aust Vet J 72:278-279. https://doi.org/10.1111/j.1751-0813.1995.t
b03549.x

Li M, Embury-Hyatt C, Weingartl HM. 2010. Experimental inoculation
study indicates swine as a potential host for Hendra virus. Vet Res 41:33.
https://doi.org/10.1051/vetres/2010005

Weingartl H, Czub S, Copps J, Berhane Y, Middleton D, Marszal P, Gren J,
Smith G, Ganske S, Manning L, Czub M. 2005. Invasion of the central
nervous system in a porcine host by nipah virus. J Virol 79:7528-7534. h
ttps://doi.org/10.1128/JV1.79.12.7528-7534.2005

Westbury HA, Hooper PT, Brouwer SL, Selleck PW. 1996. Susceptibility
of cats to equine morbillivirus. Aust Vet J 74:132-134. https://doi.org/10
1111/j.1751-0813.1996.tb 14813 .x

McEachern JA, Bingham J, Crameri G, Green DJ, Hancock TJ, Middleton
D, Feng Y-R, Broder CC, Wang L-F, Bossart KN. 2008. A recombinant
subunit vaccine formulation protects against lethal Nipah virus
challenge in cats. Vaccine (Auckl) 26:3842-3852. https://doi.org/10.101
6/j.vaccine.2008.05.016

Rockx B, Bossart KN, Feldmann F, Geisbert JB, Hickey AC, Brining D,
Callison J, Safronetz D, Marzi A, Kercher L, Long D, Broder CC, Feldmann
H, Geisbert TW. 2010. A novel model of lethal Hendra virus infection in
African green monkeys and the effectiveness of ribavirin treatment. J
Virol 84:9831-9839. https://doi.org/10.1128/JV1.01163-10

Geisbert TW, Daddario-DiCaprio KM, Hickey AC, Smith MA, Chan Y-P,
Wang L-F, Mattapallil JJ, Geisbert JB, Bossart KN, Broder CC. 2010.
Development of an acute and highly pathogenic nonhuman primate
model of nipah virus infection. PLoS One 5:210690. https://doi.org/10.1
371/journal.pone.0010690

Johnston SC, Briese T, Bell TM, Pratt WD, Shamblin JD, Esham HL,
Donnelly GC, Johnson JC, Hensley LE, Lipkin WI, Honko AN. 2015.
Detailed analysis of the African green monkey model of Nipah virus
disease. PLoS One 10:e0117817. https://doi.org/10.1371/journal.pone.0
117817

Lackemeyer MG, Bohannon JK, Holbrook MR. 2023. Nipah virus aerosol
challenge of three distinct particle sizes in nonhuman primates.
Methods Mol Biol 2682:175-189. https://doi.org/10.1007/978-1-0716-3
283-3_13

Cong Y, Lentz MR, Lara A, Alexander |, Bartos C, Bohannon JK,
Hammoud D, Huzella L, Jahrling PB, Janosko K, Jett C, Kollins E,
Lackemeyer M, Mollura D, Ragland D, Rojas O, Solomon J, Xu Z, Munster
V, Holbrook MR. 2017. Loss in lung volume and changes in the immune
response demonstrate disease progression in African green monkeys
infected by small-particle aerosol and intratracheal exposure to Nipah
virus. PLoS Negl Trop Dis 11:€0005532. https://doi.org/10.1371/journal.
pntd.0005532

Hammoud DA, Lentz MR, Lara A, Bohannon JK, Feuerstein |, Huzella L,
Jahrling PB, Lackemeyer M, Laux J, Rojas O, Sayre P, Solomon J, Cong Y,
Munster V, Holbrook MR. 2018. Aerosol exposure to intermediate size
Nipah virus particles induces neurological disease in African green
monkeys. PLoS Negl Trop Dis 12:e0006978. https://doi.org/10.1371/jour
nal.pntd.0006978

Lee JH, Hammoud DA, Cong Y, Huzella LM, Castro MA, Solomon J, Laux
J, Lackemeyer M, Bohannon JK, Rojas O, Byrum R, Adams R, Ragland D,
St Claire M, Munster V, Holbrook MR. 2020. The use of large-particle
aerosol exposure to Nipah virus to mimic human neurological disease
manifestations in the African green monkey. J Infect Dis 221:5419-
S430. https://doi.org/10.1093/infdis/jiz502

Marianneau P, Guillaume V, Wong KT, Badmanathan M, Looi RY, Murri
S, Loth P, Tordo N, Wild TF, Horvat B, Contamin H. 2010. Experimental
infection of squirrel monkeys with Nipah virus. Emerg Infect Dis
16:507-510. https://doi.org/10.3201/eid1603.091346

Stevens CS, Lowry J, Juelich T, Atkins C, Johnson K, Smith JK, Panis M,
lkegami T, tenOever B, Freiberg AN, Lee B. 2023. Nipah virus Bangla-
desh infection elicits organ-specific innate and inflammatory responses
in the marmoset model. J Infect Dis 228:604-614. https://doi.org/10.10
93/infdis/jiad053

Prasad AN, Woolsey C, Geisbert JB, Agans KN, Borisevich V, Deer DJ,
Mire CE, Cross RW, Fenton KA, Broder CC, Geisbert TW. 2020. Resistance
of cynomolgus monkeys to Nipah and Hendra virus disease is
associated with cell-mediated and humoral immunity. J Infect Dis
221:5436-5447. https://doi.org/10.1093/infdis/jiz613

Bossart KN, Zhu Z, Middleton D, Klippel J, Crameri G, Bingham J,
McEachern JA, Green D, Hancock TJ, Chan YP, Hickey AC, Dimitrov DS,

10.1128/cmr.00128-23 43


https://doi.org/10.1016/j.virol.2023.109858
https://doi.org/10.1080/22221751.2019.1571871
https://doi.org/10.1038/ncomms6342
https://doi.org/10.1093/ve/veaa062
https://doi.org/10.1016/j.jcpa.2007.03.002
https://doi.org/10.1038/s41598-019-40476-y
https://doi.org/10.3390/v15101980
https://doi.org/10.1111/2049-632X.12149
https://doi.org/10.1007/82_2012_208
https://doi.org/10.1177/0300985810378648
https://doi.org/10.1002/path.4444
https://doi.org/10.1371/journal.ppat.1008412
https://doi.org/10.1093/infdis/jiz429
https://doi.org/10.1016/j.jevs.2020.103149
https://doi.org/10.3201/eid1712.111162
https://doi.org/10.1053/jcpa.2001.0532
https://doi.org/10.1177/030098589703400408
https://doi.org/10.1086/520818
https://doi.org/10.1111/j.1751-0813.1995.tb03549.x
https://doi.org/10.1051/vetres/2010005
https://doi.org/10.1128/JVI.79.12.7528-7534.2005
https://doi.org/10.1111/j.1751-0813.1996.tb14813.x
https://doi.org/10.1016/j.vaccine.2008.05.016
https://doi.org/10.1128/JVI.01163-10
https://doi.org/10.1371/journal.pone.0010690
https://doi.org/10.1371/journal.pone.0117817
https://doi.org/10.1007/978-1-0716-3283-3_13
https://doi.org/10.1371/journal.pntd.0005532
https://doi.org/10.1371/journal.pntd.0006978
https://doi.org/10.1093/infdis/jiz502
https://doi.org/10.3201/eid1603.091346
https://doi.org/10.1093/infdis/jiad053
https://doi.org/10.1093/infdis/jiz613
https://doi.org/10.1128/cmr.00128-23

Review

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

March 2025 Volume 38

Wang LF, Broder CC. 2009. A neutralizing human monoclonal antibody
protects against lethal disease in a new ferret model of acute Nipah
virus infection. PLoS Pathog 5:1000642. https://doi.org/10.1371/journ
al.ppat.1000642

Pallister J, Middleton D, Crameri G, Yamada M, Klein R, Hancock TJ,
Foord A, Shiell B, Michalski W, Broder CC, Wang L-F. 2009. Chloroquine
administration does not prevent Nipah virus infection and disease in
ferrets. J Virol 83:11979-11982. https://doi.org/10.1128/JV1.01847-09
Pallister J, Middleton D, Wang LF, Klein R, Haining J, Robinson R,
Yamada M, White J, Payne J, Feng YR, Chan YP, Broder CC. 2011. A
recombinant Hendra virus G glycoprotein-based subunit vaccine
protects ferrets from lethal Hendra virus challenge. Vaccine (Auckl)
29:5623-5630. https://doi.org/10.1016/j.vaccine.2011.06.015

