
REPORTS 

60 min at room temperature) and developed by 24.P. R. Clarke, C. Klebe, A. Wittinghofer, E. Karsenti, 
chemiluminescence. 1. Cell Sci. 108, 1217 (1995). 

19.C. Klebe, F. R. Bischoff, H. Ponstingl, A. Wittinghofer, 25. F. R. Bischoff, H. Krebber, E. Smirnova, W. Dong, H. 
Biochemistry 34, 639 (1995). Ponstingl, EMBO 1. 14. 705 (1995). 

20.D. Gorlich, N. Pant&, U. Kutay, U. Aebi, F. R. Bischoff, 26. R. Carozo-Salas et al., Nature 400, 178 (1999). 
EMS0 1. 15, 5584 (1996). 27. P. Kalab, R. T. Pu, M. Dasso, Curr. Biol. 9,481 (1999). 

21. F. R. Bischoff and H. Ponstingl, Nature 354,80 (1991). 28.T. Ohba, M. Nakamura, H. Nishitani, T. Nishimoto, 
22. H. Seino, N. Hisamoto, S. Uzawa, T. Sekiguchi, T. Science 284, 1356 (1999). 

Nishimoto,1. Cell Sci. 102, 393 (1992). 29.A. Wilde and Y. Zheng, Science 284, 1359 (1999). 
23.A. Lee, R. Tam, P. Belhumeur, T. DiPaolo, M. W. Clark, 30.We thank M. Hughes and F. Nicolhs for providing 

I .  Cell Sci. 106, 287 (1993). 	 recombinant proteins, and members of our labora- 

Nipah Virus: A Recently 

Emergent Deadly Paramyxovirus 


K. B. Chua,' W. J. ~ellini,'* P. A. Rota,' B. H. Harcourt,' 
A. Tamin: 	 S. K. Lam,' T. C. Ksiazek,' P. E. Rollin," S. R. Zaki," 

W.-J. Shieh,". S. Coldsmith,' D. J. Cubler,'J. T. R~ehrig,~ 
B. Eaton? A. R. Could? J. Olson,' H. Field,5 P. Daniels? 
A. E. Ling,= C. J. peters,' L. J. Anderson," B. W. J. MahyZ 

A paramyxovirus virus termed Nipah virus has been identified as the etiologic 
agent of an outbreak of severe encephalitis in  people wi th  close contact 
exposure t o  pigs in  Malaysia and Singapore. The outbreak was first noted in  late 
September 1998 and by mid-June 1999, more than 265 encephalitis cases, 
including 105 deaths, had been reported in Malaysia, and 11 cases of enceph- 
alitis or respiratory illness wi th  one death had been reported in Singapore. 
Electron microscopic, serologic, and genetic studies indicate that this virus 
belongs t o  the family Paramyxoviridae and is most closely related t o  the 
recently discovered Hendra virus. We suggest that these two  viruses are rep- 
resentative of a new genus within the family Paramyxoviridae. Like Hendra virus, 
Nipah virus is unusual among the paramyxoviruses in its ability t o  infect and 
cause potentially fatal disease in  a number of host species, including humans. 

An outbreak of severe febrile encephalitis in abattoir workers who handled pigs from 
associated with human deaths was reported in the outbreak regions in Malaysia. The out- 
Peninsular Malaysia beginning in late Sep- break in Singapore ended when the importa- 
tember 1998. The outbreak was associated tion of pigs from Malaysia was prohibited, 
with respiratory illness in pigs and was ini- and the outbreak in Malaysia ceased when 
tially attributed to Japanese encephalitis (JE) over 1 million pigs were culled from the 
(1).JE is a mosquito-borne viral disease that outbreak area and immediately surrounding 
is enzootic in the region, and pigs are among areas (3).A total of 265 cases of encephalitis, 
the amplifying vertebrate hosts (2). By Feb- including 105 deaths, were associated with 
ruary 1999, similar diseases in pigs and hu- the outbreak in Malaysia. 
mans were recognized in other regions in Because some of the epidemiologic 
Malaysia, in association with the movement characteristics of the disease in humans 
of a large number of pigs from Ipoh south- were distinct from those of JE [most cases 
ward into the new outbreak areas. In March occurred in adult males who worked with 
1999, a cluster of 11 cases of respiratory and pigs, very few case patients were young 
encephalitis illnesses was noted in Singapore children, and neither mosquito control nor 

