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Background. Nipah virus (NiV) is a paramyxovirus (genus Henipavirus) that can cause severe respiratory illness and encepha-
litis in humans. Transmission occurs through consumption of NiV-contaminated foods, and contact with NiV-infected animals or 
human body fluids. However, it is unclear whether aerosols derived from aforesaid sources or others also contribute to transmission, 
and current knowledge on NiV-induced pathogenicity after small-particle aerosol exposure is still limited.

Methods. Infectivity, pathogenicity, and real-time dissemination of aerosolized NiV in Syrian hamsters was evaluated using 
NiV-Malaysia (NiV-M) and/or its recombinant expressing firefly luciferase (rNiV-FlucNP).

Results. Both viruses had an equivalent pathogenicity in hamsters, which developed respiratory and neurological symptoms of 
disease, similar to using intranasal route, with no direct correlations to the dose. We showed that virus replication was predominantly 
initiated in the lower respiratory tract and, although delayed, also intensely in the oronasal cavity and possibly the brain, with gradual 
increase of signal in these regions until at least day 5–6 postinfection.

Conclusion. Hamsters infected with small-particle aerosolized NiV undergo similar clinical manifestations of the disease as 
previously described using liquid inoculum, and exhibit histopathological lesions consistent with NiV patient reports. NiV droplets 
could therefore play a role in transmission by close contact.
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Nipah virus (NiV) is a fruit bat-borne, emerging paramyxovi-
rus that can cause severe respiratory illness and encephalitis in 
humans and livestock (cattle, pigs, and goats) [1–3]. The case 
fatality rate is estimated at 40% to 75%; however, this rate can 
vary depending on the size of the outbreak. Currently, there 
are no approved vaccines or therapeutics available for human 
use. The first NiV-infected patients were reported during a 
large outbreak among swine abattoir workers and pork mer-
chants in Malaysia and Singapore in 1998–1999 [2, 4–6]. 
Sporadic outbreaks have been identified yearly in Bangladesh 
and India since 2001, and stem from residents consuming NiV-
contaminated food, with subsequent human-to-human spread 
among hospital personnel and family members of the patient 
[7–12]. Histopathological analyses on fatal cases of patients 
from the Malaysia outbreak are the only available and describe 
a viral tropism for multiple organs during the terminal stage of 
the disease [3]. However, the lack of data from patients exhib-
iting early clinical symptoms of infection hampers a complete 

understanding of a natural human NiV infection, as well as 
how NiV disseminates in patients. Several NiV infection animal 
models, including Syrian hamsters, have shown that an intra-
nasal route—a presumed route for a natural human infection—
leads to the development of a neurological and respiratory 
disease [13–19], as seen with NiV-infected patients [1, 4, 5, 9, 
11, 20–24]. Additionally, the upper and lower respiratory tract 
epithelium was recently reported as an early target of infection 
in the hamster model [25] as well as permissive to replication in 
human in vitro model systems [26, 27].

Close respiratory contact with NiV-infected animals, NiV-
contaminated human respiratory secretions, or body fluids was 
suspected to be the mode of transmission [4–7, 12, 24], in addi-
tion to NiV-contaminated food [23, 28], suggesting that NiV 
can also spread by aerosol in the form of droplets that travel 
short distances. This corroborates the data from a recent study 
describing the first small-particle NiV-Malaysia (NiV-M) aero-
sol infection in the African green monkey (AGM) model, where 
animals developed a severe respiratory disease [29]. Here, the 
objective was to characterize the pathogenicity of aerosolized 
NiV in the Syrian hamster model. This model is one of the 
most relevant and well-characterized rodent models to study 
NiV pathogenesis, as well as to evaluate vaccines and antivirals, 
because it encompasses the major aspects of clinical disease seen 
in patients [15, 16, 18, 19, 25, 30]. We showed that small-particle 
aerosolized NiV-M and recombinant NiV-M encoding firefly 
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luciferase (rNiV-FlucNP) [31] had a comparable median lethal 
dose, and induced clinical signs of respiratory and neurological 
disease irrespective of the dose. A trend of increasing incidence 
in respiratory signs with increasing dose of the recombinant 
virus was, however, noted. Tropism of both small-particle aero-
solized viruses was also similar, although rNiV-FlucNP-induced 
lesions in the lungs were less frequent. Using an in vivo imaging 
system (IVIS), we finally showed that replication of aerosolized 
rNiV-FlucNP was initially primarily confined to the lungs, and 
then also intensely found in the oronasal cavity and possibly 
brain area, starting day 2–3 postinfection.