Leon AJ, Borisevich V, Boroumand N, Seymour R, Nusbaum R, Escaffre
O, Xu L, Kelvin DJ, Rockx B. 2018. Host gene expression profiles in
ferrets infected with genetically distinct henipavirus strains. PLoS Negl
Trop Dis 12:0006343. https://doi.org/10.1371/journal.pntd.0006343
Genzer SC, Welch SR, Scholte FEM, Harmon JR, Coleman-McCray JD, Lo
MK, Montgomery JM, Nichol ST, Spiropoulou CF, Spengler JR. 2020.
Host gene expression profiles in ferrets infected with genetically
distinct henipavirus strains. J Infect Dis 221:5454-5459. https://doi.org/
10.1093/infdis/jiz552

Scholte FEM, Rodriguez SE, Welch SR, Davies KA, Genzer SC, Coleman-
McCray JD, Harmon JR, Sorvillo TE, Lo MK, Karaaslan E, Bergeron E,
Montgomery JM, Spengler JR, Spiropoulou CF. 2024. Characterization
of humoral responses to Nipah virus infection in the Syrian hamster
model of disease. J Infect Dis 230:438-443. https://doi.org/10.1093/infd
is/jiad557

Welch SR, Scholte FEM, Harmon JR, Coleman-McCray JD, Lo MK,
Montgomery JM, Nichol ST, Spiropoulou CF, Spengler JR. 2020. In situ
imaging of fluorescent Nipah virus respiratory and neurological tissue
tropism in the Syrian hamster model. J Infect Dis 221:5448-S453. https:/
/doi.org/10.1093/infdis/jiz393

Escaffre O, Hill T, lkegami T, Juelich TL, Smith JK, Zhang L, Perez DE,
Atkins C, Park A, Lawrence WS, Sivasubramani SK, Peel JE, Peterson JW,
Lee B, Freiberg AN. 2018. Experimental infection of Syrian hamsters
with aerosolized Nipah virus. J Infect Dis 218:1602-1610. https://doi.org
/10.1093/infdis/jiy357

Park A, Yun T, Hill TE, Ikegami T, Juelich TL, Smith JK, Zhang L, Freiberg
AN, Lee B. 2016. Optimized P2A for reporter gene insertion into Nipah
virus results in efficient ribosomal skipping and wild-type lethality. J
Gen Virol 97:839-843. https://doi.org/10.1099/jgv.0.000405

Lo MK, Jain S, Davies KA, Sorvillo TE, Welch SR, Coleman-McCray JD,
Chatterjee P, Hotard AL, O'Neal T, Flint M, Ai H, Albarifio CG, Spengler
JR, Montgomery JM, Spiropoulou CF. 2024. Optimization of Bangladesh
and Malaysian genotype recombinant reporter Nipah viruses for in
vitro antiviral screening and in vivo disease modeling. Antiviral Res
231:106013. https://doi.org/10.1016/j.antiviral.2024.106013

Wong KT, Grosjean |, Brisson C, Blanquier B, Fevre-Montange M,
Bernard A, Loth P, Georges-Courbot M-C, Chevallier M, Akaoka H,
Marianneau P, Lam SK, Wild TF, Deubel V. 2003. A golden hamster
model for human acute Nipah virus infection. Am J Pathol 163:2127-
2137. https://doi.org/10.1016/S0002-9440(10)63569-9

Baseler L, Scott DP, Saturday G, Horne E, Rosenke R, Thomas T, Meade-
White K, Haddock E, Feldmann H, de Wit E. 2016. Identifying early
target cells of Nipah virus infection in Syrian hamsters. PLoS Negl Trop
Dis 10:e0005120. https://doi.org/10.1371/journal.pntd.0005120
Guillaume V, Wong KT, Looi RY, Georges-Courbot MC, Barrot L,
Buckland R, Wild TF, Horvat B. 2009. Acute Hendra virus infection:
analysis of the pathogenesis and passive antibody protection in the
hamster model. Virol (Auckl) 387:459-465. https://doi.org/10.1016/j.viro
1.2009.03.001

Rockx B, Brining D, Kramer J, Callison J, Ebihara H, Mansfield K,
Feldmann H. 2011. Clinical outcome of henipavirus infection in
hamsters is determined by the route and dose of infection. J Virol
85:7658-7671. https://doi.org/10.1128/JV1.00473-11

Welch SR, Spengler JR, Harmon JR, Coleman-McCray JD, Scholte FEM,
Genzer SC, Lo MK, Montgomery JM, Nichol ST, Spiropoulou CF. 2022.
Defective interfering viral particle treatment reduces clinical signs and
protects hamsters from lethal Nipah virus disease. mBio 13:e0329421. h
ttps://doi.org/10.1128/mbio.03294-21

Baseler L, de Wit E, Scott DP, Munster VJ, Feldmann H. 2015. Syrian
hamsters (Mesocricetus auratus) oronasally inoculated with a Nipah
virus isolate from Bangladesh or Malaysia develop similar respiratory

Issue 1

267.

268.

269.

270.

272.

273.

274.

275.

276.

277.

278.

279.

280.

282.

283.

Clinical Microbiology Reviews

tract lesions. Vet Pathol 52:38-45. https://doi.org/10.1177/0300985814
556189

DeBuysscher BL, de Wit E, Munster VJ, Scott D, Feldmann H, Prescott J.
2013. Comparison of the pathogenicity of Nipah virus isolates from
Bangladesh and Malaysia in the Syrian hamster. PLoS Negl Trop Dis
7:€2024. https://doi.org/10.1371/journal.pntd.0002024

Williamson MM, Hooper PT, Selleck PW, Westbury HA, Slocombe RF.
2001. A guinea-pig model of hendra virus encephalitis. J Comp Pathol
124:273-279. https://doi.org/10.1053/jcpa.2001.0464

Torres-Velez FJ, Shieh W-J, Rollin PE, Morken T, Brown C, Ksiazek TG, Zaki
SR. 2008. Histopathologic and immunohistochemical characterization
of Nipah virus infection in the guinea pig. Vet Pathol 45:576-585. https:
//doi.org/10.1354/vp.45-4-576

Dups J, Middleton D, Yamada M, Monaghan P, Long F, Robinson R,
Marsh GA, Wang LF. 2012. A new model for Hendra virus encephalitis in
the mouse. PLoS One 7:¢40308. https://doi.org/10.1371/journal.pone.0
040308

Dups J, Middleton D, Long F, Arkinstall R, Marsh GA, Wang L-F. 2014.
Subclinical infection without encephalitis in mice following intranasal
exposure to Nipah virus-Malaysia and Nipah virus-Bangladesh. Virol J
11:102. https://doi.org/10.1186/1743-422X-11-102

Edwards SJ, Rowe B, Reid T, Tachedjian M, Caruso S, Blasdell K,
Watanabe S, Bergfeld J, Marsh GA. 2023. Henipavirus-induced
neuropathogenesis in mice. Virology (Auckl) 587:109856. https://doi.or
g/10.1016/j.virol.2023.109856

Yoneda M, Guillaume V, Ikeda F, Sakuma Y, Sato H, Wild TF, Kai C. 2006.
Establishment of a Nipah virus rescue system. Proc Natl Acad Sci U S A
103:16508-16513. https://doi.org/10.1073/pnas.0606972103

Dhondt KP, Mathieu C, Chalons M, Reynaud JM, Vallve A, Raoul H,
Horvat B. 2013. Type | interferon signaling protects mice from lethal
henipavirus infection. J Infect Dis 207:142-151. https://doi.org/10.1093/
infdis/jis653

