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Abstract 9 

Nipah virus is an emerging zoonotic paramyxovirus that causes severe and often 10 

fatal respiratory and neurological disease in humans. The virus was first discovered 11 

after an outbreak of encephalitis in pig farmers in Malaysia and Singapore with 12 

subsequent outbreaks in Bangladesh or India occurring almost annually. Due to the 13 

highly pathogenic nature of NiV, its pandemic potential, and the lack of licensed 14 

vaccines or therapeutics, there is a requirement for research and development into 15 

highly sensitive and specific diagnostic tools as well as antivirals and vaccines to 16 

help prevent and control future outbreak situations.  17 
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1. Nipah virus as an emerging pathogen 23 

Nipah virus (NiV) was first identified following an outbreak of respiratory and 24 

neurological disease in pigs and subsequent encephalitis in humans in Malaysia and 25 

Singapore in 1998-99 (Table 1). [1]. The outbreak was initially thought to be caused 26 

by the mosquito-borne Japanese B encephalitis virus (JEV) due to its association 27 

with infected pigs, and the detection of JEV-specific IgM in patient sera. However, 28 

patients were mainly adult males rather than children, and the infection seemed to 29 

be contracted following direct contact with pigs, both of which are uncharacteristic of 30 

JEV infection.  Virus isolates were subsequently confirmed to be a paramyxovirus 31 

and the virus was named Nipah, after the Sungai Nipah village where the virus was 32 

first isolated. NiV showed a close relationship to the recently identified Hendra virus 33 

(HeV), with 80% identity demonstrated following sequencing. HeV and the newly 34 

discovered NiV were subsequently classified into their own genus: Henipavirus [2]. 35 

More recently, related viruses such as Cedar virus, Ghanaian bat virus and the 36 

“Henipa-like” Mojiang virus have also been classified within this genus, although 37 

evidence for human infection and disease is limited [3-5].  38 

Although no further outbreaks of NiV have been reported in Malaysia, outbreaks of a 39 

different strain were documented in Bangladesh in 2001 and sporadic, isolated 40 

outbreaks have been reported in Bangladesh or India almost every year since [6, 2, 41 

7]. The most recent occurred this year, where 17 fatalities were recorded from 42 

Nipah-associated encephalitis in Kerala State, India [8]. In addition, a small outbreak 43 

of encephalitis in The Philippines in 2014 was most likely due to the consumption of 44 

horses infected with NiV, transmission from the slaughter of horses and/or through 45 

direct contact with infected individuals (Table 1) [9].  46 

 47 
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2. Transmission and clinical presentation  48 

Pteropus bats (P. hypomelanus, P. lylei and P. vampyrus in Malaysia, P. giganteus 49 

in India and Bangladesh) appear to be the natural reservoir for NiV. Indeed it is 50 

possible the virus has co-evolved for millennia with this host due to the lack of 51 

symptoms in infected bats [10, 11]. Experimentally infected bats inoculated 52 

subcutaneously with high doses of virus show no clinical disease, despite 53 

seroconversion and the detection of a low level of shed virus in urine [12]. It is likely 54 

that bats have shed NiV and caused sporadic infections in humans and animals for 55 

centuries, but only through the development of diagnostic tests and increased 56 

surveillance, as well as changes in human behaviour has this zoonotic disease now 57 

been recognised [2]. 58 

The spill-over of NiV from bats to pigs during the Malaysian outbreak is thought to 59 

have occurred because of pigs consuming partially eaten fruit contaminated with 60 

infectious bat secretions (Fig.1) [6, 2, 13]. Disease in pigs manifests as an acute 61 

febrile illness with respiratory symptoms such as barking cough, nasal discharge and 62 

laboured breathing, and is more severe in suckling piglets [14]. In the Malaysian 63 

outbreak onward transmission to humans, particularly pig farmers, occurred through 64 

close contact with saliva, urine and excretory waste from infected pigs, resulting in 65 

105 deaths from the 276 confirmed cases (38% fatality rate) (Fig.1) [15]. The 66 

association of NiV infection in humans following interaction with pig secretions was 67 

confirmed in a case study in 1999, highlighting the important role pigs can play as an 68 

amplification reservoir for this virus [16].  69 

Experimental infection of pigs with a high dose of NiV, isolated from the central 70 

nervous system (CNS) of a fatal human case, resulted in several pigs displaying the 71 

same clinical indications seen in naturally infected pigs. Interestingly, both clinically 72 
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and sub-clinically infected pigs had neutralising antibodies (nAbs) against NiV and 73 

shed virus in the oropharynx, which correlates with the suspected respiratory 74 

transmission route from pigs to humans [17].  75 

Unlike the Malaysian outbreak, pigs were/are not involved as intermediary hosts in 76 

the Bangladesh and Indian outbreaks of NiV, either due to the smaller scale (India) 77 

or near absence (Bangladesh) of pig farming in these countries [6]. Instead, NiV 78 

transmission in these countries was direct from bats to humans. In Bangladesh 79 

especially this has been attributed to the consumption of raw date palm sap 80 

contaminated with the urine, faeces and/or saliva of NiV-shedding bats. Separately, 81 

direct human-to-human spread following contact with the bodily secretions of 82 

infected individuals has also been shown - a transmission route which is aided by the 83 

cultural practices of family members caring for sick relatives (Fig.1) [6]. Although the 84 

outbreaks in India and Bangladesh have been on a smaller scale than that seen in 85 