MATERIAL AND METHODS

Ethics Statement

Animal experiments were approved by the Institutional Animal 
Care and Use Committee of the University of Texas Medical 
Branch (UTMB) and performed following the guidelines of the 
Association for Assessment and Accreditation of Laboratory 
Animal Care International (AAALAC) by certified staff in an 
AAALAC-approved facility.

Viruses

Nipah virus (199901924 Malaysia prototype strain; NiV-M) 
used in this study had been passaged a total of 6 times in VeroE6 
(ATCC, CRL1586) cells. Recombinant Nipah virus expressing 
firefly luciferase (rNiV-FlucNP) was constructed as previously 
described [31]. Virus titers were determined by plaque assay 
on Vero cells (ATCC, CCL-81) as previously described [31]. 
All work with infectious virus was performed under Biosafety 
Level 4 (BSL-4) conditions in the Robert E. Shope, MD, and the 
Galveston National Laboratory at UTMB.

Aerosol Exposure and Monitoring of Animals

Four- to 5-week-old female Syrian hamsters were obtained 
from Harlan Laboratories. Animals were housed in microisola-
tor cages (n = 5 hamsters per cage). Groups of 5 unanesthetized 
hamsters were exposed to aerosol target doses ranging from 101 
to 105 per hamster of Nipah virus (NiV-M and rNiV-FlucNP, 
respectively) for 15 minutes in the BSL-4 aerobiology suite using 
an automated Biaera aerosol system with whole-body aerosol 
chamber. During challenge, the animals were placed in stainless 
steel perforated boxes, which were then placed inside the aerosol 
chamber. A 3-jet Collison nebulizer (Mesa labs) was utilized to 
generate the aerosol in the chamber. Integrated air samples were 
obtained during exposures using a BioSampler (SKC Inc.). Cell 
culture medium (Dulbecco’s Modified Eagle’s Medium plus 2% 
fetal bovine serum plus 20 µL of antifoam) was used as a collec-
tion medium in the BioSampler. The presented dose (DP), which 
denoted the number of plaque forming units (PFU) inhaled into 
the lungs of the animals, was determined as described by Roy 
and Pitt [32]. Briefly, Dp = CAERO × MV × TEXP, where CAERO is 
the aerosol concentration in the exposure chamber, MV is the 

respiratory minute volume, and TEXP is the total exposure time. 
The MV for hamsters were determined using Guyton’s formula 
[33], which is based on the animals’ weight. The estimated MV 
ranged between 54.81 and 58.30 mL/min. Plaque assays were 
done using mycoplasma-negative Vero-E6 cells for enumerat-
ing virus in the air samples collected during the exposure.

Animals were monitored daily for the development of clinical 
signs of disease and changes in body weight. Animals demon-
strating a >20% body weight loss, paralysis, and/or gasping for 
air were humanely euthanized. The criteria of respiratory dis-
ease involvement were any change in breathing (labored, irreg-
ular) and a bloody nose. Criteria of a neurological involvement 
included aggressive behavior, any form of paralysis (rear, front), 
ataxia, head tilt, and seizure. Each of these criteria were counted 
as 1 score unit and tabulated per group so as to investigate any 
correlation with dose and respiratory or neurological disease. The 
maximum score for respiratory and neurological clinical signs 
was 2 or 5 per animal, respectively, with 5 animals per group.