Huaman C, Clouse C, Rader M, Yan L, Bai S, Gunn BM, Amaya M, Laing
ED, Broder CC, Schaefer BC. 2024. An in vivo BSL-2 model for henipavi-
rus infection based on bioluminescence imaging of recombinant Cedar
virus replication in mice. Front Chem Biol 3:1363498. https://doi.org/10.
3389/fchbi.2024.1363498

lampietro M, Aurine N, Dhondt KP, Dumont C, Pelissier R, Spanier J,
Vallve A, Raoul H, Kalinke U, Horvat B. 2020. Control of Nipah virus
infection in mice by the host adaptors mitochondrial antiviral signaling
protein (MAVS) and myeloid differentiation primary response 88
(MyD88). J Infect Dis 221:5401-S406. https://doi.org/10.1093/infdis/jiz6
02

lampietro M, Dumont C, Mathieu C, Spanier J, Robert J, Charpenay A,
Dupichaud S, Dhondt KP, Aurine N, Pelissier R, Ferren M, Mély S, Gerlier
D, Kalinke U, Horvat B. 2021. Activation of cGAS/STING pathway upon
paramyxovirus infection. iScience 24:102519. https://doi.org/10.1016/j.i
5ci.2021.102519

Valbuena G, Halliday H, Borisevich V, Goez Y, Rockx B. 2014. A human
lung xenograft mouse model of Nipah virus infection. PLoS Pathog
10:1004063. https://doi.org/10.1371/journal.ppat.1004063

Broder CC, Xu K, Nikolov DB, Zhu Z, Dimitrov DS, Middleton D, Pallister
J, Geisbert TW, Bossart KN, Wang LF. 2013. A treatment for and vaccine
against the deadly Hendra and Nipah viruses. Antiviral Res 100:8-13. ht
tps://doi.org/10.1016/j.antiviral.2013.06.012

Middleton D, Pallister J, Klein R, Feng Y-R, Haining J, Arkinstall R, Frazer
L, Huang J-A, Edwards N, Wareing M, Elhay M, Hashmi Z, Bingham J,
Yamada M, Johnson D, White J, Foord A, Heine HG, Marsh GA, Broder
CC, Wang L-F. 2014. Hendra virus vaccine, a one health approach to
protecting horse, human, and environmental health. Emerg Infect Dis
20:372-379. https://doi.org/10.3201/eid2003.131159

World Health Organization (WHO). 2017. WHO target product profiles
for Nipah virus vaccines: Nipah virus vaccine WHO 9345

Foster SL, Woolsey C, Borisevich V, Agans KN, Prasad AN, Deer DJ,
Geisbert JB, Dobias NS, Fenton KA, Cross RW, Geisbert TW. 2022. A
recombinant VSV-vectored vaccine rapidly protects nonhuman
primates against lethal Nipah virus disease. Proc Natl Acad Sci U S A
119:2200065119. https://doi.org/10.1073/pnas.2200065119

de Wit E, Feldmann F, Cronin J, Goldin K, Mercado-Hernandez R,
Williamson BN, Meade-White K, Okumura A, Callison J, Weatherman S,
Rosenke R, Avanzato VA, Lovaglio J, Scott DP, Marzi A, Feldmann H.
2023. Distinct VSV-based Nipah virus vaccines expressing either

10.1128/cmr.00128-23 44


https://doi.org/10.1371/journal.ppat.1000642
https://doi.org/10.1128/JVI.01847-09
https://doi.org/10.1016/j.vaccine.2011.06.015
https://doi.org/10.1371/journal.pntd.0006343
https://doi.org/10.1093/infdis/jiz552
https://doi.org/10.1093/infdis/jiad557
https://doi.org/10.1093/infdis/jiz393
https://doi.org/10.1093/infdis/jiy357
https://doi.org/10.1099/jgv.0.000405
https://doi.org/10.1016/j.antiviral.2024.106013
https://doi.org/10.1016/S0002-9440(10)63569-9
https://doi.org/10.1371/journal.pntd.0005120
https://doi.org/10.1016/j.virol.2009.03.001
https://doi.org/10.1128/JVI.00473-11
https://doi.org/10.1128/mbio.03294-21
https://doi.org/10.1177/0300985814556189
https://doi.org/10.1371/journal.pntd.0002024
https://doi.org/10.1053/jcpa.2001.0464
https://doi.org/10.1354/vp.45-4-576
https://doi.org/10.1371/journal.pone.0040308
https://doi.org/10.1186/1743-422X-11-102
https://doi.org/10.1016/j.virol.2023.109856
https://doi.org/10.1073/pnas.0606972103
https://doi.org/10.1093/infdis/jis653
https://doi.org/10.3389/fchbi.2024.1363498
https://doi.org/10.1093/infdis/jiz602
https://doi.org/10.1016/j.isci.2021.102519
https://doi.org/10.1371/journal.ppat.1004063
https://doi.org/10.1016/j.antiviral.2013.06.012
https://doi.org/10.3201/eid2003.131159
https://doi.org/10.1073/pnas.2200065119
https://doi.org/10.1128/cmr.00128-23

Review

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294,

295.

296.

297.

298.

March 2025 Volume 38

glycoprotein G or fusion protein F provide homologous and heterolo-
gous protection in a nonhuman primate model. EBioMedicine
87:104405. https://doi.org/10.1016/j.ebiom.2022.104405

Welch SR, Spengler JR, Genzer SC, Coleman-McCray JD, Harmon JR,
Sorvillo TE, Scholte FEM, Rodriguez SE, O'Neal TJ, Ritter JM, Ficarra G,
Davies KA, Kainulainen MH, Karaaslan E, Bergeron E, Goldsmith CS, Lo
MK, Nichol ST, Montgomery JM, Spiropoulou CF. 2023. Single-dose
mucosal replicon-particle vaccine protects against lethal Nipah virus
infection up to 3 days after vaccination. Sci Adv 9:eadh4057. https://doi.
org/10.1126/sciadv.adh4057

Lo MK, Bird BH, Chattopadhyay A, Drew CP, Martin BE, Coleman JD,
Rose JK, Nichol ST, Spiropoulou CF. 2014. Single-dose replication-
defective VSV-based Nipah virus vaccines provide protection from
lethal challenge in Syrian hamsters. Antiviral Res 101:26-29. https://doi.
org/10.1016/j.antiviral.2013.10.012

Mire CE, Geisbert JB, Agans KN, Versteeg KM, Deer DJ, Satterfield BA,
Fenton KA, Geisbert TW. 2019. Use of single-injection recombinant
vesicular stomatitis virus vaccine to protect nonhuman primates
against lethal Nipah virus disease. Emerg Infect Dis 25:1144-1152. https
://doi.org/10.3201/eid2506.181620

Woolsey C, Borisevich V, Fears AC, Agans KN, Deer DJ, Prasad AN,
O'Toole R, Foster SL, Dobias NS, Geisbert JB, Fenton KA, Cross RW,
Geisbert TW. 2023. Recombinant vesicular stomatitis virus-vectored
vaccine induces long-lasting immunity against Nipah virus disease. J
Clin Invest 133:e164946. https://doi.org/10.1172/JCI164946
DeBuysscher BL, Scott D, Marzi A, Prescott J, Feldmann H. 2014. Single-
dose live-attenuated Nipah virus vaccines confer complete protection
by eliciting antibodies directed against surface glycoproteins. Vaccine
(Auckl) 32:2637-2644. https://doi.org/10.1016/j.vaccine.2014.02.087
DeBuysscher BL, Scott D, Thomas T, Feldmann H, Prescott J. 2016. Peri-
exposure protection against Nipah virus disease using a single-dose
recombinant vesicular stomatitis virus-based vaccine. NPJ Vaccines
1:16002 https://doi.org/10.1038/npjvaccines.2016.2

Prescott J, DeBuysscher BL, Feldmann F, Gardner DJ, Haddock E,
Martellaro C, Scott D, Feldmann H. 2015. Single-dose live-attenuated
vesicular stomatitis virus-based vaccine protects African green
monkeys from Nipah virus disease. Vaccine (Auckl) 33:2823-2829. https
://doi.org/10.1016/j.vaccine.2015.03.089

Guillaume V, Contamin H, Loth P, Georges-Courbot M-C, Lefeuvre A,
Marianneau P, Chua KB, Lam SK, Buckland R, Deubel V, Wild TF. 2004.
Nipah virus: vaccination and passive protection studies in a hamster
model. J Virol 78:834-840. https://doi.org/10.1128/jvi.78.2.834-840.200
4