Malaysia and Singapore, the fatality rates have been higher (~75%). In addition, the 86 

clinical presentation in humans, although similar to the Malaysian outbreak, harbours 87 

more severe respiratory disease [6, 2].  88 

In humans, NiV presents as a severe respiratory disease, encephalitis or a 89 

combination of both. Patients exhibit initial flu-like symptoms including fever, 90 

headache, dizziness and vomiting, which can quickly develop into severe 91 

encephalitis. NiV-infected individuals are also reported to have a reduced level of 92 

consciousness, seizures, areflexia, hypotonia and myoclonic jerks [2, 6, 13]. The 93 

pathogenesis of NiV infection is widespread and involves many major organs 94 

including the brain, lung, heart, kidney and spleen (Fig.2) [15]. Generally, the 95 

incubation period of the virus is between 4 days and 2 months, but infection can also 96 

result in a clinically quiescent period, followed by recrudescence of latent infection 97 
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and late-onset encephalitis, months or even several years after acute infection [15, 98 

2, 6]. The severity of human disease caused by NiV necessitates the development of 99 

accurate models to better understand pathogenesis as well as highly specific and 100 

sensitive diagnostic tools and effective therapeutics and vaccines.  101 

 102 

3. Modelling NiV disease 103 

Several models have been established to reproduce NiV infection in humans. The 104 

main targets for NiV replication are lung epithelial, endothelial and neuronal cells. 105 

Representative primary cells inoculated with NiV in vitro induced the secretion of pro-106 

inflammatory cytokines and the stimulation of interferon stimulated genes [18, 19]. 107 

African green monkey (AGM) Vero cells inoculated with different NiV isolates 108 

demonstrate characteristic syncytia formation and these cells are now used routinely 109 

to culture NiV [20].  110 

Guinea pigs, ferrets, golden Syrian hamsters, cats, non-human primates (squirrel 111 

monkey and AGM) and chicken embryos have all been used to model NiV disease 112 

(Fig.1). Inoculation of these animals with high titres of NiV results in the development 113 

of characteristic respiratory and neurological disease, including similar gross 114 

pathologies and evidence for viral shedding [21, 13, 22-24, 17, 25, 26].  Vertical 115 

transmission of NiV from pregnant cats to foetuses has also been described, with 116 

evidence of viral replication in the placenta, uterine fluid and foetal tissues [27]. 117 

Interestingly, transmission of both the Malaysian and Bangladesh strains of NiV 118 

resulted in comparable disease outcomes in infected ferrets, suggesting that the 119 

observed differences in fatality rates and onward transmission routes in Bangladesh 120 

and Indian outbreaks may not be virus strain-specific [13]. A recently established 121 

model of NiV infection in Syrian hamsters utilises a recombinant NiV expressing 122 
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firefly luciferase which allows for real-time evaluation of pathogenesis and virus 123 

dissemination. This recombinant virus showed comparable clinical disease to wild-124 

type virus and represents a promising tool for future pathogenesis studies [28]. 125 

In contrast, mice appear to be a poor animal model for NiV infection. Young and 126 

aged Balb/c or C57BL/6 mice inoculated with NiV, either by the intraperitoneal or 127 

intranasal route, do not develop disease; however, they do seroconvert and viral 128 

RNA can be detected in the lungs. In interferon-alpha receptor (IFNAR) knockout 129 

mice, intraperitoneal inoculation results in neurological disease and virus can be 130 

detected in the brain, lung, spleen and liver [29]. In an effort to bypass the lack of 131 

disease seen in mice inoculated with NiV a human lung xenograft model has been 132 

described in NSG mice (non-obese diabetic (NOD)/ShiLtJ mice with severe 133 

combined immunodeficiency (scid) with a complete null mutation in the gene that 134 

encodes the interleukin 2 receptor common gamma chain), whereby infection with 135 

high titre NiV results in syncytia formation and the production of pro-inflammatory 136 

chemokines and cytokines in the grafted tissue [30]. 137 

The use of animal models of NiV infection has been crucial in accurately defining the 138 

routes of virus transmission and pathogenesis, contributing to our understanding of 139 

the human disease.  Moving forward, the continued study of NiV in bats is important 140 

for discovering how bats are able to effectively control viral replication and co-exist 141 

with NiV without developing disease or pathology. Such studies may have broad 142 

implications for the control and prevention of future spill-over events. Syrian 143 

hamsters inoculated with NiV develop a human-like disease and are able to mount 144 

robust nAb responses making them a powerful tool for studying NiV-mediated 145 

pathology and immunology. The use of the hamster model to examine NiV 146 

pathogenesis will deepen our understanding of the molecular mechanisms involved 147 
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in NiV infection and aid in the development of advanced platforms for diagnosis and 148 

treatment.   149 

 150 

4. Molecular biology of NiV 151 

Taxonomically, species Nipah virus is classified within the Henipavirus genus and 152 

Paramyxoviridae family. NiV genomes are negative sense and consist of six genes, 153 

flanked by 3’ leader and 5’ trailer regions: 3’-N, P, M, F, G, L-5’ [31-33]. NiV from 154 

Malaysia (NiV-M) and Bangladesh (NiV-B) represent two genetically distinct strains, 155 

with genome lengths of 18,246 nucleotides and 18,252 nucleotides, respectively. 156 

The amino acid homology between the proteins expressed by NiV-M and NiV-B is 157 

>92%, while there is 91.8% similarity between the nucleotide sequences [20].  158 

As NiV is a negative sense, single-stranded RNA virus, virions need to package their 159 

own RNA-dependent RNA polymerase, encoded by the L gene, to allow transcription 160 

and replication [32]. The viral genome is tightly encapsidated by the nucleoprotein 161 