In Vivo Imaging

For in vivo bioluminescence imaging (IVIS) at BSL-4 containment, 
hamsters were shaved to maximize detection of bioluminescent 
signals resulting from infection with rNiV-FlucNP. Prior to imag-
ing, hamsters were anesthetized with 2% isoflurane and inoculated 
with d-luciferin (Caliper) via the intraperitoneal route (150 mg/
kg). Bioluminescence was measured using an IVIS Spectrum 
platform (Perkin Elmer), which was equipped with a charge-cou-
pled device camera system. Images were analyzed with the Living 
Image 4.3.1 software package. Acquisition time was set to auto for 
each image, with fixed f/stop at F1, and medium binning.

Tissue Histology

Necropsies were performed on euthanized animals, and lungs, 
spleens, and brains were collected for histopathology and immu-
nohistochemistry. Tissues were immersion-fixed in 10% neutral 
buffered formalin for at least 4 days under BSL-4 conditions with 
regular formalin changes. Specimens were then processed under 
BSL-2 conditions. Briefly, tissues were dehydrated through a 
series of graded ethanol baths, infiltrated by and embedded with 
paraffin wax, sectioned at 5 µm thickness, and stained with hema-
toxylin and eosin. Immunohistochemistry for NiV nucleoprotein 
detection was performed using a rabbit anti-NiV-nucleoprotein 
antibody incubated overnight (kindly provided by Dr C. Broder, 
Uniformed Services University, Bethesda, Maryland) and a sec-
ondary horseradish peroxidase (HRP)-conjugated goat antirabbit 
antibody (Abcam) incubated for 2 hours (both 1:1000). DAB sub-
strate (ThermoScientific) was then added for 2 minutes to enable 
chromogenic detection (brown precipitate) of HRP activity.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 
(GraphPad Software). The t test and Pearson R correlation test 
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were used to compare the mean time to death data (*P <  .05, 
**P  <  .01) or to assess correlation between dose and clinical 
symptoms, respectively.

RESULTS

Survival and Clinical Observations in Hamsters After Aerosol 

Exposure to NiV-M and rNiV-FlucNP

The goal of this study was to characterize the pathogenicity of 
aerosolized Nipah virus in the Syrian hamster model, and to 
monitor virus spread by applying in vivo imaging. Initially, we 
attempted to determine the mean lethal dose (LD50) for wild-
type NiV-M and rNiV-FlucNP [31]. In an initial experiment, 
groups of 5 hamsters were exposed via whole-body aerosol to 
4 different NiV-M doses ranging from 102 to 105 PFU/animal. 
Based on the calculated presented doses (Dp) (Figure 1A), the 
LD50 value was estimated to be lower than 102 PFU in hamsters 
(Figure 1A). From this result, we then performed a second sim-
ilar aerosol exposure study using 5 different rNiV-FlucNP doses 
ranging from 101 to 105 PFU/animal (Figure  1B). The LD50 
value was estimated to be lower than 101 PFU in hamsters.

Hamsters exposed to wild-type NiV-M began to lose body 
weight by day 5 postinfection (Figure  1C) and succumbed to 
disease or were euthanized between days 6 and 14 postinfec-
tion. The back titration of the inocula matched the targeted doses 
(Figure 1A), based on the acceptable variability range for the assay. 
Interestingly, 2/5 hamsters (40%) in each group exhibited both 

respiratory and neurological symptoms, and the remaining 3/5 
(60%) animals from the 102, 103, and 104 PFU dose groups exhib-
ited only neurological symptoms. The 3/5 (60%) remaining sub-
jects from the 105 PFU dose group quickly succumbed to infection 
without developing symptoms other than weight loss and scruffy 
coat. Overall, no correlation was established between dose and 
respiratory or neurological clinical signs of disease, because both 
appeared first in some animals at the highest dose group as early 
as day 6. The mean time to death (MTD) in the 105 PFU dose 
group of animals was 7.2 days, and was shorter than in those ani-
mal groups challenged with 104 PFU (10.6 days; P < .05), 103 PFU 
(11.8 days; P < .05), and 102 PFU (13.5 days; P < .01) PFU.

