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infection
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Nipah virus (NiV) is recognized as one of the key pathogens with pandemic 
potential. We have recently established a NiV hamster model, which reproduces 
a highly similar disease to that observed in human cases, including respiratory 
and neurological signs and lesions. The aims of this study were to describe the 
microscopic lesions observed in the golden Syrian hamster model after intranasal 
(IN) and intraperitoneal (IP) inoculation with different doses of the Malaysian 
strain of NiV; to describe in depth the cell composition of the pulmonary and 
the brain lesions and the expression of proinflammatory cytokines in-situ using 
a combination of histopathological techniques including immunohistochemistry 
(IHC) and in-situ hybridisation (ISH) via RNAscope technique. We also developed 
a multiplex IHC which will allow us to study the interaction of the virus with 
cell populations in the lung and brain in future studies. For this, we selected 28 
lung and brain formalin-fixed paraffin-embedded (FFPE) samples from previous 
experiments performed by our research group. Histopathology revealed severe 
pulmonary broncho-interstitial pneumonia, mainly in animals inoculated via the 
IN route, accompanied by a strong acute inflammatory response (Iba1+ cells) and 
high levels of NiV RNA. Upregulation of proinflammatory cytokines (IL-6 and TNF) 
was also observed by ISH RNAscope technique in these animals. Neurological 
lesions, consisting of perivascular cuffing and meningitis, were observed mainly 
in animals inoculated via IP route. IHC results showed astrocytosis (GFAP+) and 
microgliosis (Iba1+) in the brain of these animals, together with mild levels of IL6 
and TNF mRNA. These results have helped us to characterize the host-pathogen 
interaction in the golden Syrian hamster animal model of NiV infection that is being 
currently used in preclinical testing of antiviral and vaccine strategies. Techniques 
used in this study could be applied to the development and application of golden 
Syrian hamster models of other infections by henipaviruses, including Hendra 
virus (HeV), and other high consequence priority pathogens.
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1 Introduction

Nipah virus (NiV), a single stranded negative sense RNA virus from the genus Henipavirus, 
can cause severe disease in a variety of species including humans (1–4). This pathogen is 
included in the WHO Research and Development Blueprint list of epidemic threats, due to 
the absence of efficient antivirals or vaccines for the use in humans (5).
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Although NiV has only been reported to cause outbreaks in Asia 
during the last few years (6–8), this and other related viruses within 
the Henipavirus genus represent an important public health threat, as 
more than half of the global population are under the geographical 
range of its natural reservoir, the fruit bat (1, 9, 10). Pteropus spp. fruit 
bats are the reservoir for NiV; however, NiV infection has also been 
reported in a variety of animals species, such as pigs, horses, cows, cats 
and dogs, which may be involved in the transmission to humans as a 
zoonotic disease (1, 2, 4, 11). In pigs, the disease was originally called 
“porcine respiratory and encephalitis syndrome (PRES)” or “barking 
pigs syndrome” and observed morbidity can reach up 100% (12). The 
first outbreak of NiV infection in humans affected pig farmers from 
infected farms in Malaysia, with humans and pigs showing similar 
respiratory and neurological signs and lesions (13). Nowadays, the 
most common source of NiV infection in humans is the consumption 
of fresh date palm sap and its derivates contaminated with bat 
excretions (1, 4, 14, 15). A large outbreak occurred in Kerala (Southern 
India) in 2018, resulting in 17 fatalities and subsequent annual 
outbreaks have been taking place in the same region since then (6, 7, 
16). NiV outbreaks also occur frequently in Bangladesh and Malaysia 
(4, 11, 14, 15, 17, 18). Phylogenetic studies have demonstrated the 
presence of two genetically differentiated viral strains, NiV-M 
(Malaysia) and NiV-B (Bangladesh), which vary in the virulence 
observed in the human cases during the recent outbreaks (1, 2).

Multiple NiV vaccine candidates, targeting NiV surface 
glycoprotein (G) and/or fusion (F) protein as immunogens, are 
currently at preclinical or early development stages (19–21). Recently, 
Pastor and collaborators (22) showed the efficacy of a dendritic cell-
targeting NiV vaccine candidate in an African green monkey model 
after challenge with the NiV-B. However, to date there are no 
regulatory-approved treatments or vaccines to prevent devastating 
outbreaks. Moreover, other similarly pathogenic viruses from the 
same genus, such as the Hendra virus (HeV), also lack licensed 
vaccines and antivirals for use in humans; although there is a 
commercially available subunit vaccine for the use in horses approved 
in Australia (Equivac) (23).

NiV infection in fruit bats is asymptomatic (2); however, in 
humans it can cause a severe neurological and respiratory disease with 
a mortality rate of 75% (1–3, 9). Animal models that can mimic 
human NiV disease are critical for a better understanding of virus 
pathogenesis and for developing vaccine candidates. Several animal 
models have been developed, including mice, guinea pigs, ferrets, 
non-human primates and golden Syrian hamsters, among others, each 
with their own strengths and limitations (24, 25). The golden Syrian 
hamster is a well characterized model and has several advantages, such 
as the ease of procurement and handling together with the reduced 
costs associated with housing requirements (19–23, 26–29).

We have recently established the NiV golden Syrian hamster 
infection model at the UK Health Security Agency (UKHSA) which 
induces a highly similar disease to that observed in human cases, 
including respiratory and neurological signs and lesions (20).

Understanding the pathogenesis and disease dynamics in animal 
models is essential for developing therapies and vaccines. Although 
several studies have explored the mechanism of NiV infection, some 
aspects of the pathogenesis are still not well defined, such as how the 
virus enters the central nervous system (CNS). Thus, the aim of this 
study is to characterize the pathology and the host-virus interaction 
in the golden Syrian hamster model of NiV infection, focusing on the 

host inflammatory response which takes place in the main target 
organs (lung and brain) using multiple histopathological techniques: 
immunohistochemistry (IHC), in-situ hybridisation (ISH) and 
multiplex immunohistochemistry (mIHC).