(N) and complexes with the viral phosphoprotein (P) and polymerase (L) to form the 162 

ribonucleoprotein (RNP) [32, 34]. The RNP is surrounded by the viral envelope, 163 

which consists of the surface glycoproteins for attachment (G) and fusion (F), and 164 

the inner matrix protein (M). The matrix protein is required for viral assembly and 165 

budding [32, 33].   166 

The virally-encoded glycoproteins F and G are required for pH-independent virus 167 

entry into host cells. The tetrameric G protein forms a bidentate interaction with the 168 

homotrimeric NiV F protein prior to receptor binding [35]. The globular head domain 169 

of the G protein is responsible for binding to host cell surface receptors; for NiV this 170 

has been shown to be Ephrin-B2 and Ephrin-B3 [36]. Ephrin-B2 and Ephrin-B3 171 

proteins are highly conserved in mammals and are predominately expressed in the 172 
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vasculature of many organs and tissues, as well as in the endothelium and in the 173 

nervous system. This correlates well with the broad species tropism of NiV and the 174 

specific distribution of viral antigen observed in hosts susceptible to NiV infection 175 

[37]. Following receptor binding, the G protein undergoes conformational changes 176 

and dissociates from the F protein. F subsequently undergoes its own series of 177 

conformational changes resulting in fusion of the viral and host membrane [35, 38]. 178 

Similar to many paramyxovirus fusion proteins NiV F is synthesised as an inactive 179 

precursor F0, which is proteolytically cleaved by a host cell protease, endosomal 180 

cathepsin L, into the fusion active F1 and F2 subunits. Interestingly, for NiV F this 181 

occurs following initial expression at the cell surface and a subsequent internalisation 182 

event. The disulphide-linked polypeptides are then transported back to the cell 183 

surface to be incorporated into budding virions, or to facilitate the cell-to-cell spread 184 

of virus, forming multinucleated syncytia [38, 39] – another characteristic feature of 185 

many paramyxovirus infections.  186 

From an immune response perspective, the F and G glycoproteins are particularly 187 

important, as they are the main antigens to which NiV nAbs are raised. These 188 

proteins have been studied extensively in various pre-clinical challenge models, in 189 

both recombinant and vectored forms as potential vaccine candidates [6, 15]. 190 

 191 

5. Current diagnostic tests  192 

Diagnosis of NiV infection based purely on clinical symptoms can prove problematic 193 

due to the vast array of symptoms presented, their late onset and the fact that some 194 

patients may be asymptomatic. The use of diagnostic tools to identify NiV infection is 195 

therefore paramount; however, there are currently no standardised criteria, 196 

especially in lower income countries with insufficient resources. In fact it is possible 197 
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that the true burden of NiV is unknown and many cases may go undetected. Here, 198 

we outline some examples of different NiV diagnostic methods that have been 199 

described.  200 

5.1 Serological methods 201 

Enzyme-Linked Immunosorbent Assay (ELISA): ELISAs have been used to 202 

detect NiV antigen as well as to evaluate antibody responses. For example, a 203 

monoclonal antibody-based N protein capture ELISA has been described for virus 204 

detection and for differentiation between NiV and HeV [40]. Also, polyclonal 205 

antibodies derived from rabbits immunised with the NiV G protein have been used to 206 

develop an antigen capture sandwich ELISA [41]. Indirect ELISAs developed using 207 

viral antigens for serological testing (to detect IgM and IgG) have been used to show 208 

seroconversion in humans and in field studies in bats and other animals [41, 42].  209 

If native antigens are used, these assays should ideally only be performed at 210 

Biosafety Level 4 (BSL4) facilities, so many facilities use recombinant proteins as 211 

alternative antigens instead. Recombinant NiV N, F and G proteins have been 212 

successfully expressed in E.coli and were shown to react with human sera from NiV 213 

patients. The recombinant NiV G also reacted with serum from a patient with late-214 

onset relapsing NiV infection [43]. An IgG indirect ELISA has also been recently 215 

described, which is able to detect antibodies in pig sera against a truncated soluble 216 

HeV G or NiV G protein expressed in L. tarentolae and full-length sub-cloned N 217 

protein expressed in E.coli [44]. Such assays can provide a low cost, high-218 

throughput method for sample screening, thus acting as an alternative to polymerase 219 

chain reactions (PCR) for rapid diagnostics and virus detection [41, 42].  220 

Virus neutralisation: Neutralisation tests for NiV were developed soon after the 221 

initial outbreak in Malaysia, and are considered the reference for serology testing. 222 
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Conventional NiV virus neutralisation tests (VNTs) most commonly use Vero target 223 

cells, where sera that are able to abrogate cytopathic effects are deemed as 224 

positively neutralising.  Alternatively, plaque neutralisation assays have also been 225 

developed [45]. Separately, several pseudotyped viruses bearing the NiV F and G 226 

glycoproteins have been developed to mitigate the requirement for handling live virus 227 

at high containment [45, 42]. A recombinant vesicular stomatitis virus (VSV) 228 

expressing GFP and bearing the NiV F and G glycoproteins is one such example. 229 