Disease progression in hamsters infected with rNiV-FlucNP 
appeared similar to that in animals challenged with wild-type 
NiV-M. Hamsters succumbed to disease or were euthanized 
between day 6 and 15 postinfection (Figure  1D), although 2 
hamsters (40%) in each 101 and 102 PFU dose group only tran-
siently displayed a scruffy coat or weight loss. The back titration 
of the inocula matched the Dp (Figure 1B), based on the accept-
able variability range for the assay, except in the 103 and 104 PFU 
dose groups, which were delivered at higher doses of 9.5 × 103 
and 8.5 × 104 PFU, respectively. As the highest delivered dose was 
still higher than the latter, the groups of 5 animals per dose were 
maintained in order to compare with the data from the NiV-M 
groups. Similar to infections with wild-type NiV-M, 2 to 4 out of 
5 hamsters (40% to 80%) in the 101, 102, 103, and 104 PFU dose 
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Figure 1. Susceptibility of Syrian hamsters to aerosol exposure with Nipah virus Malaysia strain (NiV-M) and recombinant Nipah virus (rNiV-FlucNP). Survival analysis of 
hamsters (n = 5 per group) exposed to (A) 102–105 PFU of NiV-M or (B) 101–105 PFU of rNiV-FlucNP. Body weight changes of (C) NiV-M–infected and (D) rNiV-FlucNP–infected 
hamsters in different groups monitored for 43 and 55 days postinfection, respectively. Abbreviation: PFU, plaque forming unit.
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groups exhibited both respiratory and neurological symptoms, 
without any correlation to viral dose. All other subjects with 
symptoms beyond weight loss, except one from the 103 PFU 
dose group, presented with respiratory symptoms only. From 
the 105 PFU dose group, 4 hamsters (80%) rapidly succumbed 
to infection after only exhibiting weight loss, scruffy coat, and 
labored breathing, while the last animal (20%) displayed both 
neurological and respiratory symptoms, and succumbed later to 
infection. Altogether, no correlation between dose and respira-
tory or neurological symptoms of disease could be established, 
although a trend in increase of the respiratory symptoms inci-
dence with the dose was noticed, and also both respiratory and 
neurological symptoms appeared first in some animals from 
the 2 highest dose groups at day 6 or 8 postinfection, respec-
tively. Similar to infections with wild-type NiV-M, the MTD in 
the 105 PFU dose group was 8 days, and was shorter than in 104 
(10 days; P < .05), 103 (12 days; P < .05), 102 (13.3 days; P < .05), 
and 101 (12.7  days; P  <  .05) PFU dose groups. Therefore, our 
data indicated that rNiV-FlucNP was not attenuated in hamsters 
in comparison to NiV-M after small-particle aerosol exposure.

Pathological Features in Hamsters After Aerosol Exposure to 

NiV-M and rNiV-FlucNP

Macroscopic observations of the lungs showed multifocal areas 
of hemorrhage, as well as nodules resembling abscesses or tissue 
necrosis, and whose presence across the lobes increased with 
the infective dose (data not shown).

Histopathological lesions and virus spread analysis was per-
formed on tissues from 5 hamsters, pooled from animals in the 

104 and 105 PFU dose groups, with respiratory and neurologi-
cal clinical signs (Table 1), and that were euthanized within the 
same time frame as animals from lower-dose groups. NiV-M–
induced lesions in the lung covered large areas of the bronchio-
lar interstitium and were characterized by frequent hyperplasia 
of type II pneumocytes (Figure 2A) and multinucleated giant 
cells appearing in the alveoli (Table 1) coinciding with the pres-
ence of viral antigen (data not shown). Any of the following 
lesions were also reported in at least 60% (3/5) of hamsters: vas-
culitis of medium to large blood vessels where NiV antigen was 
found (Figure 2B), edema, and presence of immune cells in alve-
oli (Table 1). Lungs from the two 105 PFU dose group animals 
featured additional lesions, such as frequent hemorrhages in 
alveoli, as well as rare to frequent thrombi formation. The rNiV-
FlucNP–induced lesions were found in the bronchiolar intersti-
tium but were rare, and also included multinucleated giant cells, 
edema, hemorrhage in alveoli, and thrombosis. Interestingly, 
the lung tissues from hamsters of the 105 PFU dose group only 
showed lesions of the respiratory epithelium (Table 1). Overall, 
80% (4/5) of NiV-M or rNiV-FlucNP-infected hamsters exhib-
ited a mild meningitis but with variable frequency of perivas-
cular cuffing of mononuclear cells (Figure 2C) and glial nodules 
in the vicinity of the infected area (Table 1). Infected neurons 
were observed in multiple focal areas (Figure 2D), and some-
times showed intense signals of viral antigen in the cytoplasm, 
in weak acidophilic inclusion body-like structures, and in neu-
ronal processes.