JE vaccination programs appeared to affect 
the course of the outbreak id ) ] ,  investiga-
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nucleocapsid structure is surrounded by 
membrane derived from the plasma mem- 
brane from which the viruses bud. Virus 
particles varv in size from 120 to 500 nm. 
The paramyxovirus envelope contains two 
transmembrane glycoproteins, a cell recep- 
tor binding protein [G (glycoprotein), H 
(hemagglutinin), or HN (hemagglutinini 
neuraminidase)] and a separate fusion (F) 
protein. Thin-section EM studies of infect- 
ed cells revealed filamentous nucleocapsids 
within cytoplasmic inclusions and incorpo- 
rated into virions budding from the plasma 
membrane (Fig. 1B). Typical "herringbone" 
nucleocapsid structures, approximately 1.67 t 
0.07 km in length (Fig. 1A) and with an 
average diameter of 2 1 nm, were observed in 
infected cells by means of negative stain 
preparations. Extracellular virus particles 
were pleomorphic, with an average diameter 
of 500 nm (Fig. 1C). Surface projections (not 
shown in the figure) along the virion enve- 
lope were only sporadically seen by thin- 
section EM and measured 10 nrn in length. 

Analysis of representative human and an- 
imal specimens from the outbreaks in Malay- 
sia and Singapore provided an etiologic link 
between the two outbreaks (Table 1). Nipah 
virus-infected cells reacted strongly with 
Hendra virus antiserum (6) but did not react 
with antisera against other paramyxoviruses, 
including measles virus, respiratory syncytial 
virus, and parainfluenzaviruses 1 and 3, as 
well as other viruses, including herpes virus, 
enteroviruses, and JE virus, as indicated by 
immunofluorescence antibody assays. Cross- 
neutralization studies ( 7 ) resulted in an 8- to 
16-fold difference in neutralizing antibodies 
between Nipah and Hendra viruses, indicat- 
ing that the viruses, though related, were not 
identical. 

Serologic studies in which Hendra virus 
antigen was used for detection of Nipah virus 
immunoglobulin M (IgM) and IgG (8) sug-
gested that Nipah virus was the principal 
etiologic agent of the outbreak in Malaysia 
and Singapore. Virus isolation or serologic 
testing confirmed Nipah virus infection in all 
casesfrom ~ingavore and in all but one of the - A 

initially identified encephalitis cases from 
Malaysia (Table 1). The most notable illness 
in pigs implicated in transmitting the virus to 
humans was respiratory and included a loud 
and distinctive cough. Although serologic 
studies found evidence of Nipah virus infec- 

d 
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tion in most of the pigs on farms with infect- 
ed humans, only a minority of these pigs were 
noted to be ill and there was only a minimal 
(-5%) increase in pig deaths. Serologic stud- 
ies also suggested that Nipah virus infection 
occurred in dogs, cats, and two polo ponies 
and in bats in the outbreak area in Malaysia 
(9). 

Two key features of this outbreak were 
the often fatal encephalitis and the nearly 
universal history of infected humans and oth- 
er animals, including cats and dogs, having 
direct contact with pigs. Pathologic studies of 
infected human and pig tissues provided 
plausible explanations for these two features 
of the outbreak. Autopsy studies of humans 
suggested that the primary pathology was a 
multiorgan vasculitis associated with infec- 
tion of endothelial cells. Occasional endothe- 
lid cells of affected vessels developed into 
multinucleated giant cells characteristic of 
paramyxovirus infections, whereas other en- 
dothelial cells were lysed and sloughed into 
the vessel lumen. Infection was most promi- 
nent in the central nervous system, where a 
diffuse vasculitis was noted in the cerebral 
cortex and brain stem with 