2 Materials and methods

2.1 Animal experimentation and samples

Archived tissue samples from several animal experiments were 
used in this study (20, 30). These animal experiments were carried out 
at the United Kingdom Health Security Agency (UKHSA), Porton 
Down laboratory. All the experiments were carried out in accordance 
with the local legislation and institutional requirements and were 
compliant with the United  Kingdom Scientific Procedures Act 
(Animals) 1986 and the United Kingdom Codes of Practice for the 
Housing and Care of Animal Used in Scientific Procedures, 1989; 
under the authority of a Project License PP3877532 granted by the UK 
Home Office. This project license to perform the animal experiments 
was approved following ethical review by the UKHSA’s Animal 
Welfare and Ethical Review Body (AWERB).

Sixty-three Golden Syrian hamsters of >6 weeks of age were 
purchased from Envigo (Hillcrest, UK). Hamsters were singly housed 
in cages in a half-suited rigid isolator within an ACDP Containment 
Level 4 (Biosafety Level 4) laboratory, with ad libitum access to food 
and water, and were divided into different groups. Animals were 
challenged with NiV (Malaysian strain; GenBank no. AF212302) 
provided by the Special Pathogens Branch of the Centers for Disease 
Control and Prevention, Atlanta, USA. Different routes of infection, 
challenge virus concentration and previous immunization status were 
applied, as shown in Table  1 [see (20, 30)]. In total twenty-eight 
animals were selected, including 4 animals from each group. Animals 
from group 5 were immunized using a prime boost regimen with NiV 
soluble glycoproteins (NiV sG) with 3 weeks between each vaccination 
and subsequent challenge (30). Animals from group 7 were inoculated 
with phosphate buffered saline (PBS), serving as a control group.

After the infection, animals were checked twice a day for clinical 
signs (increased to 4 times a day after manifestation of clinical signs) 
and weighed/temperature checked daily. Animals were humanely 
euthanized under terminal anesthesia via inhaled halothane and with 
an overdose of pentobarbital administered intraperitoneally at the 
scheduled end of the study [2-, 4- and 21-days post-challenge (dpc) 
Table 1] or upon meeting pre-determined humane endpoint consisting 
of 20% weight loss or neurological signs. Samples from lung, liver, 
brain and spleen were collected during the necropsies for 
subsequent analysis.

2.2 Histopathological study

Tissue samples from lung, liver, brain and spleen were fixed by 
immersion in 10% neutral-buffered formalin (NBF) for 3 weeks and 
then routinely processed into paraffin wax. 4 μm sections were cut and 
stained with hematoxylin and eosin (H&E). Stained slides were 
digitalized using a Hamamatsu S360 digital slide scanner (Hamamatsu 
Photonics K.K., Shizuoka, Japan) and examined with the ndp.view2 
software (Hamamatsu Photonics K.K., v2.8.24).
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The severity of the lesions was recorded with a semi-quantitative 
score, previously described by our group (20, 30). Briefly, the severity 
of broncho-interstitial pneumonia in the lung, the presence of 
inflammatory cellular infiltrates in the liver and the presence of 
infiltrates and lymphoid depletion in the spleen and the presence of 
meningitis and perivascular cuffing in the brain was recorded as 
follows, 0 = within normal limits; 1 = minimal; 2 = mild; 3 = moderate 
and 4 = marked/severe. In the brain and spleen, the sum of both 
scored parameters for those organs was considered the cumulative 
score (20, 30).

2.3 NiV RNA and mRNAs cytokines in-situ 
hybridization

Samples were stained using the in-situ hybridization (ISH) 
RNAscope technique to identify NiV RNA. The staining was 
automatically performed in the Leica BOND-RXm (Leica 
Microsystems, Milton Keynes, United Kingdom). Briefly, slides were 
pre-treated with hydrogen peroxide for 10 min (min), target retrieval 
for 15 min (98–101°C), and protease plus for 30 min (40°C) 
(Advanced Cell Diagnostics, CA, USA). A NiV-specific probe (Cat 
No. 439258, Advanced Cell Diagnostics) was applied, and samples 
were incubated for 2 h at 40°C. Amplification of the signal was 
performed using the RNAscope 2.5 HD Detection Kit  – RED 
(Advanced Cell Diagnostics) following the manufacturer instructions.

Additionally, the same ISH-RNAscope technique was applied 
manually to detect IL-6 mRNA (Cat No. 1062321-C1), TNF mRNA 
(Cat No. 1062341-C1) and IFNβ1 mRNA (Cat No. 1163061-C1) 
cytokines in lung and brain samples from selected groups (1, 4, 5, 6 
and 7) considering the severity of the lesions. The technique was 
performed under the same conditions and following the 
manufacturer’s instructions [RNAscope 2.5. HD Detection Reagent – 
RED (Advanced Cell Diagnostics)]. Positive control tissues from 
previous experiments and adequate negative controls were also 
included in each ISH run.

After mounting using EcoMount (Biocare Medical, CA, USA), 
slides were digitally scanned with the Hamamatsu S360 digital slide 
scanner (Hamamatsu Photonics K.K). In order to quantify the 
presence of NiV RNA, slides were evaluated with the Nikon NIS-Ar 
software (Nikon, Instruments Inc., NY, USA) to calculate the 
percentage of positivity (percentage area positively stained). Due to 
the low level of the staining for cytokine mRNA (IL-6, TNF and 
IFNβ1), positive staining quantification was only performed in 
samples from the lung.