Medina-Maglies ES, Lopera-Madrid J, Lo MK, Spiropoulou CF,
Montgomery JM, Medina-Maglies LG, Salas-Quinchucua C, Jiménez-
Mora AP, Osorio JE. 2023. Immunogenicity of poxvirus-based vaccines
against Nipah virus. Sci Rep 13:11384. https://doi.org/10.1038/541598-0
23-38010-2

Weingartl HM, Berhane Y, Caswell JL, Loosmore S, Audonnet J-C, Roth
JA, Czub M. 2006. Recombinant Nipah virus vaccines protect pigs
against challenge. J Virol 80:7929-7938. https://doi.org/10.1128/JV1.002
63-06

Yoneda M, Georges-Courbot M-C, lkeda F, Ishii M, Nagata N, Jacquot F,
Raoul H, Sato H, Kai C. 2013. Recombinant measles virus vaccine
expressing the Nipah virus glycoprotein protects against lethal Nipah
virus challenge. PLoS One 8:e58414. https://doi.org/10.1371/journal.po
ne.0058414

Defang GN, Khetawat D, Broder CC, Quinnan GV Jr. 2010. Induction of
neutralizing antibodies to Hendra and Nipah glycoproteins using a
Venezuelan equine encephalitis virus in vivo expression system. Vaccine
(Auckl) 29:212-220. https://doi.org/10.1016/j.vaccine.2010.10.053
Keshwara R, Shiels T, Postnikova E, Kurup D, Wirblich C, Johnson RF,
Schnell MJ. 2019. Rabies-based vaccine induces potent immune
responses against Nipah virus. NPJ Vaccines 4:15. https://doi.org/10.103
8/s41541-019-0109-5

Kong D, Wen Z, Su H, Ge J, Chen W, Wang X, Wu C, Yang C, Chen H, Bu
Z.2012. Newcastle disease virus-vectored Nipah encephalitis vaccines
induce B and T cell responses in mice and long-lasting neutralizing
antibodies in pigs. Virology (Auckl) 432:327-335. https://doi.org/10.101
6/j.virol.2012.06.001

Ploquin A, Szécsi J, Mathieu C, Guillaume V, Barateau V, Ong KC, Wong
KT, Cosset F-L, Horvat B, Salvetti A. 2013. Protection against henipavirus
infection by use of recombinant adeno-associated virus-vector
vaccines. J Infect Dis 207:469-478. https://doi.org/10.1093/infdis/jis699

Issue 1

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311,

312

313.

314.

315.

Clinical Microbiology Reviews

van Doremalen N, Lambe T, Sebastian S, Bushmaker T, Fischer R,
Feldmann F, Haddock E, Letko M, Avanzato VA, Rissanen |, LaCasse R,
Scott D, Bowden TA, Gilbert S, Munster V. 2019. A single-dose
ChAdOx1-vectored vaccine provides complete protection against
Nipah Bangladesh and Malaysia in Syrian golden hamsters. PLoS Negl
Trop Dis 13:e0007462. https://doi.org/10.1371/journal.pntd.0007462
Sun B, Jia L, Liang B, Chen Q, Liu D. 2018. Phylogeography, transmis-
sion, and viral proteins of Nipah virus. Virol Sin 33:385-393. https://doi.
org/10.1007/512250-018-0050-1

Mire CE, Geisbert JB, Agans KN, Feng Y-R, Fenton KA, Bossart KN, Yan L,
Chan Y-P, Broder CC, Geisbert TW. 2014. A recombinant Hendra virus G
glycoprotein subunit vaccine protects nonhuman primates against
Hendra virus challenge. J Virol 88:4624-4631. https://doi.org/10.1128/J
VI.00005-14

Geisbert TW, Bobb K, Borisevich V, Geisbert JB, Agans KN, Cross RW,
Prasad AN, Fenton KA, Yu H, Fouts TR, Broder CC, Dimitrov AS. 2021. A
single dose investigational subunit vaccine for human use against
Nipah virus and Hendra virus. NPJ Vaccines 6:23. https://doi.org/10.103
8/541541-021-00284-w

Bossart KN, Rockx B, Feldmann F, Brining D, Scott D, LaCasse R, Geisbert
JB, Feng Y-R, Chan Y-P, Hickey AC, Broder CC, Feldmann H, Geisbert TW.
2012. A Hendra virus G glycoprotein subunit vaccine protects African
green monkeys from Nipah virus challenge. Sci Transl Med 4:146ra107.
https://doi.org/10.1126/scitranslmed.3004241

Pallister JA, Klein R, Arkinstall R, Haining J, Long F, White JR, Payne J,
Feng Y-R, Wang L-F, Broder CC, Middleton D. 2013. Vaccination of
ferrets with a recombinant G glycoprotein subunit vaccine provides
protection against Nipah virus disease for over 12 months. Virol J
10:237. https://doi.org/10.1186/1743-422X-10-237

Lo MK, Spengler JR, Welch SR, Harmon JR, Coleman-McCray JD, Scholte
FEM, Shrivastava-Ranjan P, Montgomery JM, Nichol ST, Weissman D,
Spiropoulou CF. 2020. Evaluation of a single-dose nucleoside-modified
messenger RNA vaccine encoding Hendra virus-soluble glycoprotein
against lethal Nipah virus challenge in Syrian hamsters. J Infect Dis
221:5493-5498. https://doi.org/10.1093/infdis/jiz553

Loomis RJ, Stewart-Jones GBE, Tsybovsky Y, Caringal RT, Morabito KM,
McLellan JS, Chamberlain AL, Nugent ST, Hutchinson GB, Kueltzo LA,
Mascola JR, Graham BS. 2020. Structure-based design of Nipah virus
vaccines: a generalizable approach to paramyxovirus immunogen
development. Front Immunol 11:842. https://doi.org/10.3389/fimmu.20
20.00842

ClinicalTrials.gov. 2022. NCT05398796 - dose escalation, open-label
clinical trial to evaluate safety, tolerability and immunogenicity of a
Nipah virus (NiV) mRNA vaccine, mRNA-1215, in healthy adults

PR Newswire. 2023. Phylex biosciences announces Nipah virus vaccine
initiative with its nanoparticle mRNA vaccine technology

Walpita P, Cong Y, Jahrling PB, Rojas O, Postnikova E, Yu S, Johns L,
Holbrook MR. 2017. A VLP-based vaccine provides complete protection
against Nipah virus challenge following multiple-dose or single-dose
vaccination schedules in a hamster model. NPJ Vaccines 2:21. https://do
i.org/10.1038/541541-017-0023-7

Pastor Y, Reynard O, lampietro M, Surenaud M, Picard F, El Jahrani N,
Lefebvre C, Hammoudi A, Dupaty L, Brisebard E, et al. 2024. A vaccine
targeting antigen-presenting cells through CD40 induces protective
immunity against Nipah disease. Cell Rep Med 5:101467. https://doi.org
/10.1016/j.xcrm.2024.101467

Ang BSP, Lim TCC, Wang L. 2018. Nipah virus infection. J Clin Microbiol
56:1-10. https://doi.org/10.1128/JCM.01875-17

Chong HT, Kamarulzaman A, Tan CT, Goh KJ, Thayaparan T, Kunjapan
SR, Chew NK, Chua KB, Lam SK. 2001. Treatment of acute Nipah
encephalitis with ribavirin. Ann Neurol 49:810-813. https://doi.org/10.1
002/ana.1062

Banerjee S, Niyas VKM, Soneja M, Shibeesh AP, 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. J Infect 78:491-503. https://doi.org/10.1016/j.jinf.2019.03.005

Lo MK, Jordan R, Arvey A, Sudhamsu J, Shrivastava-Ranjan P, Hotard AL,
Flint M, McMullan LK, Siegel D, Clarke MO, Mackman RL, Hui HC, Perron
M, Ray AS, Cihlar T, Nichol ST, Spiropoulou CF. 2017. GS-5734 and its
parent nucleoside analog inhibit filo-, pneumo-, and paramyxoviruses.
Sci Rep 7:43395. https://doi.org/10.1038/srep43395

Lo MK, Feldmann F, Gary JM, Jordan R, Bannister R, Cronin J, Patel NR,
Klena JD, Nichol ST, Cihlar T, Zaki SR, Feldmann H, Spiropoulou CF, de
Wit E. 2019. Remdesivir (GS-5734) protects African green monkeys from