R E P O R T S  

renchymal tissue, where extensive areas of 
rarefaction (lytic) necrosis were seen. Eosin- 
ophilic, mainly intracytoplasrnic, viral inclu- 
sions with a melted-tallow appearance were 
seen in the affected neurons and other paren- 
chymal cells. Irnmunostaining for Nipah viral 
antigens was initially performed with an anti- 
Hendra virus hyperimmune serum and later 
with an anti-Nipah virus hyperimmune se- 
rum. Intense immunostaining of endothelial 
cells and of dead and dying parenchymal 
cells was seen in the central nervous system 
(Fig. 2A). Less intense immunostaining was 
also seen in other tissues, including the lung, 
heart, spleen, and kidney. These studies dem- 
onstrated that Nipah virus infection in hu- 
mans can cause widespread central nervous 
system pathology consistent with a severe 
encephalitis. 

Pathologic examination of pigs showed 
extensive involvement of the respiratory 
tract (Fig. 2B). In the lungs, a giant cell 
pneumonia with characteristic multinucle- 

Fig. 1. Ultrastructural 
characteristics of N i ~ a h  

Table 1. Evidence of Nioah virus infection in tissue 
ture as seen by nega- 
tive stain (A) and thin- . - - . - . . - . . - -. . - - . . . . . -. . . . . - - . . . . . -. . . . . . . . . . - - . - 

and serum s~ecimens tested during the outbreaks section f~'al;d C) elec- i " 
in Malaysia and Singapore. Specimens were ob- 
tained from fatal (Y) and nonfatal (N) human 
cases in Malaysia (M) or Singapore (S) or from 

tron mkroscopy. (A) 
A single, nucleocapsid 
shows the typical her- 

euthanized (E) pigs (P), a dog and a cat from ringbone -appearance 
Malaysia. Virus was isolated (Isol) on Vero cells characteristic of the 
from tissue samples described above. IgM or IgC family Paramyxoviri- 
antibodv (Ab) was detected in serum samples by dae. (B) Viral nucleo- 
enzymeknkeb immunoassays, with ~end ia  virus 
antigen prepared as described (8). For RT-PCR, 
RNA was extracted from human brain tissue (fatal 
cases only), human cerebrospinal fluid, porcine 

capsids; as seen in 
cross and longitudinal 
sections, aligned along 
the plasma membrane 

ated syncytial cells was noted. By immu- 
nohistochemistry, Nipah virus antigens 
were demonstrated in syncytial cells in the 
lungs, in epithelial cells lining the upper 
airway passages, and in intraluminal ne- 
crotic debris in the upper and lower air- 
ways. In a small number of pigs, there was 
prominent central nervous system patholo- 
gy with meningeal inflammatory infiltrates, 
and viral antigen was detected focally in 
inflammatory cells as well as within the 
nuclei of rare parenchymal cells. Nipah 
antigen was also detected in kidneys as 
focal staining in renal tubular epithelial 
cells. The presence of extensive infection 
in the upper and lower airways suggests 
that the respiratory sdcretions from infected 
pigs are likely to be a rich source of infec- 
tious virus. Infection in the respiratory tract 
has proven very efficient for transmission 
for a number of paramyxoviruses, includ- 
ing measles and respiratory syncytial virus. 

Sequence studies of Nipah virus clearly 

lung tissue, canine brain tissue, or feline brain of ~ i p a h  virus-infect- 
tissue. RT-PCR was performed with primers de- ed Vero E6 cells. (C) Extracellular Nipah virus particle showing a curvilinear tangle of nucleocapsids 
signed to amplify a region of the N gene of Nipah enclosed within the viral envelope. Scale bars, 100 nm. 
virus (12). In some cases, the nucleotide sequence 
(Seq) of-the PCR products was determined, and 
the percent identity with the sequence obtained 
from two cell culture isolates of Nipah virus from 
M4 and S1 is indicated. Human brain or porcine 
lung tissue samples were examined by immuno- 
histochemistry (IHC) with the mouse hyperim- 
mune ascitic fluid to Hendra virus; nd, not done. 