2.4 Immunohistochemistry (IHC) and 
multiplex IHC (mIHC)

2.4.1 Immunohistochemistry (IHC)
Immunohistochemistry (IHC) was performed to characterize the 

cell components of lesions and inflammatory infiltrates using primary 
antibodies to mark T cells (CD3+) and pneumocyte type II/
macrophages (Iba1+) within the lung and T cells (CD3+), microglia/
macrophages (Iba1+) and astrocytes (GFAP+) within the brain. A 
summary of the IHC method is shown in Table  2. Briefly, 
immunostaining was performed on the Leica BOND-RXm (Leica 
Microsystems) using BOND Epitope Retrieval Solution 1 (ER1, pH 
6.0) for 20 min at 95°C as antigen retrieval. After primary antibody 
incubation, immunostaining was carried out with the Bond polymer 
refine detection kit (Leica Microsystems). Finally, slides were routinely 
dehydrated and mounted using the Dako mounting medium (Agilent, 
Santa Clara, USA). To compare the results with the NiV 
ISH-RNAscope, IHC against the anti-NiV nucleoprotein antibody 
(Invitrogen, MA, USA) was performed following the same protocol 
and conditions (ER1, pH 6.0 for 20 min at 95°C) (Table 2). Negative 
reagent controls, consisting of replacement of primary antibody by 
normal serum (for polyclonal antibodies) or IgG isotype (for 
monoclonal antibody) at the same concentration that the target 
antibody, were added to each run to demonstrate the absence of false 
positive results (Supplementary Figure  1). Additionally, a 

TABLE 1 Details of animal experiments and sample selection.

Group (n = 4) Route of infection Dose (TCID50) Immunization DPC Source

Group 1 IN 105

– 4 dpc (1/4) and 

humane endpoint 

(4–5 dpc) (3/4)

(20)

Group 2 IN 104
– Humane endpoint 

(4–6 dpc) (4/4)

(20)

Group 3 IP 103

– 2 dpc (2/4) and 

humane endpoint (6 

dpc) (2/4)

(20)

Group 4 IP 102

– 21 dpc (1/4) and 

humane endpoint 

(6–7 dpc) (3/4)

(20)

Group 5 IP 102 NiV sG 14 dpc (4/4) (30)

Group 6 IP 102 PBS
Humane endpoint 

(7–10 dpc) (4/4)

(30)

Group 7 IP PBS – 21 dpc (4/4) (30)

A total of 28 golden Syrian hamsters were selected, including 4 animals in each group. Route of infection, dose, immunization and dpc. IN, Intranasal; IP, Intraperitoneal; dpc, days post 
challenge; PBS, phosphate buffered saline; NiV sG, Nipah virus and Hendra virus soluble glycoproteins.
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supplementary negative control omitting primary antibody (“OMIT”) 
was also added to each run (Supplementary Figure 1). Positive control 
tissues from previous experiments carried out by our group were also 
included in each IHC run.

IHC stained slides were scanned and subjected to digital image 
analysis to calculate the percentage of positively stained area using 
Nikon NIS-Ar software (Nikon). Additionally, in the lung the 
percentage area of CD3+ and Iba1+ within perivascular infiltrates was 
also evaluated by drawing the perivascular areas (as RIOs-regions of 
interests) in the whole lung using Nikon NIS-Ar software.

2.4.2 Multiplex immunohistochemistry (mIHC)
A multiplex immunohistochemistry (mIHC) technique was 

developed to study the host-pathogen interaction of NiV in lung and 
brain. Selected samples from lung (group 6) and brain (group 5) with 
severe histopathological lesions and high viral RNA were sectioned at 
4 μm. The same antibodies employed for IHC were used for mIHC 
(anti-NiV nucleoprotein, CD3, GFAP and Iba1 antibodies). Sections 
were stained using the Opal Polaris 7-Color automatication IHC kit 
(Akoya Biosciences, MA, USA, Cat No. NEL871001KT) for 5-plex 
staining. Staining was performed with the Leica BOND-RXm (Leica 
Microsystems). A summary of the mIHC technique and Opal-
fluorochrome tag applied to each primary antibody are shown in 
Table  3. Slides were scanned using the multispectral camera of a 
PhenoImager® HT (Akoya Biosciences) and images were acquired 
using the PhenochartTM software (Akoya Biosciences).

All histopathology, ISH, IHC and mIHC studies were carried out 
in a ISO9001:2015 and GLP compliant laboratory.

3 Results

3.1 Histopathological lesions

Histopathological changes were only observed in organs from 
infected groups (Figures 1A–D, 2, 3). Histological examination from 
group 7 (negative control) is shown in Supplementary Figure 2.

3.1.1 Histopathology of lung
The severity of the pulmonary lesions was similar in all infected 

groups (Figure 1A). Lesions consisted of moderate to severe multifocal 
to coalescing areas of broncho-interstitial pneumonia characterized 

by thickening of the alveolar walls (Figures  2A,B) and type II 
pneumocyte hyperplasia (Figure 2B, inset). In the most severe cases, 
necrosis of alveolar and bronchiolar epithelium was also observed 
together with heterophils, cell debris, alveolar macrophages, and 
mucus plugs filling the alveolar, bronchiolar, and bronchial luminae 
(Figure  2C, inset). Moreover, perivascular and peribronchial/
bronchiolar infiltration by mononuclear cells and heterophils was also 
observed in the most severe cases (Figure 2D, inset).

3.1.2 Histopathology of liver
No histopathological lesions were observed in most of the liver 

samples (Figure 2E). The main lesion observed was the presence of 
inflammatory cell infiltrates composed mainly by mononuclear and 
fewer polymorphonuclear cells (Figure 2F, arrowhead, Figures 2G,H). 
These cell infiltrates were frequently observed at the portal areas or 
surrounding the central veins of the hepatic lobules (Figures 2G,H).