This system correlated well with conventional VNTs using sera from outbreaks and 230 

experimental infections, highlighting the potential of ‘low containment’ tools with high 231 

sensitivity and safety [46].  232 

Cell fusion assay: A quantifiable cell-cell fusion assay using reporter gene 233 

activation has also been described. Effector cells expressing NiV F and G along with 234 

a T7 RNA polymerase are co-cultured with target cells encoding a T7 promoter-235 

driven E.coli lacZ cassette. When the cytoplasm of fused cells mixes beta 236 

galactosidase activity can be measured, allowing quantification of NiV-mediated cell 237 

fusion. Inhibition of cell-cell fusion was then demonstrated using a serial dilution of 238 

sera incubated with effector cells prior to target cell addition [47]. If adaptable to 239 

higher throughput analysis this test could pair nicely with classical VNTs to examine 240 

inhibition of both virus-cell and cell-cell fusion  241 

5.2 Molecular methods  242 

PCR and sequencing: Real-time RT-PCR (TaqMan) assays for NiV were first 243 

developed in 2004, based on the N gene sequence. This had high specificity, since it 244 

was able to detect NiV RNA in blood specimens from infected hamsters yet failed to 245 

detect HeV RNA [48]. A commercial kit based on this technology has been 246 

developed by Zoologix for the detection of NiV in blood, serum plasma, 247 
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cerebrospinal fluid, infected animal tissue or secretions [49]. PCR targeting the N 248 

gene of NiV has been important in generating data for phylogenetic analysis [42, 50]. 249 

These assays are vital tools for viral surveillance e.g. a duplex nested RT-PCR 250 

highlighted that two distinct strains of NiV are circulating in bat populations in 251 

Thailand; multiple consensus PCRs have also been described, which include a N 252 

gene SYBR Green assay and a P gene TaqMan assay, which could be valuable in 253 

investigating potentially unknown henipaviruses and known strains of NiV with high 254 

sensitivity, respectively [11, 51]. More broadly, a real-time TaqMan array card has 255 

also been developed that can simultaneously detect 26 acute febrile illness-256 

associated organisms, including NiV. This has been evaluated and compared to a 257 

standard real-time PCR (88% sensitivity, 99% specificity) and could prove useful in 258 

outbreak situations for rapid screening of a large number of samples against a range 259 

of pathogens [52]. 260 

5.3 Tissue culture methods 261 

Virus isolation and characterisation: Virus isolation is highly desirable in new 262 

cases or outbreaks of NiV and is usually attempted from samples taken from the 263 

brain, lung, kidney and/or spleen. NiV grows well in Vero cells and a cytopathic effect 264 

is usually seen within three days of culture, in the form of syncytia and characteristic 265 

plaques in the cell monolayer. Companion diagnostic methods to isolate virus 266 

include immunostaining, sera neutralization and diagnostic PCR of culture 267 

supernatants. Electron microscopy and immuno-electron microscopy are also useful 268 

tools, where available, for identification of the distinct structure of NiV and the 269 

detection of virus-antibody interactions, respectively [50, 41]. 270 

Immunohistochemistry: Anti-NiV antibodies have successfully been used to stain 271 

formalin-fixed tissues to detect viral antigen [50, 42]. Analysis of tissue sections is 272 
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important for identifying NiV-associated pathogenesis, including inflammatory 273 

lesions, necrosis and vasculitis [42]. Experimental infection of ferrets with NiV 274 

showed viral lesions in the respiratory tract, lymphoid tissues, kidneys and liver, with 275 

viral antigen also being detected in neurons and the vascular endothelium [13].    276 

 277 

The characterisation of NiV sequences following outbreaks combined with other 278 

tools such as electron microscopy has helped us better understand virus divergence, 279 

structure and other aspects of the viruses life-cycle. In particular, the use of 280 

recombinant viral proteins in place of native virus has played a major role in the 281 

advancement of low-containment diagnostic tools to rapidly and accurately test for 282 

non-neutralising and nAbs that could be employed in NiV endemic regions. These 283 

platforms (summarised in Table 2) also provide a strong basis for further evaluating 284 

the molecular mechanisms involved in virus-host and cell-cell spread of NiV, and 285 

how these can be targeted to control future outbreaks.   286 

 287 

6. Outbreak prevention strategies 288 

There are currently no NiV-specific therapeutics or vaccines approved for use in 289 

humans and management of outbreaks is more preventative (with emphasis being 290 

made on behaviour and lifestyle changes, e.g. altering pig farming methods in 291 

Malaysia or preventing consumption of raw date palm sap in Bangladesh). Whilst 292 

effective in theory, implementing changes can be difficult due to various country-293 

specific cultural factors. In patients, care is generally supportive and/or palliative 294 

(rehabilitation, mechanical ventilation and use of anticonvulsants) [6].    295 

Following the initial outbreak of NiV in Malaysia, precautionary measures were 296 

implemented to contain viral spread through pigs. This began with the culling of more 297 
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than 1 million pigs in outbreak regions. Next, widespread surveillance of pig farms 298 

throughout the country was conducted and pigs at or within a 500m radius of “Nipah 299 

positive farms” were culled. “Nipah positive farms” were defined as farms at which 3 300 

or more serological samples tested positive for NiV antibodies [14, 2]. During this 301 

period, an outbreak of encephalitis was reported in Singapore with 11 302 

slaughterhouse workers having detectable anti-NiV IgM in patient serum. NiV 303 

isolates from these cases were analysed by RT-PCR and confirmed to be identical to 304 

Malaysian isolates [41]. The spread, thought to have occurred through trade of 305 

infected animals, resulted in a ban on the importation of live pigs and pig products 306 

from Malaysia, which is still in effect today [2].  307 

In regions susceptible to NiV outbreaks in Bangladesh and India, the provision of 308 

education is key to reducing transmission. A 2017 study identified [53] that avoiding 309 

the consumption of fresh date palm sap or the use of barrier skirts around trees to 310 

prevent access by bats are key factors in preventing infection. Although limiting 311 

human contact with NiV infected patients help to reduce transmission, in low-income 312 

countries families are often the primary healthcare providers. Instead education into 313 

the correct use of personal protective equipment is essential [2, 6].  314 

 315 

Despite the progress made in developing management and prevention strategies to 316 

control NiV outbreaks there are still difficulties associated with implementation and 317 

affordable access to these tools. Collectively, this contributes to the pandemic 318 

potential of NiV, warranting alternative approaches such as robust and effective 319 

ways to reduce transmission and disease burden. With this in mind, the development 320 

of inexpensive and potent therapeutics and prophylactics is desirable in better 321 

conferring protection and treating outbreaks in endemic areas. 322 
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 323 