- - - 

Source PCR Seq lsol Ab IHC Fatal 

M 1 + l o o - + +  Y 
M2 + 100 - + nd Y 
M3 + n d + + +  Y 
M4 + 100 + nd + Y 
M5, M6 nd nd + nd nd N 
M7-14 nd nd nd + nd N 
S1 + 100 + + nd N 
52 + l o o + +  + Y 
53-6,8,9,13,15 - nd - + nd N 
PI, P5 + 100 + nd + E 
P55-56 + nd + n d  - E 
P2 - nd - nd + E 
P4, P58 + nd - nd nd E 
Dog + 100 + nd nd E 
Cat + 100 + nd nd E 

Fig. 2. Detection of 
Nipah virus antigens 
in human and porcine 
tissue samples. (A) 
lmmunolocalization of 
Nipah virus antigens 
to  neurons and neuro- 
nal processes of a pa- 
tient who died with 
Nipah virus encepha- 
litis. (Imrnunolocaliza- 
tion was done with an 
immunoalkaline phos- 
phatase'technique us- 
ing a rabbit antise- 
rum against Hendra 
virus; tissues were 
stained with Naphthol/ 
fast red with light 
hematoxylin counter- 
stain. Original magni- 
fication. X 158.) (8) 
Viral antigens as seen in bronchial epithelium of a pig with Nipah virus infection. Note immuno- 
staining in association with necrotic epithelial and inflammatory cells in the bronchial lumen. 
[Immunolocalization and staining were done as in (A). Original magnification, X 100.1 
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placed it in the family Paramyxoviridae. The 
RNA was initially amplified by reverse tran- 
scription polymerase chain reaction (RT- 
PCR) assay (10) with primers designed to 
hybridize against regions near the RNA edit- 
ing site in the phosphoprotein (P) gene (11); 
this region has conserved sequences across 
many members of the family Paramyxovin- 
due (Fig. 3). The nucleotide sequence ob- 
tained from this 141-base pair (bp) PCR 
product and sequence data from Hendra virus 
were then used, in a stepwise fashion, to 
sequence the nucleoprotein (N), P, and matrix 
(M) genes of Nipah virus. These three genes 
from Nipah virus share 70 to 78% nucleotide 
homology with Hendra virus, and this simi- 
larity confirms the initial observation that 
Hendra and Nipah are closely related but 
distinct viruses (GenBank accession number 
AF212302). 

The N gene region of Nipah virus was 
identical among several independent cell cul- 
ture isolates; therefore, a set of unique prim- 
ers for use in RT-PCR assays was designed 
from this region. Results of detection assays 
with this primer set (12) in conjunction with 
nucleotide sequence analysis provided a ge- 
netic link between the virus isolates and tis- 
sue specimens from infected humans and pigs 
from the two outbreaks, as well as specimens 
from cats and dogs from Malaysia  a able 1). 
All RT-PCR products that were sequenced 
possessed identical N gene fragment iucleo- 
tide sequence, thus linking the genetic make- 
up of Nipah virus isolates with RT-PCR- 
amplified DNA frominfected tissues. 

Within the subfamily Paramyxovirnae, 
the extent of nucleotide homology for N be- 
tween different viruses in the same genus 
ranges from 56 to 78%, whereas the extent of 
nucleotide similarity between viruses from 
different genera is 39 to 49%. The N genes of 
Hendra and Nipah viruses have 78% nucleo- 
tide homology, but these two viruses have no 
more than 49% similarity with any other 
members of the Paramyxovirinae (Table 2). 
Phylogenetic analysis of N gene sequences 
shows that Hendra and Nipah viruses form a 
distinct cluster within the subfamily Para- 
myxovirinae and probably represent a new 
genus in this subfamily (Fig. 4) (13). Al- 
though the recently described Tupaia para- 
myxovirus (14) was slightly more closely 
related to Hendra and Nipah viruses than to 
viruses in the other three genera in Para- 
myxovirnae, phylogenetic analysis suggests 
that it is distinct from the Hendra virus and 
Nipah virus cluster. Nipah and Hendra virus- 
es do not fit into existing genera but are most 
similar to the Morbillivim and Respirovirus 
genera. Both Nipah and Hendra viruses ex- 
hibit the ability to infect a broad range of 
species, a trait that is unusual among the 
members of the Paramyxovirinae. 