3.1.3 Histopathology of brain
In the brain samples the most frequently observed lesion was a 

mild meningitis composed mainly by mononuclear cells, observed in 
IP inoculated animals (Figure 1C and Figures 3A–D). The meningeal 
inflammatory cell infiltration was observed in all areas of the 

TABLE 2 Summary of immunohistochemical (IHC) methods: primary antibody details, dilution, blocking solution, antigen retrieval and source.

Primary antibody/
Clone

Type of antibody Dilution Blocking solution HIER Source

CD3 Polyclonal 1:50 Superblock1 ER1 20 min2 Agilent, SA, USA

GFAP Polyclonal 1:1000 Superblock1 ER1 20 min2
ThermoFisher Scientic, 

Massachusetts, USA

Iba1 Polyclonal 1:750 Superblock1 ER1 20 min2
FujiFilm Wako, Neuss, 

Germany

Anti-NiV nucleoprotein 

(clone, HL1436)
Monoclonal 1:200 Superblock1 ER1 20 min2 Invitrogen, MA, USA

HIER, heat-induced epitope retrieval. 1Superblock (TBS) Blocking Buffer (Thermo Scientific, USA); 2BOND Epitope Retrieval Solution 1 (pH 6.0).

TABLE 3 Summary of multiplex immunohistochemistry (mIHC) 
techniques: primary antibody and Opal tag detail.

Primary 
antibody

Primary 
antibody 
dilution

HIER Opal Opal 
dilution

Anti-NiV 

nucleoprotein
1:200

ER1 

20 min1

Opal 520 

(green)
1:150

CD3 1:50
ER1 

20 min1

Opal 570 

(yellow)
1:150

GFAP 1:200
ER1 

20 min1

Opal 620 

(orange)
1:150

Iba1 1:200
ER1 

20 min1

Opal 690 

(red)
1:150

– –
ER2 

20 min2

Dapi 

(blue)
1:10

HIER, heat-induced epitope retrieval. 1BOND Epitope Retrieval Solution 1 (pH 6.0). 2BOND 
Epitope Retrieval Solution 2 (pH 9.0).
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encephalon. Of note, in the brain from animals from group 5, a higher 
severity of the lesions was observed (Figure 1C), accompanied by 
perivascular cuffing of variable severity (composed mainly by 
mononuclear cells) principally located in the brainstem and mid-brain 
regions (Figures 3B,C, arrowheads and inset).

3.1.4 Histopathology of spleen
Moderate to severe lymphoid depletion was observed in the 

spleen from all infected groups (Figures 1D, 3E,F). Tingible-body 
macrophages and apoptotic bodies (Figure  3G), together with 
heterophil infiltration mostly within the red pulp (Figure  3H, 
arrowheads) were present in the most severe cases.

3.2 NiV RNA distribution in tissues

NiV RNA detected by ISH was not observed in organs from 
negative control animals (Figures 1E–H; Supplementary Figure 2). In 
the lung, tissues from group 6 showed the higher RNA expression in 
comparison with the rest of the groups (Figure 1E). A similar pattern 
of expression was observed between IN (groups 1 and 2) and IP 
inoculation (groups 3, 4, 5 and 6) within the inflammatory cell 
infiltrates in the areas of severe broncho-interstitial pneumonia and 
endothelial cells from blood vessels (Figures 4A–C). However, in IN 
inoculated animals, viral RNA was also detected within the 
bronchiolar and bronchial epithelial cells and airway exudates 
(Figure 4A, arrows and inset). Viral RNA in the liver was infrequently 

FIGURE 1

Quantitative readouts of histopathological score and in-situ hybridisation (ISH) RNAscope results from different experimental groups. Histopathological 
score in (A) lung, (B) liver, (C) brain, and (D) spleen. Digital image analysis (percentage area positively stained) of ISH in (E) lung, (F) liver, (G) brain, and 
(H) spleen. Data points show values from individual animals (black triangles) with columns and whisker plots denoting median with range. N = 4 
animals per experimental group.

FIGURE 2

Representative histopathological lung and liver lesions from NiV-M pathology (H&E) in different experimental groups. (A) Lung section from an animal 
from group 3 showing moderate interstitial pneumonia characterized by thickening of the alveolar walls. (B) Lung section from an animal from group 5 
showing moderate interstitial bronchopneumonia characterised by thickening of the alveolar walls and pneumocyte type II hyperplasia. Inset shows 
pneumocyte type II hyperplasia. (C) Lung section from an animal from group 1 showing severe broncho-interstitial pneumonia. Inset shows necrosis of 
alveolar and bronchiolar epithelium with heterophils, cell debris, alveolar macrophages, and oedema in the bronchiolar, and bronchial luminae. 
(D) Lung section from the same animal showing perivascular infiltration. Inset shows infiltration by mononuclear cells and heterophils. (E) Liver section 
from an animal from group 1 showing no histopathological lesions. (F) Liver section from an animal from group 5 showing the presence of an 
inflammatory infiltrate (arrowhead). (G) Liver section from an animal from group 3 showing the presence of an inflammatory infiltrate. Inset shows 
mononuclear cells and fewer heterophils. (H) Liver section from an animal from group 4 showing the presence of an inflammatory infiltrate. Scale bars 
a, c, e, f and g = 250 μm; b = 100 μm; and d = 500 μm.
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observed in some infected animals, especially from IP inoculated 
groups (Figures 1F, 4D–F). NiV RNA was located within Kupffer cells 
(Figure  4D, inset), endothelial cells from hepatic blood vessels 
(Figure 4E, inset) and liver sinusoids (Figure 4F, inset), occasionally 
associated to inflammatory infiltrates. In the brain, IP inoculated 
animals showed the higher percentage of positive area of NiV RNA 
(Figures 1G, 4G–I). Viral RNA was mainly detected in inflammatory 
cells (Figure 4G, inset) and endothelial cells (Figure 4G, arrow) within 
the areas of meningitis, and neurons and neuropil within the 
mid-brain regions and olfactory bulb (Figure 4H, inset). Additionally, 
viral RNA was observed in Purkinje cell neurons from the granular 
cell layers in the cerebellum (Figure 4I). A similar virus distribution 
among groups was observed in the spleen (Figures  1H, 4J–L). IP 
inoculated animals showed a diffuse expression of viral RNA 
throughout the splenic parenchyma, mainly in immune cells from the 
red pulp (Figure 4K, inset and Figure 4L).