10.1128/cmr.00128-2345


https://doi.org/10.1016/j.ebiom.2022.104405
https://doi.org/10.1126/sciadv.adh4057
https://doi.org/10.1016/j.antiviral.2013.10.012
https://doi.org/10.3201/eid2506.181620
https://doi.org/10.1172/JCI164946
https://doi.org/10.1016/j.vaccine.2014.02.087
https://doi.org/10.1038/npjvaccines.2016.2
https://doi.org/10.1016/j.vaccine.2015.03.089
https://doi.org/10.1128/jvi.78.2.834-840.2004
https://doi.org/10.1038/s41598-023-38010-2
https://doi.org/10.1128/JVI.00263-06
https://doi.org/10.1371/journal.pone.0058414
https://doi.org/10.1016/j.vaccine.2010.10.053
https://doi.org/10.1038/s41541-019-0109-5
https://doi.org/10.1016/j.virol.2012.06.001
https://doi.org/10.1093/infdis/jis699
https://doi.org/10.1371/journal.pntd.0007462
https://doi.org/10.1007/s12250-018-0050-1
https://doi.org/10.1128/JVI.00005-14
https://doi.org/10.1038/s41541-021-00284-w
https://doi.org/10.1126/scitranslmed.3004241
https://doi.org/10.1186/1743-422X-10-237
https://doi.org/10.1093/infdis/jiz553
https://doi.org/10.3389/fimmu.2020.00842
https://doi.org/10.1038/s41541-017-0023-7
https://doi.org/10.1016/j.xcrm.2024.101467
https://doi.org/10.1128/JCM.01875-17
https://doi.org/10.1002/ana.1062
https://doi.org/10.1016/j.jinf.2019.03.005
https://doi.org/10.1038/srep43395
https://doi.org/10.1128/cmr.00128-23

Review

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

March 2025 Volume 38

Nipah virus challenge. Sci Transl Med 11:eaau9242. https://doi.org/10.1
126/scitransimed.aau9242

de Wit E, Williamson BN, Feldmann F, Goldin K, Lo MK, Okumura A,
Lovaglio J, Bunyan E, Porter DP, Cihlar T, Saturday G, Spiropoulou CF,
Feldmann H. 2023. Late remdesivir treatment initiation partially
protects African green monkeys from lethal Nipah virus infection.
Antiviral Res 216:105658. https://doi.org/10.1016/j.antiviral.2023.10565
8

Gordon CJ, Lee HW, Tchesnokov EP, Perry JK, Feng JY, Bilello JP, Porter
DP, Gotte M. 2022. Efficient incorporation and template-dependent
polymerase inhibition are major determinants for the broad-spectrum
antiviral activity of remdesivir. J Biol Chem 298:101529. https://doi.org/
10.1016/j.jbc.2021.101529

Lo MK, Shrivastava-Ranjan P, Chatterjee P, Flint M, Beadle JR, Valiaeva N,
Murphy J, Schooley RT, Hostetler KY, Montgomery JM, Spiropoulou CF.
2021. Broad-spectrum in vitro antiviral activity of ODBG-P-RVn: an
orally-available, lipid-modified monophosphate prodrug of remdesivir
parent nucleoside (GS-441524). Microbiol Spectr 9:e0153721. https://do
i.org/10.1128/Spectrum.01537-21

McMillan RE, Lo MK, Zhang X-Q, Beadle JR, Valiaeva N, Garretson AF,
Clark AE, Freshman JE, Murphy J, Montgomery JM, Spiropoulou CF,
Schooley RT, Hostetler KY, Carlin AF. 2023. Enhanced broad spectrum in
vitro antiviral efficacy of 3-F-4-MeO-Bn, 3-CN, and 4-CN derivatives of
lipid remdesivir nucleoside monophosphate prodrugs. Antiviral Res
219:105718. https://doi.org/10.1016/j.antiviral.2023.105718

Dawes BE, Kalveram B, lkegami T, Juelich T, Smith JK, Zhang L, Park A,
Lee B, Komeno T, Furuta Y, Freiberg AN. 2018. Favipiravir (T-705)
protects against Nipah virus infection in the hamster model. Sci Rep
8:7604. https://doi.org/10.1038/s41598-018-25780-3

Hotard AL, He B, Nichol ST, Spiropoulou CF, Lo MK. 2017. 4’-Azidocyti-
dine (R1479) inhibits henipaviruses and other paramyxoviruses with
high potency. Antiviral Res 144:147-152. https://doi.org/10.1016/j.antiv
iral.2017.06.011

Lo MK, Jordan PC, Stevens S, Tam Y, Deval J, Nichol ST, Spiropoulou CF.
2018. Susceptibility of paramyxoviruses and filoviruses to inhibition by
2"-monofluoro- and 2'-difluoro-4-azidocytidine analogs. Antiviral Res
153:101-113. https://doi.org/10.1016/j.antiviral.2018.03.009

Lo MK, Amblard F, Flint M, Chatterjee P, Kasthuri M, Li C, Russell O,
Verma K, Bassit L, Schinazi RF, Nichol ST, Spiropoulou CF. 2020. Potent
in vitro activity of p-D-4-chloromethyl-2-deoxy-2'-fluorocytidine
against Nipah virus. Antiviral Res 175:104712. https://doi.org/10.1016/j.
antiviral.2020.104712

Sourimant J, Lieber CM, Aggarwal M, Cox RM, Wolf JD, Yoon J-J, Toots
M, Ye C, Sticher Z, Kolykhalov AA, Martinez-Sobrido L, Bluemling GR,
Natchus MG, Painter GR, Plemper RK. 2022. 4'-Fluorouridine is an oral
antiviral that blocks respiratory syncytial virus and SARS-CoV-2
replication. Science 375:161-167. https://doi.org/10.1126/science.abj55
08

Warren TK, Wells J, Panchal RG, Stuthman KS, Garza NL, Van Tongeren
SA, Dong L, Retterer CJ, Eaton BP, Pegoraro G, Honnold S, Bantia S,
Kotian P, Chen X, Taubenheim BR, Welch LS, Minning DM, Babu YS,
Sheridan WP, Bavari S. 2014. Protection against filovirus diseases by a
novel broad-spectrum nucleoside analogue BCX4430. Nature 508:402-
405. https://doi.org/10.1038/nature13027

Mungall BA, Schopman NCT, Lambeth LS, Doran TJ. 2008. Inhibition of
Henipavirus infection by RNA interference. Antiviral Res 80:324-331. htt
ps://doi.org/10.1016/j.antiviral.2008.07.004

Porotto M, Carta P, Deng Y, Kellogg GE, Whitt M, Lu M, Mungall BA,
Moscona A. 2007. Molecular determinants of antiviral potency of
paramyxovirus entry inhibitors. J Virol 81:10567-10574. https://doi.org/
10.1128/JV1.01181-07

Porotto M, Rockx B, Yokoyama CC, Talekar A, Devito |, Palermo LM, Liu J,
Cortese R, Lu M, Feldmann H, Pessi A, Moscona A. 2010. Inhibition of
Nipah virus infection in vivo: targeting an early stage of paramyxovirus
fusion activation during viral entry. PLoS Pathog 6:21001168. https://do
i.org/10.1371/journal.ppat.1001168

Mathieu C, Porotto M, Figueira TN, Horvat B, Moscona A. 2018. Fusion
inhibitory lipopeptides engineered for prophylaxis of Nipah virus in
primates. J Infect Dis 218:218-227. https://doi.org/10.1093/infdis/jiy152
Lo MK, Spengler JR, Krumpe LRH, Welch SR, Chattopadhyay A, Harmon
JR, Coleman-McCray JD, Scholte FEM, Hotard AL, Fuqua JL, Rose JK,
Nichol ST, Palmer KE, O'Keefe BR, Spiropoulou CF. 2020. Griffithsin
inhibits Nipah virus entry and fusion and can protect Syrian golden

Issue 1

331.