7. Antivirals, passive immunisation and vaccines 324 

There has also been considerable progress in pre-clinical platforms for treating NiV-325 

specific disease that have been tested extensively and successfully in hamster, AGM 326 

and ferret animal models and correlate well with pathogenesis models (Table 3). The 327 

preferred therapeutic or vaccine would be one that elicits a strong nAb response, as 328 

this response has been shown to correlate well with protection in animal models, 329 

justifying the use of the NiV F and/or G glycoproteins as target immunogens.  The 330 

primary region for implementation of such vaccines would be in low or middle income 331 

areas where NiV is endemic, despite outbreaks being sporadic. It is therefore vital 332 

that any vaccine is inexpensive, safe, thermostable and capable of generating long-333 

lasting immunity. This could be achieved by developing a single-dose, combination, 334 

vectored vaccine that is cross-reactive to both NiV-M and NiV-B as well as HeV and 335 

could be stockpiled for use in emergency outbreaks that induces rapid onset of 336 

immunity.  337 

7.1 Antivirals  338 

Ribavirin and chloroquine: Ribavirin was the first drug treatment used during the 339 

NiV outbreak in 1998 due to its broad-spectrum antiviral activity against both DNA 340 

and RNA viruses. In this case it was reported to reduce mortality by 36% in treated 341 

patients with no apparent side effects [54]. The antimalarial drug chloroquine was 342 

highly effective in vitro either by itself or in combination with ribavirin. However, 343 

chloroquine was shown to be ineffective in in vivo NiV infection models including 344 

hamsters, ferrets and AGMs [55, 56]. In a hamster model of NiV, ribavirin was only 345 

able to delay death from NiV infection, suggesting that the reduction in mortality seen 346 
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in humans during the 1998 outbreak may have been the result of better patient 347 

management and empirical treatment, rather than solely the use of ribavirin [56, 54].  348 

Other antivirals: Fusion inhibitors and nucleoside inhibitors have also been 349 

investigated as NiV antivirals. A heptad peptide-based cholesterol-tagged fusion 350 

inhibitor, NiV-Fc2 was able to potently inhibit membrane fusion of NiV and infection 351 

in vitro. This inhibitor also had some therapeutic efficacy against NiV in the hamster 352 

model [37]. The small nucleoside inhibitor R1479 has also been effective against 353 

henipaviruses in vitro, as well as other paramyxoviruses, and has the potential to be 354 

modified as a broad spectrum therapeutic, as with ribavirin [57].  355 

7.2 Passive immunisation 356 

m102.4: A human monoclonal antibody (mAb) specific for the G glycoprotein of 357 

Henipaviruses was isolated from a phage- displayed antibody library. This mAb, 358 

m102.4, is specific for an epitope in the Ephrin-B2 and Ephrin-B3 receptor binding 359 

sites of G and has shown strong cross-reactive neutralising activity against both HeV 360 

and NiV [58]. m102.4 is able to prevent disease in ferrets and non-human primates 361 

inoculated with a uniformly lethal dose of both NiV-M and NiV-B at several time-362 

points post-exposure [59-61]. This type of passive immunisation would be most 363 

suitable as a post-exposure treatment in future outbreak situations, but there well 364 

may be a viable therapeutic window of use [61]. Since 2010, m102.4 has been 365 

administered on compassionate grounds, to 11 individuals at high-risk of HeV 366 

exposure. To date there has been no evidence of adverse side effects, and this 367 

antibody is now being investigated further in a phase 1 clinical safety trial in humans 368 

[7].   369 

7.3 Active immunisation 370 

7.3.1 Subunit vaccines: 371 
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A subunit vaccine based on a recombinant soluble and oligomeric form of HeV G 372 

(sG) is able to completely protect animals against high dose NiV challenge with no 373 

signs of clinical disease or evidence of virus replication or pathology. Vaccinated 374 

cats, ferrets and AGMs develop high levels of cross-reactive NiV-specific IgG and 375 

nAbs [62, 26, 63]. This subunit vaccine has been subsequently developed and 376 

approved as a vaccine for use in horses (Equivac®) in Australia [64]. However, 377 

another study showed pigs vaccinated with HeV sG developed low cross-reactive 378 

nAb responses to NiV post-challenge, indicating a cell-mediated immunity response 379 

is also required to confer protection [65]. An orthologous recombinant NiV sG based-380 

vaccine candidate has been developed shown to confer complete protection against 381 

NiV challenge in cats [26]. 382 

7.3.2 Vectored vaccines: 383 

Poxvirus vectors: One of the first vaccination and challenge models described for 384 

NiV was conducted in a hamster model using attenuated vaccinia viruses expressing 385 

recombinant NiV F and/or G. When the glycoproteins were expressed individually or 386 

in combination, the recombinant vaccinia vaccines were able to confer complete 387 

protection following NiV challenge. This was also true following passive transfer of 388 

antibody from vaccinated hamsters with high nAb titres to naïve hamsters [66]. A 389 

canarypox vaccine vector (ALVAC) has also been developed which expresses NiV 390 

F, G or both glycoproteins, and has been used to immunise pigs in an experimental 391 

model with no viral shedding or histopathology being noted in vaccinated animals. 392 