3.3 Cell populations within pulmonary 
lesions

CD3+ staining detected T cells diffusely scattered within the areas 
of broncho-interstitial pneumonia (Figures  5A,C). No major 
differences were observed between the groups, with low levels of CD3+ 
cells in all NiV-inoculated groups. Interestingly, lung from some 
animals showed perivascular infiltrates with a major CD3+ T cell 
component (Figures 5B, inset and 6B).

Iba1+ cells (macrophages/type II pneumocytes) were the most 
predominant cells within the areas of broncho-interstitial pneumonia 
(Figure 6C), with higher frequency in the lungs from IN inoculated 
animals (Figures  5D,E). Iba1+ staining was detected on the cell 
membrane of alveolar macrophages (Figures 5D,F, insets). Interestingly, 
a perivascular pattern of expression was observed, especially in the IN 
inoculated animals (groups 1 and 2) (Figure 5E, arrows and Figure 6D). 
A small percentage of CD3+ and Iba1+ cells were observed in the lungs 
from negative control animals (Supplementary Figures 3A,B).

The distribution of NiV nucleoprotein positive stain was similar 
to that obtained for NiV RNA staining by ISH-RNAscope analysis 
(Figures 7A,B) with the same pattern of expression between the 
different groups (Supplementary Figure 4). However, despite the 
efforts in the development of the protocol, some non-specific 
staining could be observed in the smooth muscle cells from the 
blood vessels, which need to be  taken into consideration when 
using this antibody. No specific staining was detected in samples 
from negative control animals (group 7) (Supplementary Figure 3C). 
In samples from IN inoculated animals (groups 1 and 2), the 
presence of NiV IHC+ cells was observed (Figure 7A, inset), similar 
to that observed with the ISH-RNAscope analysis (Figure 4A, inset).

3.4 Multiplex immunohistochemistry 
(mIHC) within pulmonary lesions

MIHC showed only a small amount of CD3+ cells in comparison 
with the amount of IBA1+ cells in the same area (Figures  7C,D). 
Infiltrates of Iba1+ cells within the areas of broncho-interstitial 
pneumonia were co-located with NiV staining, showing a high level 
of NiV infection in macrophages (Figure 7D).

3.5 Proinflammatory cytokines expression 
in the lung

IL-6 was the most cytokine expressed at transcript level, mainly in 
IN inoculated animals (group  1) (Supplementary Figure  4). IL-6 
mRNA was associated with inflammatory cells within areas of 
broncho-interstitial pneumonia (Figure 8A, inset) and around the 
blood vessels. Smaller quantities of IL-6 mRNA were observed in the 
lung from the rest of groups, but higher in comparison with the 
negative controls (group 7) (Supplementary Figures 3D–F, 5A). Small 
amounts of TNF mRNA were detected in the lung from all infected 
animals (Supplementary Figure 5B), associated to macrophage-like 

FIGURE 3

Representative histopathological brain and spleen lesions from NiV-M pathology (H&E) in different experimental groups. (A) Brain section from an 
animal from group 4 showing mild meningitis. (B) Brain section from an animal from group 5 showing perivascular cuffing (arrowheads). Inset shows 
higher magnification of a perivascular cuffing. (C) Brain section from an animal from group 5 showing severe meningitis and perivascular cuffing 
(arrowheads). (D) Higher magnification of the previous pictures showing mononuclear cells within the meningitis. (E) Spleen section from an animal 
from group 2 showing moderate degree of lymphoid depletion. (F) Spleen section from an animal from group 4 showing severe degree of lymphoid 
depletion. (G) Spleen section from an animal from group 6 showing tingible-body macrophages and apoptotic bodies. (H) Spleen section from an 
animal from group 6 showing severe degree of heterophil infiltration within the red pulp (arrowheads). Scale bars a, b, c, e and f = 250 μm; d and 
g = 100 μm.
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and type II pneumocyte-like cells. Positive TNF mRNA cells were 
associated with areas of broncho-interstitial pneumonia (Figure 8B). 
The presence of IFNβ1 mRNA in lungs from infected animals was 
scarce (Supplementary Figure 5C), with positive inflammatory cells 
only occasionally observed (Figure 8C, inset).

3.6 Cell populations within the brain

Results from the IHC quantification of CD3+, GFAP+ and Iba1+ cells 
are represented in Figure 8. CD3+ cells were mostly detected within 
perivascular cuffs (Figure 9B, inset) and meninges (Figure 9B) of the 
brain from IP inoculated animals from group 5 (Figures 9A,B, 10A). 

Moreover, scattered CD3+ cells were detected distributed diffusely 
within the mid-brain from these animals. No CD3+ staining was 
observed in PBS-inoculated control animals (Supplementary Figure 3G). 
IP inoculated animals (groups 4, 5 and 6) showed higher GFAP+ 
staining (Figure 10B) associated with astrocytosis. (Figures 9C,D), being 
more evident in the areas of meningitis and encephalitis and associated 
with perivascular cuffing (Figure 9D, inset). Higher expression of Iba1+ 
staining was found in the brain from all infected animals in comparison 
with the PBS control group (Supplementary Figure 3I; Figures 9E,F, 
10C). Iba1+ staining was detected in the cytoplasm of macrophages/
microglia, diffusely distributed throughout the brain from infected 
animals (Figures  9E,F), and also associated with inflammatory cell 
infiltration within the meninges (Figure 9F, inset) and perivascular 
cuffing (Figure 9F, arrowheads) in the most severe cases.