Sequence analyses of the P and M genes 

R E P O R T S  

RNA editing site 
I 

N gene P gene 1 M gene 
(GommlcRNA) /I- - - - -1 

2279' /\ 4982' 

Edited mRNA, +1 G ", 
C-ORF C-ORF 1 

Editing site 1325 

Fig. 3. The organization of the P gene of Nipah virus is similar to those of Hendra virus, the 
morbilliviruses, and the respiroviruses. The figure is a schematic representation of the coding 
strategy found in the P gene of Nipah virus. The predicted P mRNA is 2704 nucleotides in length 
(nucleotides with asterisks indicate the location of the P gene sequence within CenBank accession 
number AF212302). The P protein is encoded by a faithful transcript of the viral genomic RNA from 
an ORF beginning at nucleotide 106 of the mRNA. The mRNA coding for the V protein is generated 
by a process known as pseudotemplated addition of C nucleotides or RNA editing. The RNA editing 
sites (vertical arrows) in the P genes of the paramyxoviruses, including Hendra and Nipah viruses, 
are highly conserved. In Nipah virus, the addition of a C nucleotide at the RNA editing site 
(nucleotide 1325) allows access to a different reading frame (-1 relative to P). Therefore, the V 
protein contains the amino-terminal domain of the P protein joined to the cysteine-rich domain 
that is unique to the V protein (black box). The C protein (gray box) is expressed from an ORF that 
begins at nucleotide 128 (or 131) and overlaps P in the +I frame. Hatched boxes indicate 
nontranslated regions of the mRNA. 

Fig. 4. Phylogenetic anal- - 100 nt sub~tituti~ns 
ysis of the N ORF from 
members of the subfam- , <-";zai Genus Respirovirus 
ily Paramyxovirinae. A L H P I V - 3  
scale representing the 
number of nucleotide 
changes is shown at top 
left. Accession numbers Genus Morbillivirus 
used are as follows: ca- 
nine distem~er virus 

are consistent with that of the N gene in 
suggesting that Nipah and Hendra viruses are 
closely related members of a new genus in 
the Paramyxovirinae. The sequence of the P 
gene of Nipah virus shares 70% nucleotide 
homology with the P gene of Hendra virus 
(15). The arrangement of coding regions 
within the P gene of Nipah virus is similar to 
that of Hendra virus, as well as to those of the 
morbilliviruses and the respiroviruses (11). 

(CDV), ~~014953; doC - 

The P gene of Nipah virus is predicted to 
encode a C protein from an overlapping read- 
ing frame and a V protein from an edited 
mRNA (Fig. 3). In addition, the sequence of 
the RNA editing site of Nipah virus is iden- 
tical to that of the morbilliviruses and Hendra 
virus. However, an open reading frame (ORF) 
predicted to encode a short basic protein in 
the P gene of Hendra virus (15) is not present 
in Nipah virus. Studies of the M gene provide 

phin morbillivirus (DMV), 
X75961; Hendra virus, 
AF017149; human para- 
influenza virus 1 (HPIV- 
I), D01070; human para- 
influenza virus 2 (HPIV- 
2), M55320; human para- 
influenza virus 3 (HPIV- 
3), D10025; human para- 
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- 
Genus Rubulavirus - 