332

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

Clinical Microbiology Reviews

hamsters from lethal Nipah virus challenge. J Infect Dis 221:5480-5492.
https://doi.org/10.1093/infdis/jiz630

Wolf MC, Freiberg AN, Zhang T, Akyol-Ataman Z, Grock A, Hong PW, Li J,
Watson NF, Fang AQ, Aguilar HC, et al. 2010. A broad-spectrum antiviral
targeting entry of enveloped viruses. Proc Natl Acad Sci U S A
107:3157-3162. https://doi.org/10.1073/pnas.0909587107

Vigant F, Lee J, Hollmann A, Tanner LB, Akyol Ataman Z, Yun T, Shui G,
Aguilar HC, Zhang D, Meriwether D, et al. 2013. A mechanistic
paradigm for broad-spectrum antivirals that target virus-cell fusion.
PLoS Pathog 9:21003297. https://doi.org/10.1371/journal.ppat.1003297
Georges-Courbot MC, Contamin H, Faure C, Loth P, Baize S, Leyssen P,
Neyts J, Deubel V, Baize S, Georges-Courbot MC, Contamin H, Faure C,
Loth P, Baize S, Leyssen P, Neyts J, Deubel V, Baize S. 2006. Poly(l)-
Poly(C1,U) but not ribavirin prevents death in a hamster model of
Nipah virus infection. Antimicrob Agents Chemother 50:1768-1772. htt
ps://doi.org/10.1128/AAC.50.5.1768-1772.2006

Freiberg AN, Worthy MN, Lee B, Holbrook MR. 2010. Combined
chloroquine and ribavirin treatment does not prevent death in a
hamster model of Nipah and Hendra virus infection. J Gen Virol 91:765-
772. https://doi.org/10.1099/vir.0.017269-0

Strayer DR, Young D, Mitchell WM. 2020. Effect of disease duration in a
randomized Phase Il trial of rintatolimod, an immune modulator for
Myalgic Encephalomyelitis/Chronic fatigue syndrome. PLoS One
15:0240403. https://doi.org/10.1371/journal.pone.0240403

Pattabhi S, Wilkins CR, Dong R, Knoll ML, Posakony J, Kaiser S, Mire CE,
Wang ML, Ireton RC, Geisbert TW, Bedard KM, ladonato SP, Loo Y-M,
Gale M. 2015. Targeting innate immunity for antiviral therapy through
small molecule agonists of the RLR pathway. J Virol 90:2372-2387. https
://doi.org/10.1128/JV1.02202-15

Mohr EL, McMullan LK, Lo MK, Spengler JR, Bergeron E, Albarifio CG,
Shrivastava-Ranjan P, Chiang C-F, Nichol ST, Spiropoulou CF, Flint M.
2015. Inhibitors of cellular kinases with broad-spectrum antiviral
activity for hemorrhagic fever viruses. Antiviral Res 120:40-47. https://d
0i.org/10.1016/j.antiviral.2015.05.003

Porotto M, Orefice G, Yokoyama CC, Mungall BA, Realubit R, Sganga ML,
Aljofan M, Whitt M, Glickman F, Moscona A. 2009. Simulating
henipavirus multicycle replication in a screening assay leads to
identification of a promising candidate for therapy. J Virol 83:5148-
5155. https://doi.org/10.1128/JV1.00164-09

Wang YE, Park A, Lake M, Pentecost M, Torres B, Yun TE, Wolf MC,
Holbrook MR, Freiberg AN, Lee B. 2010. Ubiquitin-regulated nuclear-
cytoplasmic trafficking of the Nipah virus matrix protein is important
for viral budding. PLoS Pathog 6:21001186. https://doi.org/10.1371/jour
nal.ppat.1001186

Liu S-Y, Aliyari R, Chikere K, Li G, Marsden MD, Smith JK, Pernet O, Guo
H, Nusbaum R, Zack JA, Freiberg AN, Su L, Lee B, Cheng G. 2013.
Interferon-inducible cholesterol-25-hydroxylase broadly inhibits viral
entry by production of 25-hydroxycholesterol. Immunity 38:92-105. htt
ps://doi.org/10.1016/j.immuni.2012.11.005

Mathieu C, Dhondt KP, Chalons M, Mély S, Raoul H, Negre D, Cosset F-L,
Gerlier D, Vivés RR, Horvat B. 2015. Heparan sulfate-dependent
enhancement of henipavirus infection. mBio 6:02427. https://doi.org/
10.1128/mBi0.02427-14

Pager CT, Craft WWYJ, Patch J, Dutch RE. 2006. A mature and fusogenic
form of the Nipah virus fusion protein requires proteolytic processing
by cathepsin L. Virology (Auckl) 346:251-257. https://doi.org/10.1016/j.
virol.2006.01.007

Pager CT, Dutch RE. 2005. Cathepsin L is involved in proteolytic
processing of the Hendra virus fusion protein. J Virol 79:12714-12720. h
ttps://doi.org/10.1128/JV1.79.20.12714-12720.2005

Wang G, Deval J, Hong J, Dyatkina N, Prhavc M, Taylor J, Fung A, Jin Z,
Stevens SK, Serebryany V, Liu J, Zhang Q, Tam Y, Chanda SM, Smith DB,
Symons JA, Blatt LM, Beigelman L. 2015. Discovery of 4-chloro-
methyl-2"-deoxy-3’,5"-di-O-isobutyryl-2"-fluorocytidine  (ALS-8176), a
first-in-class RSV polymerase inhibitor for treatment of human
respiratory syncytial virus infection. J Med Chem 58:1862-1878. https://
doi.org/10.1021/jm5017279

Deval J, Symons JA, Beigelman L. 2014. Inhibition of viral RNA
polymerases by nucleoside and nucleotide analogs: therapeutic
applications against positive-strand RNA viruses beyond hepatitis C
virus. Curr Opin Virol 9:1-7. https://doi.org/10.1016/j.coviro.2014.08.004
Welch SR, Spengler JR, Westover JB, Bailey KW, Davies KA, Aida-Ficken
V, Bluemling GR, Boardman KM, Wasson SR, Mao S, et al. 2024. Delayed
low-dose oral administration of 4'-fluorouridine inhibits pathogenic

10.1128/cmr.00128-23 46


https://doi.org/10.1126/scitranslmed.aau9242
https://doi.org/10.1016/j.antiviral.2023.105658
https://doi.org/10.1016/j.jbc.2021.101529
https://doi.org/10.1128/Spectrum.01537-21
https://doi.org/10.1016/j.antiviral.2023.105718
https://doi.org/10.1038/s41598-018-25780-3
https://doi.org/10.1016/j.antiviral.2017.06.011
https://doi.org/10.1016/j.antiviral.2018.03.009
https://doi.org/10.1016/j.antiviral.2020.104712
https://doi.org/10.1126/science.abj5508
https://doi.org/10.1038/nature13027
https://doi.org/10.1016/j.antiviral.2008.07.004
https://doi.org/10.1128/JVI.01181-07
https://doi.org/10.1371/journal.ppat.1001168
https://doi.org/10.1093/infdis/jiy152
https://doi.org/10.1093/infdis/jiz630
https://doi.org/10.1073/pnas.0909587107
https://doi.org/10.1371/journal.ppat.1003297
https://doi.org/10.1128/AAC.50.5.1768-1772.2006
https://doi.org/10.1099/vir.0.017269-0
https://doi.org/10.1371/journal.pone.0240403
https://doi.org/10.1128/JVI.02202-15
https://doi.org/10.1016/j.antiviral.2015.05.003
https://doi.org/10.1128/JVI.00164-09
https://doi.org/10.1371/journal.ppat.1001186
https://doi.org/10.1016/j.immuni.2012.11.005
https://doi.org/10.1128/mBio.02427-14
https://doi.org/10.1016/j.virol.2006.01.007
https://doi.org/10.1128/JVI.79.20.12714-12720.2005
https://doi.org/10.1021/jm5017279
https://doi.org/10.1016/j.coviro.2014.08.004
https://doi.org/10.1128/cmr.00128-23

Review

347.

348.

349.

350.

351.

352.

353.

354,

355.

356.

357.

358.