Co-expression of NiV F and G produced the highest nAb responses, and although 393 

nAb responses to the NiV F vaccine were low all vaccinated pigs were protected 394 

against challenge [67].  395 
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Vesicular stomatitis virus (VSV) vectors: VSV vector platforms have been used in 396 

various forms as candidate vaccines. This includes pseudotyping replication-397 

defective VSV lacking its envelope G protein (VSV∆G) with NiV F or G, or the use of 398 

live attenuated recombinant VSV (rVSV) expressing NiV F, G or N [68-70]. These 399 

vaccines have been developed using both NiV-M and NiV-B strains, and single-dose 400 

administration was able to fully protect Syrian hamsters, ferrets and AGMs 401 

challenged with lethal doses of NiV. High nAb titres, low viral RNA/antigen and the 402 

absence of pathology was recorded in animals vaccinated with the NiV F or G-403 

expressing vectors [68, 69, 71]. Interestingly, in hamsters vaccinated with rVSV 404 

expressing NiV-N only partial protection was conferred, suggesting a possible role 405 

for both the cellular and non-neutralising antibody responses in protection from 406 

disease [70].   407 

Paramyxovirus vectors: A recombinant measles virus vaccine expressing the NiV 408 

glycoproteins has been shown to completely protect hamsters against NiV challenge. 409 

However, AGMs vaccinated with two doses of the same vaccine were only partially 410 

protected, displaying clinical signs of neurological disease [72]. Another 411 

paramyxovirus vectored platform using a recombinant Newcastle disease virus strain 412 

expressing the NiV G or F envelope proteins has also been described. In these 413 

studies immunogenicity was tested in both mice and pigs where nAb responses and 414 

CD8+ T cell responses were induced when used in isolation or in combination [73].  415 

Other virus vectors: Venezuelan equine encephalitis virus replicon particles 416 

encoding NiV F or G as vaccine candidates were shown to induce highly potent nAb 417 

responses in mice following 3 doses [47].  An adeno-associated virus vector 418 

expressing the NiV G protein has also been described and tested in a hamster 419 
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model. A single dose of this vaccine was sufficient to protect hamsters against lethal 420 

challenge with NiV and induced potent nAb responses [74].  421 

7.3.3 Virus-like particles:  422 

The NiV F, G and M proteins have been simultaneously expressed in mammalian 423 

cells to successfully create virus-like particles (VLP) [75]. These have been tested in 424 

a Balb/c mouse model and shown to induce a nAb response, and to protect 425 

vaccinated hamsters against NiV challenge after a 3-dose regime, as well as with a 426 

‘single-shot’ [31]. 427 

 428 

Whilst the development of antivirals and immune modulators is still at a very early 429 

stage the success of the monoclonal antibody m102.4, which has now reached 430 

phase 1 clinical trials in humans, is promising. However, unlike m102.4, there are 431 

currently no vaccine candidates that have advanced to clinical trials in humans, 432 

partly because of the highly complicated nature of running Phase 3 efficacy studies 433 

on relatively rare diseases like Nipah. The ideal candidate would provide good levels 434 

of protection following a single-dose vaccination, and thus would be cost-effective 435 

and suitable in an emergency outbreak situation. There is also value in the ‘One 436 

Health’ approach to vaccination, preventing and controlling NiV disease in livestock 437 

to limit spill over into human population. The success of the licensed Equivac ® HeV 438 

vaccine in horses is a highly relevant example of how this can be achieved.  439 

In line with this ‘One Health’ approach, we are currently involved in an international 440 

consortium, which aims to develop a NiV vaccine for use in pig. We are evaluating 441 

the immunogenicity and efficacy of three candidate vaccines; this includes a soluble 442 

NiV G vaccine, a replication-deficient adenoviral vector expressing the G protein, 443 

and a molecularly clamped F vaccine. Within this project, we are examining the 444 
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cellular and humoral responses using both high and low containment assays to 445 

identify the immune correlates of protection, which could support the development of 446 

human NiV vaccines. 447 

 448 

8. Concluding Remarks 449 

In February 2018 the World Health Organisation (WHO) declared NiV a priority 450 

pathogen for the research and development of diagnostic, prevention and treatment 451 

strategies. NiV has also been included as a priority for vaccine development by the 452 

Coalition for Epidemic Preparedness Innovations (CEPI). Some of the key 453 

characteristics of NiV that identify this virus as a global pandemic threat are its wide 454 

host range and transmissibility between humans. Furthermore, as an RNA virus NiV 455 

is likely to be highly mutable, increasing the risk of a more pathogenic and 456 

transmissible strain emerging. Although NiV strains from within an outbreak have 457 

thus far shown little variation, this risk highlights the need for more detailed research 458 

to understand the genetic determinants of transmission in humans. 459 

It is clear that high sensitivity and specificity diagnostic tests are essential for rapidly 460 

detecting NiV infection. Whilst many such tests are available standardising their 461 

implementation and broadening their availability is a key challenge. Other areas for 462 

development include point-of-care tests, the establishment of a broadly accessible 463 

bio-bank and molecular standards for researchers (RNA, antigens and antibody), 464 

and lastly the development, validation and implementation of low containment 465 

biosafe assays and tools. It is also clear that multi-pathogen multiplex assays could 466 

be pivotal in rapid diagnosis of a range of diseases, especially where differential 467 

diagnosis is difficult. Nevertheless, the availability and accessibility of diagnostic 468 

tools in low-income outbreak regions is likely to remain poor. Therefore increased 469 
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surveillance, adequate training and the correct implementation of quarantine 470 

protocols are key factors in controlling any future outbreaks.  471 
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Figure 1: Natural and experimental transmission of Nipah virus in humans and 672 

livestock. 673 

The natural reservoir for NiV is the Pteropus bat (asymptomatic hosts). Purple: 674 