FIGURE 4

Representative pictures of in-situ hybridisation (ISH) RNAscope technique from NiV infected animals. (A) Lung section from an animal from group 1 
showing viral RNA in areas of broncho-interstitial pneumonia and in epithelial cells from the bronchioli (arrows). Inset shows higher magnification of 
NiV+ epithelial cells. (B) Lung section from an animal from group 4 showing viral RNA in areas of broncho-interstitial pneumonia and in endothelial. 
Inset shows higher magnification of NiV+ endothelial cells. (C) Lung section from an animal from group 6 showing viral RNA in areas of broncho-
interstitial pneumonia. (D) Liver section from an animal from group 5 showing viral RNA in Kupffer cells. Inset shows higher magnification. (E) Liver 
section from an animal from group 3 showing viral RNA in endothelial cells (arrow). Inset shows higher magnification. (F) Liver section from an animal 
from group 6 showing viral RNA in Kupffer cells, endothelial cells and liver sinusoids inset shows higher magnification. (G) Brain section from an animal 
from group 4 showing viral RNA in inflammatory cells and endothelial cells (arrow) from a meningitis area. Inset shows higher magnification. (H) Brain 
section from an animal from group 4 showing viral RNA neurons and neuropil within the mid-brain. Inset shows higher magnification of NiV+ neurons. 
(I) Brain section from an animal from group 4 showing NiV+ Purkinje cells and granule cells from the cerebellum. (J) Spleen section from an animal 
from group 2 showing scarce presence of viral RNA. (K) Spleen section from an animal from group 3 showing expression NiV RNA throughout the 
splenic parenchyma. Inset shows higher magnification. (L) Spleen section from an animal from group 4 showing expression of viral RNA throughout 
the splenic parenchyma. Scale bars a-c, e-l = 250 μm; d = 100 μm.
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FIGURE 5

Representative pictures of immunohistochemistry (IHC) against CD3 and Iba1 in lung from NiV infected animals. (A) CD3 IHC from an animal from 
group 2 showing scattered T lymphocytes in areas of severe broncho-interstitial pneumonia. Inset shows CD3 IHC in the cell membrane of T 
lymphocytes. (B) CD3 IHC from an animal from group 5 showing CD3+ cells infiltrate at perivascular level. Inset shows higher magnification. (C) CD3 
IHC from an animal from group 4 showing scattered T lymphocytes in areas of moderate broncho-interstitial pneumonia. Inset shows higher 
magnification of T lymphocytes. (D) Iba1 IHC from an animal from group 1 showing intense Iba1 staining in areas of severe broncho-interstitial 
pneumonia. Inset shows Iba1 staining in the cell membrane of alveolar macrophages. (E) Iba1 IHC from an animal from group 1 showing macrophage 
infiltrates at perivascular level. (F) Iba1 IHC from an animal from group 4 showing Iba1 staining in areas of multifocal broncho-interstitial pneumonia. 
Inset shows higher magnification of Iba1+ macrophages. Scale bars a and d = 250 μm; b, c, e and f = 500 μm.

FIGURE 6

Quantitative results of CD3 and Iba1 immunohistochemistry (IHC) in lung parenchyma and at perivascular level from different experimental groups. 
(A) Graph represents quantification of CD3 IHC in lung. (B) Graph represents quantification of CD3 IHC at perivascular level. (C) Graph represents 
quantification of Iba1 IHC in lung. (D) Graph represents quantification of Iba1 IHC at perivascular level. Data points show values from individual animals 
(black triangles) with columns and whisker plots denoting median with range. N = 4 animals per experimental group.

https://doi.org/10.3389/fvets.2025.1518358
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Ruedas-Torres et al. 10.3389/fvets.2025.1518358

Frontiers in Veterinary Science 09 frontiersin.org

3.7 Multiplex immunohistochemistry 
(mIHC) within meningitis and encephalitis

Similar NiV IHC and ISH-RNAscope staining in the brain 
allowed the validation of the anti-NiV primary antibody for its use in 
mIHC (Figures 11A,B). The areas with heavy presence of NiV showed 
severe astrocytosis (GFAP+ cells) and microgliosis (Iba1+) with 
scattered T cells (CD3+) (Figures 11B,D). Perivascular cuffing was 
observed within and surrounding the areas in the presence of NiV 
and was composed mainly of microglia/macrophages (Iba1+) and 
CD3+ T cells (Figures 11B,C). Large quantities of CD3+ cells were 
observed in some perivascular cuffs. NiV staining was detected in 

neuronal soma (Figure 11D, arrowheads), and the neuropil associated 
to neuronal extensions and glial cells.

3.8 Proinflammatory cytokine expression in 
the brain

Due to the low level of staining, quantification of cytokine mRNA 
in the brain was not performed. Only few IL-6 mRNA+ inflammatory 
cells were found in the areas of meningitis from some IP inoculated 
animals (Figure 12A). Additionally, TNF mRNA+ cells were detected 
diffusely distributed within the brain and the perivascular 

FIGURE 7

Representative pictures of immunohistochemistry (IHC) against NiV nucleoprotein compared with the NiV in-situ hybridisation (ISH) RNAscope 
technique, and multiplex immunohistochemistry (mIHC) in lung. (A) Representative picture from an animal from group 2 showing NiV+ staining in areas 
of interstitial broncho-interstitial pneumonia. Inset shows NiV+ epithelial cells from an animal from group 1. (B) Same field as (A) performed using ISH-
RNAscope analysis showing similar positivity with both techniques. (C) MIHC on an animal from group 4 showing 4plex staining, blue colour DAPI, 
green colour NiV+ (opal 520), yellow colour CD3+ (opal 570) and red colour Iba1+ (opal 690). (D) Higher magnification of the previous picture. Scale 
bars a and b = 500 μm.