While milder lung lesions were observed in hamsters 
infected with rNiV-FlucNP compared to NiV-M, considering 

Table  1. Grading of Histopathological Lesions in Lung and Brain of Syrian Hamster After Exposure to Nipah Virus-Malaysia (NiV-M) Strain and 
Recombinant Expressing Firefly Luciferase (rNiV-FlucNP)

Lesion

Grade

NiV-M rNiV-FLUC

2.0 × 104 PFU
(3 hamsters)

1.0 × 105 PFU
(2 hamsters)

8.5 × 104 PFU
(4 hamsters)

2.0 × 105 PFU
(1 hamster)

Lung

 Hyperplasia of type II pneumocytes 3,3,3 3,3 1,3,3,3 3

 Multinucleated giant cells 1,3,3 3,3 0,1,1,1 1

 Inflammatory cells in alveoli 0,1,2 2,3 0,1,2,3 0

 Vasculitis 0,3,3 2,3 0,1,2,3 0

 Fibrinous fluid with blood in alveolar space 0,0,0 3,3 0,0,0,0 0

 Thrombi formation 0,0,0 1,3 0,0,0,0 0

 Edema 0,0,3 1,3 0,0,0,2 0

Brain

 Meningitis 1,2,3 0, 3 0,1,1,1 1

 Perivascular cuffing 0,3,3 0,0 0,2,3,3 3

 Glial nodules 0,0,0 0,0 0,1,1,1 0

 Infected neurons with inclusions bodies 3,3,3 3,3 3,3,3,3 3

Animals chosen for analyses exhibited both respiratory and neurological signs of NiV infection and succumbed to infection between day 6 and 14 postinfection. The severity of the lesions 
was ranked as: 0, no detectable lesions; 1, rare (1–2 lesions/section); 2, occasional (3–5 lesions/section); 3, frequent (5 or more lesions/section).

Abbreviation: PFU, plaque forming unit.
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the differences in time to death between the animals used for 
the analysis, it is predicted that lung lesions caused by both 
viruses are similar. Likewise, our data suggest comparable 
brains lesions.

In Vivo Imaging of Hamsters After Aerosol Exposure to 

rNiV-FlucNP

In order to visualize NiV infection and spread in living animals, 
a group of 3 hamsters was exposed to aerosolized rNiV-FlucNP 
(105 PFU) and the virus replication-related bioluminescence 
was monitored daily, starting day 1 postinfection, using an IVIS 
Spectrum imager. Aerosol exposure resulted in infection pri-
marily confined to the lungs at day 1 postinfection. The signal 
was also intensely detected, although delayed, in the oropha-
ryngeal/oronasal area and possibly the brain by day 2 postin-
fection, with bioluminescence levels in these regions gradually 
increasing until at least day 5–6 postinfection (Figure 3A, 3B, 
and Figure 4A, 4B). Regions anatomically consistent with the 
location of the major salivary glands were also bioluminescent 
at day 1 postinfection, consistent with previous observations in 
rNiV-FlucNP–infected mice by intranasal route [31]. Animals 
then started losing weight on day 4–5 postinfection, and showed 
signs of respiratory disease such as labored breathing by day 5 
postinfection. The disease uniformly progressed to irregular 