Malaysia/Singapore outbreak 1998/99. Transmission from bats to pigs, and onwards 675 

transmission to pig farmers (~38 fatality rate). This outbreak resulted in the mass 676 

culling of 1.1 million pigs, and a ban on the import/export of all pigs and pig products 677 

was introduced. Red: Bangladesh/India outbreaks 2001 onwards. Direct 678 

transmission from bats to humans through consumption of infected raw date palm 679 

sap, and further human-to-human transmission (~75% fatality rate). Blue: The 680 

Philippines outbreak 2014. Transmission from bats to horses, and onwards 681 

transmission to humans and other domestic animals through consumption of infected 682 

horse meat. Further human-to-human transmission was also reported (53% fatality 683 

rate). Green: experimental infection with NiV to mirror natural infections in pigs and 684 

bats, and to model human disease (non-human primates, Syrian golden hamster, 685 

ferrets, guinea pigs, cats, mice). Solid line = known transmission of NiV. Dotted line 686 

= suspected transmission of NiV. Dashed line = experimental infection with NiV.  687 

 688 

Figure 2: Symptoms and clinical signs of NiV infection. 689 

Infection with NiV results in neurological and/or respiratory disease-like symptoms in 690 

humans. Initial symptoms are usually flu-like (vomiting, fever, cough, dizziness). 691 

Pathology is most severe in endothelial cells of infected tissue with prominent 692 

endothelial syncytia and necrotic lesions. Viral RNA/antigen, antigen-specific 693 

antibodies and nAbs can be detected from various samples taken from infected 694 

patients. Coloured boxes indicate prominence and severity of infection. Pink = 695 

primary site of severe pathology and causes of symptoms; yellow = evidence of 696 
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pathology distal from main sites; green = no pathology but evidence of viral 697 

RNA/antigen. 698 
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Table 1: Mortality and morbidity in humans following outbreaks of NiV 

Adapted from WHO: http://www.searo.who.int/entity/emerging_diseases/links/nipah_virus_outbreaks_sear/en/  

Year / Month Location 
Number of 

Cases 

Number of 

Deaths 

Case Fatality 

(%) 

Sep 1998-Apr 

1999 

Perak, Selangor, Negeri Sebilan (Malaysia) 
265 105 40 

Mar 1999 Singapore 11 1 9 

Jan-Feb 2001 Siliguri (India) 66 45 68 

Apr-May 2001 Meherpur (Bangladesh) 13 9 69 

Jan 2003 Naogaon (Bangladesh) 12 8 67 

Jan 2004 Rajbari (Banglasdesh) 31 23 74 

Apr 2004 Faridpur (Banglasdesh) 36 27 75 

Jan-Mar 2005 Tangail (Bangladesh) 12 11 92 

Jan-Feb 2007 Thakurgaon (Bangladesh) 7 3 43 

Mar 2007 Kushtia, Pabna, Natore (Bangladesh) 8 5 63 

Apr 2007 Naogaon (Bangladesh) 3 1 33 

Apr 2007 Nadia (India) 5 5 100 

Feb 2008 Manikgonj (Bangladesh) 4 4 100 

Apr 2008 Rajbari and Faridpur (Bangladesh) 7 5 71 

Jan 2009 Gaibandha, Rangpur and Nilphamari (Bangladesh) 3 0 0 

Jan 2009 Rajbari (Bangladesh) 1 1 100 

Feb-Mar 2010 Faridpur, Rajbari,Gopalganj,Madaripur (Bangladesh) 16 14 87.5 

Jan-Feb 2011 
Lalmohirhat, Dinajpur, Comilla, Nilphamari and Rangpur 

(Bangladesh) 
44 40 91 

Feb 2012 
Joypurhat, Rajshahi, Natore, Rajbari and Gopalganj 

(Bangladesh) 
12 10 83 

Jan-Feb 2013 
Gaibandha, Natore, Rajshahi, Naogaon, Rajbari, Pabna, 

Jhenaidah, Mymensingh (Bangladesh) 
12 10 83 

Feb 2014 
Manikganj, Magura, Faridpur, Rangpur, Shaariatpur, Kushtia, 

Rajshahi, Natore, Dinajpur, Chapai Nawabganj, Naogaon 
18 9 50 

Mar-May 2014 Tinalon and Midtungok (Philippines) 17 9 53 

Feb 2015 
Nilphamari, Ponchoghor, Faridpur, Magura, Naugaon, Rajbari 

(Bangladesh) 
9 6 67 

May 2018 Kozhikode, Malappuram (India) 19 17 89 
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Table 2: NiV-specific diagnostic tools 

 

 

 

 

 

 

 

 

 

 

 

Method Diagnostic Test Specimen Detect Advantages Disadvantages 

Serological 
ELISA (e.g. capture, 

indirect) 
Serum, CSF 

Antibodies (IgG, 

IgM, IgA), Viral 

antigen 

� Quick, safe, large-scale 

� Use of recombinant proteins as alternative 

antigen overcomes need for BSL4, and are 

generally more specific. 