FIGURE 8

Representative pictures of in-situ hybridisation (ISH) RNAscope technique of IL-6, TNF and IFNβ1 mRNA in lung. (A) Representative picture from an 
animal from group 1 showing high numbers of IL-6 mRNA cells in areas of severe interstitial broncho-interstitial pneumonia and at perivascular level 
(arrow). Inset shows higher magnification. (B) Representative picture from an animal from group 5 showing TNF mRNA staining in areas of interstitial 
pneumonia. Inset shows higher magnification. (C) Representative picture from an animal from group 1 showing low expression of IFNβ1 mRNA. Inset 
shows higher magnification. Scale bars = 250 μm.
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FIGURE 9

Representative pictures of immunohistochemistry (IHC) against CD3, GFAP and Iba1 in brain from NiV infected animals. (A) CD3 IHC from an animal 
from group 2 showing no CD3+ T lymphocytes in the mid-brain. Inset shows higher magnification. (B) CD3 IHC from an animal from group 5 showing 
a high number of CD3+ T lymphocytes in the mid-brain and meninges. Inset shows perivascular cuffing with CD3+ T lymphocytes in the mid-brain 
from an animal from the same group. (C) GFAP IHC from an animal from group 1 showing few GFAP+ astrocytes in the mid-brain. (D) GFAP IHC from 
an animal from group 1 showing high number of GFAP+ astrocytes in the mid-brain. (E) Iba1 IHC from an animal from group 1 showing few Iba1+ 
macrophages in the mid-brain. (F) Iba1 IHC from an animal from group 5 showing a high number of Iba1+ macrophages in the mid-brain. Arrow heads 
shows perivascular cuffing with Iba1+ macrophages. Inset shows meningitis with a high number of Iba1+ macrophages. Scale bars = 250 μm.

FIGURE 10

Quantitative results of CD3, GFAP and Iba1 immunohistochemistry (IHC) in brain. (A) Graph represents quantification of CD3 IHC in brain. (B) Graph 
represents quantification of GFAP IHC in brain. (C) Graph represents quantification of Iba1 IHC in brain. Data points show values from individual animals 
(black triangles) with columns and whisker plots denoting median with range. N = 4 animals per experimental group.
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inflammatory infiltration (Figure  12B, inset). IFNβ1 mRNA was 
not detected.

4 Discussion

NiV is included within the priority list of pathogens with 
pandemic potential with increasing attention on the development of 

medical countermeasures (31, 32). NiV may induce a severe 
respiratory disease with high mortality rates, ranging from 40 to 75%, 
and neurological sequelae in some individuals that can last for long 
periods of time (1, 2, 4, 15). The wide distribution of the principal NiV 
animal reservoir (Pteropus spp. fruit bats), together with the potential 
for direct transmission to humans or through a large range of domestic 
animals, and the lack of licensed vaccines makes NiV a major threat 
to public health (1, 2, 9). Moreover, direct person-to-person 
transmission has also been documented (1, 17, 33).

FIGURE 11

Representative pictures of immunohistochemistry (IHC) against NiV nucleoprotein and multiplex immunohistochemistry (mIHC) in brain. 
(A) Representative picture from an animal from group 5 showing NiV+ staining in the mid-brain. Arrows show perivascular cuffing. Inset shows NiV+ 
neurons. (B) Same field as (A) performed using mIHC showing similar virus positivity (opal 520, green colour) and the simultaneous expression of the 
rest of the markers in the mid-brain. NiV infected areas were infiltrated by a high number of astrocytes (GFAP+, opal 620, orange colour) and microglia 
(Iba1+, opal 690, red colour) and fewer T lymphocytes (CD3+, opal 570, yellow colour). Blue colour denotes DAPI staining. Arrows show perivascular 
cuffing. (C) Another field from the same sample showing a large quantity of CD3+ cells (yellow colour) and perivascular cuffing composed mainly by 
Iba1+ (red colour) cells and CD3+ cells. (D) Higher magnification of picture (B) showing the 5plex staining. Arrowheads shows NiV+ infected neurons. 
Scale bar a = 500 μm.

FIGURE 12

Representative pictures of in-situ hybridisation (ISH) RNAscope technique of IL-6 and TNF mRNA in brain. (A) Representative picture from an animal 
from group 6 showing IL-6 mRNA staining in an area of meningitis. Inset shows higher magnification. (B) Representative picture from an animal from 
group 5 showing TNF mRNA staining in areas encephalitis and perivascular cuffing. Inset shows higher magnification of a perivascular cuffing with 
some TNF+ mRNA cells. Scale bars a = 100 μm and b = 250 μm.
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In this study, a golden Syrian hamster animal model was used to 
investigate the pathogenesis of NiV infection, as this animal species 
can display both respiratory and neurological disease, similar to that 
observed in humans (19–29). Most humans suffering from NiV 
infection show primarily respiratory symptoms (6, 7, 13, 16–18); for 
this reason, the IN inoculation route in animals might appear to more 
closely resemble the natural route of infection in humans. However, 
previous studies have shown that IP inoculation results in more 
consistent disease progression, including neurological signs (19, 20, 
22, 28). Although other studies have described the histopathology and 
viral distribution in the golden Syrian hamster model (19–23, 27–29), 
a thorough description of the histopathology, cellular populations 
involved in the inflammatory response in target organs (lung and 
brain), and the host-pathogen interaction is lacking. In this study, 
we describe the microscopic lesions observed in the golden Syrian 
hamster model after IN and IP inoculation with different doses of 
NiV-M, the cell composition of the pulmonary and the CNS lesions 
and the expression of proinflammatory cytokines in-situ using a 
combination of classical histopathological techniques, IHC, ISH and 
multiplex IHC.