March 2025 Volume 38

arenaviruses in animal models of lethal disease. Sci Transl Med
16:eado7034. https://doi.org/10.1126/scitranslmed.ado7034

Lieber CM, Aggarwal M, Yoon J-J, Cox RM, Kang H-J, Sourimant J, Toots
M, Johnson SK, Jones CA, Sticher ZM, Kolykhalov AA, Saindane MT,
Tompkins SM, Planz O, Painter GR, Natchus MG, Sakamoto K, Plemper
RK. 2023. 4’-Fluorouridine mitigates lethal infection with pandemic
human and highly pathogenic avian influenza viruses. PLoS Pathog
19:e1011342. https://doi.org/10.1371/journal.ppat.1011342

Shiraki K, Daikoku T. 2020. Favipiravir, an anti-influenza drug against
life-threatening RNA virus infections. Pharmacol Ther 209:107512. https
://doi.org/10.1016/j.pharmthera.2020.107512

Schooley RT, Carlin AF, Beadle JR, Valiaeva N, Zhang X-Q, Clark AE,
McMillan RE, Leibel SL, McVicar RN, Xie J, Garretson AF, Smith VI,
Murphy J, Hostetler KY. 2021. Rethinking remdesivir: synthesis, antiviral
activity, and pharmacokinetics of oral lipid prodrugs. Antimicrob
Agents Chemother 65:0115521. https://doi.org/10.1128/AAC.01155-2
1

Mackman RL, Kalla RV, Babusis D, Pitts J, Barrett KT, Chun K, Du Pont V,
Rodriguez L, Moshiri J, Xu Y, et al. 2023. Discovery of GS-5245
(Obeldesivir), an oral prodrug of nucleoside GS-441524 that exhibits
antiviral efficacy in SARS-CoV-2-infected African green monkeys. J Med
Chem 66:11701-11717. https://doi.org/10.1021/acs.jmedchem.3c0075
0

Cross RW, Woolsey C, Chu VC, Babusis D, Bannister R, Vermillion MS,
Geleziunas R, Barrett KT, Bunyan E, Nguyen A-Q, Cihlar T, Porter DP,
Prasad AN, Deer DJ, Borisevich V, Agans KN, Martinez J, Harrison MB,
Dobias NS, Fenton KA, Bilello JP, Geisbert TW. 2024. Oral administration
of obeldesivir protects nonhuman primates against Sudan ebolavirus.
Science 383:eadk6176. https://doi.org/10.1126/science.adk6176
Guillaume V, Contamin H, Loth P, Grosjean |, Courbot MCG, Deubel V,
Buckland R, Wild TF. 2006. Antibody prophylaxis and therapy against
Nipah virus infection in hamsters. J Virol 80:1972-1978. https://doi.org/
10.1128/JV1.80.4.1972-1978.2006

Mire CE, Satterfield BA, Geisbert JB, Agans KN, Borisevich V, Yan L, Chan
Y-P, Cross RW, Fenton KA, Broder CC, Geisbert TW. 2016. Pathogenic
differences between Nipah virus bangladesh and malaysia strains in
primates: implications for antibody therapy. Sci Rep 6:30916. https://doi
.org/10.1038/srep30916

Xu K, Rockx B, Xie Y, DeBuysscher BL, Fusco DL, Zhu Z, Chan Y-P, Xu Y,
Luu T, Cer RZ, Feldmann H, Mokashi V, Dimitrov DS, Bishop-Lilly KA,
Broder CC, Nikolov DB. 2013. Crystal structure of the Hendra virus
attachment G glycoprotein bound to a potent cross-reactive
neutralizing human monoclonal antibody. PLoS Pathog 9:e1003684. htt
ps://doi.org/10.1371/journal.ppat.1003684

Bossart KN, Geisbert TW, Feldmann H, Zhu Z, Feldmann F, Geisbert JB,
Yan L, Feng Y-R, Brining D, Scott D, Wang Y, Dimitrov AS, Callison J,
Chan Y-P, Hickey AC, Dimitrov DS, Broder CC, Rockx B. 2011. A
neutralizing human monoclonal antibody protects african green
monkeys from hendra virus challenge. Sci Transl Med 3:105ra103. https:
//doi.org/10.1126/scitranslmed.3002901

Geisbert TW, Mire CE, Geisbert JB, Chan Y-P, Agans KN, Feldmann F,
Fenton KA, Zhu Z, Dimitrov DS, Scott DP, Bossart KN, Feldmann H,
Broder CC. 2014. Therapeutic treatment of Nipah virus infection in
nonhuman primates with a neutralizing human monoclonal antibody.
Sci Transl Med 6:242ra82. https://doi.org/10.1126/scitransimed.300892
9

Zhu Z, Bossart KN, Bishop KA, Crameri G, Dimitrov AS, McEachern JA,
Feng Y, Middleton D, Wang L-F, Broder CC, Dimitrov DS. 2008.
Exceptionally potent cross-reactive neutralization of Nipah and Hendra
viruses by a human monoclonal antibody. J Infect Dis 197:846-853. htt
ps://doi.org/10.1086/528801

Playford EG, Munro T, Mahler SM, Elliott S, Gerometta M, Hoger KL,
Jones ML, Griffin P, Lynch KD, Carroll H, El Saadi D, Gilmour ME, Hughes

Issue 1

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

Clinical Microbiology Reviews

B, Hughes K, Huang E, de Bakker C, Klein R, Scher MG, Smith IL, Wang L-
F, Lambert SB, Dimitrov DS, Gray PP, Broder CC. 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.
Lancet Infect Dis 20:445-454. https://doi.org/10.1016/51473-3099(19)3
0634-6

Dong J, Cross RW, Doyle MP, Kose N, Mousa JJ, Annand EJ, Borisevich V,
Agans KN, Sutton R, Nargi R, Majedi M, Fenton KA, Reichard W,
Bombardi RG, Geisbert TW, Crowe JE. 2020. Potent Henipavirus
neutralization by antibodies recognizing diverse sites on Hendra and
Nipah virus receptor binding protein. Cell 183:1536-1550. https://doi.or
g/10.1016/j.cell.2020.11.023

Doyle MP, Kose N, Borisevich V, Binshtein E, Amaya M, Nagel M, Annand
EJ, Armstrong E, Bombardi R, Dong J, Schey KL, Broder CC, Zeitlin L,
Kuang EA, Bornholdt ZA, West BR, Geisbert TW, Cross RW, Crowe JE.
2021. Cooperativity mediated by rationally selected combinations of
human monoclonal antibodies targeting the henipavirus receptor
binding protein. Cell Rep 36:109628. https://doi.org/10.1016/j.celrep.20
21.109628

Chen L, Sun M, Zhang H, Zhang X, Yao Y, Li M, Li K, Fan P, Zhang H, Qin
Y, Zhang Z, Li E, Chen Z, Guan W, Li S, Yu C, Zhang K, Gong R, Chiu S.
2024. Potent human neutralizing antibodies against Nipah virus
derived from two ancestral antibody heavy chains. Nat Commun
15:2987. https://doi.org/10.1038/541467-024-47213-8

Avanzato VA, Bushmaker T, Oguntuyo KY, Yinda CK, Duyvesteyn HME,
Stass R, Meade-White K, Rosenke R, Thomas T, van Doremalen N,
Saturday G, Doores KJ, Lee B, Bowden TA, Munster VJ. 2024. A
monoclonal antibody targeting the Nipah virus fusion glycoprotein
apex imparts protection from disease. J Virol 98:¢0063824. https://doi.0
rg/10.1128/jvi.00638-24

Rodrigue V, Gravagna K, Yao J, Nafade V, Basta NE. 2024. Current
progress towards prevention of Nipah and Hendra disease in humans: a
scoping review of vaccine and monoclonal antibody candidates being
evaluated in clinical trials. Trop Med Int Heal 29:354-364. https://doi.or
9/10.1111/tmi.13979

Nikolay B, Ribeiro dos Santos G, Lipsitch M, Rahman M, Luby SP, Salje H,
Gurley ES, Cauchemez S. 2021. Assessing the feasibility of Nipah
vaccine efficacy trials based on previous outbreaks in Bangladesh.
Vaccine (Auckl) 39:5600-5606. https://doi.org/10.1016/j.vaccine.2021.0
8.027

Gomez Roman R, Tornieporth N, Cherian NG, Shurtleff AC, L'Azou
Jackson M, Yeskey D, Hacker A, Mungai E, Le TT. 2022. Medical
countermeasures against henipaviruses: a review and public health
perspective. Lancet Infect Dis 22:e13-e27. https://doi.org/10.1016/S147
3-3099(21)00400-X

Thorlund K, Haggstrom J, Park JJ, Mills EJ. 2018. Key design considera-
tions for adaptive clinical trials: a primer for clinicians. BMJ 360:k698. htt
ps://doi.org/10.1136/bmj.k698

Miao J, Zuo L, He D, Fang Z, Berthet N, Yu C, Wong G. 2023. Rapid
detection of Nipah virus using the one-pot RPA-CRISPR/Cas13a assay.
Virus Res 332:199130. https://doi.org/10.1016/j.virusres.2023.199130
WHO. 2024. Early Warning, Alert and Response System (EWARS).
Available from: https://www.who.int/emergencies/surveillance/early-w
arning-alert-and-response-system-ewars. Retrieved 27 Sep 2024.