influenza virus 4a (HPIV- 
4a), M32982; human NDV 
parainfluenza virus 4b 
(HPIV-4b), M32983; Mapuera virus, X85128; mumps virus, D86172; measles virus, K01711; 
Newcastle disease virus, AF064091; peste-des-petits-ruminants virus, (PPRV), X74443; phocid 
distemper virus, (PDV), X75717; rinderpest virus (RPV), X68311; Sendai virus, X00087; simian virus 
5 (SV5), M81442; and Tupaia virus, AF079780. 
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Table 2. Relatedness of Nipah and Hendra viruses to other members of the family Paramyxoviridae, 
subfamily Paramyxovirinae. Table lists percentage of nucleotide homology within the N genes. Bold 
numbers represent the extent of homology between viruses within a genus: respiroviruses (HPIV1, human 
parainfluenza virus 1; HPIV3, human parainfluenza virus 3; Sendai virus), rubulaviruses (mumps virus; SV5, 
simian virus 5; Mapuera virus), morbi Hi viruses (CDV, canine distemper virus; PDV, phocine distemper 
virus; MV, measles virus), and Tupaia paramyxovirus. 

HPIV1 
Sendai 
HPIV3 
Mumps 
SV5 
Mapuera 
CDV 
PDV 
MV 
Nipah 
Hendra 
Tupaia 

HPIV1 

100 
72 
63 
40 
40 
40 
42 
43 
42 
40 
43 
41 

Sendai 

100 
61 
40 
40 
39 
42 
40 
44 
40 
40 
40 

HPIV3 

100 
42 
39 
40 
40 
43 
42 
43 
43 
42 

Mumps 

100 
59 
58 
40 
40 
42 
42 
41 
41 

SV5 

100 
56 
40 
40 
41 
42 
42 
43 

Mapuera 

100 
42 
41 
40 
43 
43 
42 

CDV 

100 
77 
64 
46 
46 
47 

PDV 

100 
62 
44 
46 
47 

MV 

100 
44 
45 
47 

Nipah 

100 
78 
48 

Hendra 

100 
49 

Tupaia 

100 

some data on variation in Hendra virus se­
quences over time, which highlights the dif­
ferences between Nipah virus and Hendra 
virus sequences. The nucleotide sequence of 
the original Hendra virus isolate (1994) and 
Hendra virus from an infected horse in 
Cairns, Australia (1999), differ by only 
0.38% (5 out of 1301 bp). In contrast, the 
Hendra and Nipah virus sequences differed 
by 31% (408 out of 1301 bp) over the same 
region of the M gene (16). 

In addition, the genes coding for fusion 
(F) and attachment (G) envelope glycopro­
teins of Nipah virus share 74 and 70% nucle­
otide homology, respectively, with the F and 
G genes of Hendra virus. Phylogenetic anal­
yses of these F and G sequences confirm the 
observations made for the N, P, and M genes 
and show that Nipah and Hendra viruses 
represent a unique group within the Para­
myxovirinae (17). 

The emergence of Hendra virus in two 
outbreaks of severe respiratory disease in 
thoroughbred horses in Brisbane and MacKay, 
Queensland, Australia, in 1994 provided the 
first glimpse of a zoonotic paramyxovirus 
with an expanded host range that includes 
humans. Three human cases (two were fatal) 
resulted from exposure to infected horses. 
Under experimental conditions, Hendra virus 
was shown to infect cats, guinea pigs, horses, 
and fruit bats. In fact, Hendra virus has been 
isolated from uterine fluids of a female grey­
headed fruit bat, suggesting a reservoir for the 
virus in Pteropus sp. (18). Like Hendra virus, 
Nipah virus exhibited an extended host range, 
with natural infections in Malaysia that in­
cluded swine, humans, cats, and dogs, as well 
as serological studies that imply that infec­
tion also occurred in horses and bats. The 
finding of neutralizing antibodies to Nipah 
virus in two species of fruit bats (Pteropus 
vampyrus and P. hypomelanus) and the data 
implicating fruit bats as a reservoir for 
Hendra virus led us to suspect a similar 

reservoir for Nipah virus. To date, howev­
er, neither virus isolation nor RT-PCR anal­
ysis of over 300 bats representative of 
many Malaysian bat species has proven 
successful; thus, the reservoir of Nipah vi­
rus and the source of the virus that initiated 
this outbreak remain open questions. 
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