breathing, lethargy, and in 1 animal nosebleed at day 6 post-
infection, the day all 3 animals were euthanized. Interestingly, 
virus replication stayed productive once the infection was 
established in the aforementioned organs or anatomical areas, 
and was never detected in peripheral organs (Figure 3A). This 
is consistent with infectious virus being isolated from the lungs 
(about 104 PFU/g) but surprisingly, not from the brains (data 
not shown), although viral antigen was detected in the cortex 
of at least 1 subject (data not shown). Note that no virus was 
isolated from sera (possibly because this was below the limit 
of detection of the assay), which is consistent with the fact 
that NiV-M spreads rather by peripheral blood mononuclear 
cell-associated viremia [34]. Only animals exposed to 105 PFU 
of rNiV-FlucNP from the serial dosing study (Figure  1B), and 
whose disease evolved until day 10 to 13 postinfection, primar-
ily displayed intense bioluminescence in the brain (Figure 3B) 
where low levels of infectious virus were isolated (data not 
shown). This suggests that lower levels of replication in the lung, 
as seen few days postexposure, and possibly clearance-related, 
favor a lengthy progression of the disease.

DISCUSSION

The objective of this study was to characterize the pathogenicity 
of small-droplet aerosols of NiV-M strain in Syrian hamsters, 
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Figure 2. Pathological lesions and viral antigen distribution in the lung and brain of Syrian hamsters following aerosol exposure to Nipah virus Malaysia strain (NiV-M) 
strain. Hematoxylin and eosin staining (A, C) and NiV nucleoprotein staining (brown staining) (B, D) of both lung and sagittal brain sections from NiV-M–infected hamsters. 
Hyperplasia type II pneumocytes with inflammatory cells in alveoli (A), NiV-M–infected endothelial cells from large and medium size pulmonary vessels (B), severe perivas-
cular cuffing by mononuclear cells in meninges (C), and NiV-M–infected neurons (D) (arrows). Initial magnification 20 × (A, C), 40 × (B, D).
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and to follow its spatial and temporal spread in live animals. 
Although NiV-M is not the most recent circulating strain, NiV-M 
patients exhibited clinical signs of a respiratory involvement and 
displayed lung lesions [3] similar to those found in both NiV-
Bangladesh (NiV-B)- [35] and NiV-M- [36] infected human 
lung grafts, and hamsters [15, 25, 37] or other animal models 
[13, 38]. Therefore NiV-M is as suitable as NiV-B to study NiV 
respiratory disease even though the latter virus strain is a greater 
threat due to a well-documented human-to-human dissemina-
tion [7–10, 12]. The Syrian hamster was chosen because it is the 
most characterized rodent models to study NiV pathogenesis 
[11, 15, 16, 18, 19, 25, 30, 37, 39, 40] and recapitulates the major 
aspects of clinical disease seen in patients [3, 4, 21, 22].

The main suspected route of NiV-B infection in humans is 
by consuming NiV-contaminated food and close contact with 