WHO. 2019. Nipah research and development (R&D) roadmap.
Available from: https://www.who.int/publications/m/item/nipah-resear
ch-and-development-(r-d)-roadmap. Retrieved 12 Oct 2024.

Moore KA, Mehr AJ, Ostrowsky JT, Ulrich AK, Moua NM, Fay PC, Hart PJ,
Golding JP, Benassi V, Preziosi M-P, et al. 2024. Measures to prevent and
treat Nipah virus disease: research priorities for 2024-29. Lancet Infect
Dis 24:e707-e717. https://doi.org/10.1016/51473-3099(24)00262-7

10.1128/cmr.00128-23 47


https://doi.org/10.1126/scitranslmed.ado7034
https://doi.org/10.1371/journal.ppat.1011342
https://doi.org/10.1016/j.pharmthera.2020.107512
https://doi.org/10.1128/AAC.01155-21
https://doi.org/10.1021/acs.jmedchem.3c00750
https://doi.org/10.1126/science.adk6176
https://doi.org/10.1128/JVI.80.4.1972-1978.2006
https://doi.org/10.1038/srep30916
https://doi.org/10.1371/journal.ppat.1003684
https://doi.org/10.1126/scitranslmed.3002901
https://doi.org/10.1126/scitranslmed.3008929
https://doi.org/10.1086/528801
https://doi.org/10.1016/S1473-3099(19)30634-6
https://doi.org/10.1016/j.cell.2020.11.023
https://doi.org/10.1016/j.celrep.2021.109628
https://doi.org/10.1038/s41467-024-47213-8
https://doi.org/10.1128/jvi.00638-24
https://doi.org/10.1111/tmi.13979
https://doi.org/10.1016/j.vaccine.2021.08.027
https://doi.org/10.1016/S1473-3099(21)00400-X
https://doi.org/10.1136/bmj.k698
https://doi.org/10.1016/j.virusres.2023.199130
https://www.who.int/emergencies/surveillance/early-warning-alert-and-response-system-ewars
https://www.who.int/publications/m/item/nipah-research-and-development-(r-d)-roadmap
https://doi.org/10.1016/S1473-3099(24)00262-7
https://doi.org/10.1128/cmr.00128-23

Review

AUTHOR BIOS

Jessica R. Spengler is a Research
Veterinary Medical Officer in the Viral
Special Pathogens Branch of the
US Centers for Disease Control and
Prevention (CDC). Jessica earned her
B.S. in Biology and French from the
University of New Mexico, received her
M.PH. in Infectious Diseases from the
University of California, Berkeley, and
then completed a California Epidemio-
logic Investigation Service (Cal-EIS)
fellowship with the Vector-Borne Disease Section of the
California Department of Health. She received a Ph.D. in
Comparative Pathology and a D.V.M. from the University of
California, Davis. She then completed ASM and ORISE post-
doctoral training fellowships with the Viral Special Pathogens
Branch, US CDC. She has worked on high-consequence biosafety
level (BSL)-3 and BSL-4 viruses for over 15 years, including over
7 years developing animal models of henipavirus infection and
applying these models to study viral pathogenesis and evaluate
medical countermeasures.

Michael K. Lo is a Microbiologist
at the US Centers for Disease Con-
trol and Prevention (CDC) within the
Viral Special Pathogens Branch. Michael
earned his B.S. in Microbiology from
the University of California, San Diego,
received pre-doctoral training as an
Emerging Infectious Disease Fellow at
the Wadsworth Center before earning his Ph.D. in Immunology
and Molecular Pathogenesis at Emory University, and completed
his ASM postdoctoral training fellowship at the US Centers for
Disease Control and Prevention (CDC) and has since then joined
the Viral Special Pathogens Branch at CDC. The high pathogenic-
ity and broad host species tropism of the Nipah virus piqued
his interest and steered him toward characterizing the pathogen-
esis of the Nipah virus in various in vitro tissue models over
the past 15 years. In the last 10 years, he has also developed
and evaluated vaccines and therapeutics against Nipah and
other lethal zoonotic viral pathogens requiring biosafety level-4
containment.

March 2025 Volume 38 Issue 1

Clinical Microbiology Reviews

Stephen R. Welch earned his B.Sc.
in Microbiology from the University
of Plymouth, UK, his M.Sc. in Med-
ical Virology from Liverpool John
Moores University, UK, and his Ph.D. in
Virology from the University of Glasgow,
UK. He has worked with high-conse-
quence biosafety level (BSL)-3 and BSL-4
pathogens for over 20 years, first as
a Microbiologist within the Special
Pathogens Research Unit at the current UK Health Security
Agency (UKHSA) site at Porton Down, UK, before moving to
the US Centers for Disease Control and Prevention (CDC) to
work within the Viral Special Pathogens Branch. During this
time, he has worked to evaluate medical countermeasures and
develop suitable animal models for these pathogens, including
the assessment of several Nipah vaccine platforms and antiviral
candidates.

Christina F. Spiropoulou is the
Deputy Branch Chief of the Viral
Special Pathogens Branch (VSPB) at the
US Centers for Disease Control and
Prevention (CDC) and the Lead Scientist
for the Molecular Pathogenesis and
Therapeutics Team. For the past 30
years, Christina’s research has primar-
ily concentrated on high-consequence,
low-incidence zoonotic RNA viruses,
including Ebola, Lassa, Nipah, Crimean-Congo hemorrhagic fever,
Rift Valley fever, and hantaviruses that cause fatal hemorrhagic
fevers (VHFs) in humans. During her tenure at the CDC, she
participated in the discovery of a number of emerging and
reemerging viruses including the highly pathogenic New World
hantaviruses and numerous VHF outbreaks. Currently, her team
is focused on advancing prototype vaccine development and
identifying antiviral targets and broad-spectrum therapeutics to
combat VHFs.

10.1128/cmr.00128-23 48


https://doi.org/10.1128/cmr.00128-23

	Henipaviruses: epidemiology, ecology, disease, and the development of vaccines and therapeutics
	INTRODUCTION
	HISTORY AND EPIDEMIOLOGY
	Hendra virus
	Nipah virus
	Other HNVs and parahenipaviruses
	Case-associated transmission
	Outbreak response and control

	HNV ECOLOGY AND SPILLOVER
	PATHOGENESIS AND CLINICAL DISEASE
	Cell targets, virus entry, and replication
	Immune evasion
	Clinical presentation
	Encephalitis
	Pathological features of human infection
	Relapse and late-onset disease
	Sequelae
	Immunological response to infection

	DIAGNOSTICS
	Acute patient diagnostics
	Diagnostics for surveillance, research, and countermeasure evaluation

	MODELING ECOLOGICAL DYNAMICS IN ANIMALS
	Bats
	Livestock and domestic species

	ANIMAL MODELS OF DISEASE
	Non-human primates
	Ferrets
	Hamsters
	Guinea pigs
	Mice

	VACCINES
	Viral vector vaccines
	Subunit vaccines
	mRNA vaccines
	Virus-like and replicon particle vaccines
	Vaccine-targeting antigen-presenting cells

	TREATMENT AND THERAPEUTICS
	Supportive care
	Direct-acting and host-directed small molecule therapeutics
	Monoclonal antibodies

	FUTURE OF VACCINE AND THERAPEUTIC DEVELOPMENT
	CONCLUSION