� Can generate false 

positives 

� Requires BSL4 facilities 

Molecular 

Virus neutralisation 

test (e.g. SNT, plaque 

assay) 

Serum, CSF 
Neutralising 

antibodies 

� Rapid testing 

� Accepted as reference standard diagnostic 

� Viral pseudotypes; highly specific and sensitive 

(alternative to native virus) 

 

� May require BSL4 

facilities 

Cell-cell fusion assay Serum, CSF 

Neutralising 

antibodies, 

syncytia 

� Use of recombinant proteins as alternative 

antigens overcomes need for BSL4 

� Ideal for studying viral spread 

 

� Requires adaptation 

for high throughput 

use 

PCR and sequencing 

(e.g. RT-PCR, nested) 

Serum/blood, 

CSF, 

secretions 

Viral RNA 
� Detect viral sequences for phylogenetic analysis 

� High specificity and sensitivity 
� Requires BSL4 facilities 

Tissue 

culture 

Virus isolation/ 

Electron microscopy 

 

Nasal swabs, 

throat swabs, 

urine 

 

Virus structure, 

virus-antibody 

interactions 

 

� Confirm/characterise virus identity in new 

case/outbreak 

 

� Require BSL4 facilities 

� Electron microscopy 

poor specificity/ 

sensitivity 

 

Immunohistochemistry 

Tissue: CNS, 

lung, spleen, 

lymph node, 

kidney, heart 

Viral 

antigen/RNA, 

histopathology, 

syncytia 

� Safe (fixed tissues) 

� Retrospective analysis 

� Identify site/nature of pathology 

� Performed post-

mortem 
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 Table 3: Pre-clinical vaccines and therapeutics against NiV 

 Platform Target antigen Vaccination schedule Challenge dose Animal model Ref 

P
a

ss
iv

e
 

im
m

u
n

is
a

ti
o

n
 

Human monoclonal 

antibody, m102.4 
a
 

NiV/HeV G 

IV 50 mg, pre challenge (24 hrs before) or post 

challenge (10hrs after) 

IV 15 mg/kg, 1, 3 or 5 days post challenge, then again 

after 2 days 

ON 5x10
3
 TCID50 NiV-M 

c 

 

IT 5x10
5
 PFU NiV-M 

Ferret 

 

AGM 

[58] 

 

[55] 

Polyclonal serum NiV F and/or G IV 0.2 ml of antiserum (160 neutralising units/ml) IP 1X10
3
 PFU NiV-M Hamster [61] 

A
ct

iv
e

 v
a

cc
in

a
ti

o
n

 

Recombinant 

vaccinia virus 
NiV F and/or G 

SC 10
7
 NiV F or G OR 5x10

6
 of NiV F and G combined. 

Boost after 1 month 
IP 1X10

3
 PFU NiV-M Hamster [61] 

Recombinant 

canarypox virus 
NiV F and/or G IM 10

8
 PFU NiV F, G or F and G. Boost after 14 days 

d
 ON 2.5x10

5
 PFU NiV-M Pig [62] 

Recombinant VSV 
NiV F and/or G, 

or N 

IM 1x10
7
 PFU NiV-B F, G or F and G 

IM 1x10
6

  infectious particles NiV-M F or G 

IP 10
5
 PFU NiV F, G or N 

IM 10
7
 PFU NiV G 

ON 5x10
3
 PFU NiV-M 

IP 10
5
 TCID50 NiV-M 

IP 6.8x10
4
 TCID50 NiV-M 

IT 10
5
 TCID50 NiV-M 

Ferret 

Hamster 

Hamster 

AGM 

[63] 

[64] 

[65] 

[66] 

Recombinant 

adeno-associated 

virus 

NiV G 
IM (2.10

10 
infectious particles) or ID (1.10

10
) for mice; 

IM (6.10
11

) for hamster 
IP 10

4 
PFU NiV-M 

BALB/c mice, 

Hamster 
[69] 

Recombinant 

measles virus 
NiV G 

IP 2x10
4
 TCID50 NiV G for hamster. Boost after 21 days 

SC 1x10
5
 TCID50 for NiV G for AGM. Boost after 28 days 

IP 10
3
 TCID50 NiV-M 

IP 10
5
 TCID50 NiV-M 

Hamster, 

AGM 
[67] 

Recombinant 

subunit 

NiV/HeV soluble 

G (sG) 
b
 

SC 4, 20 or 100 �g HeVsG. Boost after 20 days 

SC 100 �g NiVsG or HeVsG. Boost after 2 and 4 weeks 

IM 10, 50 or 100	�g HeVsG. Boost after 21 days 

ON  5x10
3
 TCID50 NIV-B 

SC 5x10
2
/5x10

3
 TCID50 NiV-M 

IT 10
5
 TCID50 NiV-M 

Ferret 

Cat 

AGM 

[59] 

[25] 

[58] 

Recombinant 

Newcastle disease 

virus 

NiV F and/ or G 

IM 10
8
 EID50. Boost after 4 weeks 

e
 

IM 2x10
9
 EID50 of NiV F, G or F and G. Boost after 4 

weeks 

- 

- 

BALB/c mice 

Pig 
[68] 

Venezuelan equine 

encephalitis virus 

replicon particles 

NiV F or G 
Footpad inoculation 3.1x10

5
 infectious units. Boost 

after 5 and 18 weeks 
- C3H/He mice [45] 

Virus-like particles 

(VLPs) 
NiV F, G and M 

IM 30	�g VLP. Boost after 21 and 42 days OR IM 30	�g 

VLP 

IP 1.6x10
4
 PFU NiV-M OR IP 

3.3x10
4
 NiV-M 

Hamster [30] 

 a

 m102.4 is currently in phase 1 clinical safety trials in humans, 
b

 HeVsG licenced for use in horses (Equivac®), 
c
 TCID50 = 50% tissue culture infectious dose, 

d
 PFU = plaque forming units,  

e
 EID50 = 50% embryo       

infectious dose. IV = intravenous, ON = oronasal, IT = intratracheal, IP = intraperitoneal, IM = intramuscular, ID = intradermal, SC = subcutaneous.  
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