human body fluids [7, 12, 23, 28], while NiV-M transmission 
rather occurred following close contact with infected animals 
[4–6, 24]. Therefore, aerosolized NiV from NiV-contaminated 
biologics could potentially constitute another relevant mode of 
transmission. Successful NiV-M infection of nonhuman pri-
mates by aerosolized exposure was recently reported [29], even 
though unassisted aerosol transmission from NiV-infected 
hamsters and ferrets to naive animals could not be established, 
regardless of the virus strain [13, 15]. To date, data on NiV 
aerosol transmission are sparse. Yet, it is critical to determine 
whether this transmission mode is relevant in order to take 
appropriate measures to prevent further natural infections. 
Study of the infectivity of aerosolized henipaviruses is also 
instrumental in risk assessment of their potential use in agro-
biowarfare attack.
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Figure 3. Imaging of recombinant Nipah virus (rNiV-FlucNP) replication and spread in real time in Syrian hamsters. (A) In vivo imaging system (IVIS) of hamsters (n = 3) 
exposed to aerosolized 105 plaque forming units (PFU) of rNiV-FlucNP. All animals were imaged daily for 6 days and data for 1 representative animal are shown. Top row: dorsal 
side; bottom row: ventral side. Viral replication can be observed as early as day 1 postinfection (PI) in the lungs and anatomical areas of the lymph nodes, and as early as 
day 2 postinfection in the region of the olfactory bulb. (B) Animals exposed to aerosolized 105 PFU of rNiV-FlucNP from the initial serial dosing study (Figure 1B) that survived 
beyond day 6 postinfection were imaged at days 10, 12, and 13 postinfection. Brains from animals euthanized at days 12 and 13 postinfection, respectively, were imaged by 
IVIS immediately after necropsy. Luciferase signals were detected in the brain.
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Here, the average time to death in hamsters ranged from 
7.2 to 13.5 days with about half of animals exhibiting signs of 
both respiratory disease and neurological involvement, which 
is in line with similar studies using the AGM model [17, 29, 
38]. Note that even though the survival rate was unexpect-
edly high in our NiV-M 104 dose group, the average time to 
death of the animals (60%) showing clinical manifestations 
of disease was still in line with those of flanking dose groups. 
In addition, the median lethal dose and a high infective dose 
causing uniformly, but not exclusively, respiratory disease 
prior death were also reported in the hamster model using 
other routes of infection [15, 19, 30]. Therefore, inhalation 
of 1 to 2-µm diameter small-particle NiV-M aerosol or of 
NiV-M liquid inoculum produces equivalent clinical mani-
festations of the disease in the hamster model. Interestingly, 
some of the histopathological lesions found in the brain and 
lung, the 2 major sites of replication, were similar to those 
found in NiV patients [1, 3, 4, 21, 22]. However, the presence 
of nodules across the lung was a new pathological feature 
only previously documented in AGM, also after NiV-M aer-
osol exposure [29].

We applied IVIS imaging to monitor the temporal spread 
of the recombinant NiV-M expressing firefly luciferase. Virus 
replication was primarily initiated in the lungs and to a lesser 
extent in anatomical areas consistent with the salivary glands 
starting day 1 postinfection, suggesting that the majority of 
droplets deposited in the lower respiratory tract. This is con-
sistent with the travel capabilities of the monodisperse aerosols 
generated in our study [41]. Starting day 2 postinfection, virus 
was additionally detected in the oral, nasal, or pharyngeal cavity, 
and is in line with detection of NiV in the olfactory epithelium 
reported at the same time in the same animal model using the 
intranasal route [18]. Also, conversely to our previous obser-
vation from intraperitoneal NiV-infected mice whose central 
nervous system (CNS) invasion started at a similar time [31], 
no bioluminescence signal could be detected from the periph-
ery. Therefore, CNS invasion in hamsters could be occurring 
predominantly via the olfactory mucosa and olfactory nerves 
[18, 25, 42] or by other cranial nerves as shown in pigs [42], 
rather than through systemic spread starting as early as day 2 
postinfection after NiV aerosol exposure. It is unclear whether 
human CNS invasion through cranial nerves is relevant due 
to differences in anatomy with our rodent models. Note that 
NiV-M aerosol exposure did not cause a neurological disease in 
the AGM model [29]. However, we agree with the authors that 
it was likely due to the severity of the respiratory infection being 
the major contributory factor to death [29].

In conclusion, our results indicated that aerosolized NiV-M 
and its derivative rNiV-FlucNP caused similar clinical manifes-
tations of disease and lesions in lung and brain, the 2 major sites 
of NiV replication. Our system generated monodisperse aero-
sols containing virus particles and this mode of infection in the 
hamster model did not change the course of disease when com-
pared to intranasal inoculation with similar infective doses [15, 
19, 25, 30, 37]. Finally, we were able to monitor spread of NiV in 
hamsters using IVIS imaging, a technology that could be used 
in future studies evaluating the efficacy of antiviral therapeutics 
and vaccine candidates.
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Figure  4. Quantification of radiance of rNiV-FlucNP spread-related lumines-
cence output in Syrian hamsters. Quantification of average radiance from the (A) 
lung region and (B) anatomical region encompassing the olfactory bulb and brain. 
Measurements from 3 individual animals are indicated by filled and open circles. 
The average is displayed as a horizontal bar. These graphs are intended to present 
a trend in increased luminescence signals over time.
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