We have used archived material from previous studies carried out 
in our laboratory (20, 30) to maximize the use of animals in 
experimental research following the 3Rs recommendations. We have 
developed animal models for other high consequence pathogens such 
as SARS-CoV-2 or Influenza A virus using the golden Syrian hamster, 
developing IHC and ISH techniques for this animal species that can 
be applied in a variety of studies (34–36).

Although some histopathological lesions were observed in the 
liver and spleen, the main lesions were present in the lung and the 
CNS brain, confirming that both are the main target organs for NiV 
infection (13, 19, 22, 23, 27–29). The pulmonary lesions consisted of 
multifocal moderate to severe broncho-interstitial pneumonia, 
characterized by thickening of the alveolar wall mainly due to 
macrophage infiltration and type II pneumocyte hyperplasia (Iba1+) 
and small numbers of T cells (CD3+) and heterophils. These lesions 
were quite severe in IN inoculated animals, which also showed the 
presence of large quantities of NiV RNA in the areas of lesions 
associated with respiratory epithelial cells and inflammatory infiltrates, 
as observed in a variety of acute viral infections in the lung (19, 29, 35, 
37–39). NiV has been documented to infect bronchiolar epithelial 
cells, type I pneumocytes and alveolar macrophages as early as 8 h 
after inoculation (19). In our study, we also observed a significant 
upregulation of proinflammatory cytokines in the lung, through 
analysis of the expression of cytokine mRNA by ISH. This “cytokine 
storm” has also been reported in other acute viral infections in animal 
models (40). IL-6 can be induced by the infection of the epithelium 
(3, 41) and upregulation of this cytokine has been observed by 
qRT-PCR in NiV infection (22, 29).

Endothelial cells displayed high rates of infection in both IN and IP 
infected animals, showing a high tropism of NiV for this cell type (21, 
22, 28). Baseler et al. (28) demonstrated that the endotheliotropism of 
NiV is for arterioles and arteries rather than veins in the lung, which 
correlates with the expression of NiV receptor Ephrin B2. Although 
Wong and collaborators (21) reported no significant differences 
regarding the severity and the spectrum of pathological lesions between 
IN and IP inoculated animals, we have observed lower severity of lung 
lesions in IP compared to IN inoculated animals, with a less severe acute 
inflammatory response (a smaller number of Iba1+ macrophages), 

although high percentages of NiV infected cells were detected by 
ISH. This finding, together with the fact that histopathological lesions 
accompanied by high NiV RNA were found in the brain of IP inoculated 
animals suggest a faster organic NiV distribution through IP compared 
with IN inoculation (20). In IP inoculated animals, NiV can reach the 
systemic circulation directly without the need to penetrate the 
aerodigestive epithelial barrier (21), which would explain the presence 
of larger quantities of NiV detected in the rest of the organs. IN 
inoculated animals exhibit severe pulmonary clinical signs and lesions 
that meet the humane endpoint before the virus can sustain significant 
infection in other organs like the brain. This is contrary to the study 
performed by Wong and coauthors, where animals inoculated through 
the IN route showed longer survival rates (21). These discrepancies could 
be associated to the intrinsic differences between each experimental 
setting, including inoculation dose, inoculum volume or others.

NiV gets access to the blood stream through the respiratory 
epithelium and disseminates to endothelial cells in later stages of the 
disease (3, 41, 42). However, how NiV is disseminated to vasculature 
system and rest of the tissues, such as the CNS, is still poorly 
understood and viraemia is not detectable in many NiV models, 
including the ones we have used in this study (20, 30). A possible 
explanation is that NiV spreads via leukocytes, without being 
productively infected, and from leukocytes to endothelial cells for 
dissemination in different organs as proposed by Mathieu et  al. 
(2011) (42). In IN infected hamsters, Munster and collaborators 
(2012) (27) showed the progression of NiV from the olfactory 
epithelium to the CNS, coinciding with the appearance of respiratory 
disease, suggesting a simultaneous entry of NiV into the CNS 
and lung.

Although Wong and collaborators (21) did not observe brain 
histopathological differences between IN and IP inoculation, we have 
only observed neuropathology (meningoencephalitis) in IP 
inoculated animals. Interestingly, those animals inoculated with the 
lower dose IP (102 TCID50) were the ones that developed neurological 
lesions, in agreement with what was observed by Rockx and 
coauthors (2011) (29). These authors also demonstrated the 
disruption of the blood–brain barrier together with the upregulation 
of some proinflammatory cytokines such as TNF and IL-β1, which 
could be due to NiV replication in the brain (29). We have included 
animals from a failed vaccine candidate group (group  5), which 
presented striking neurological lesions (30). These lesions consisted 
of a meningoencephalitis with moderate to severe perivascular 
cuffing associated with the presence of NiV RNA, IL-6 and TNF 
mRNA. The perivascular cuffing (composed of CD3+ and Iba1+ cells) 
observed within these animals, points to the endothelial route as the 
mechanism of dissemination (42, 43). IHC results have shown that 
astrocytosis and microgliosis are present in infected animals, and 
these cells could be  the main upregulators of proinflammatory 
cytokines in the brain since they are the main immune effectors cells 
in the CNS (43).

We have used ISH RNAscope analysis to study viral distribution 
in the different organs due to the high sensitivity and specificity of this 
technique (44, 45). Moreover, we have developed an IHC technique to 
detect NiV nucleoprotein in tissue section that also allows us to study 
the interaction of the virus with cell populations in the lung and brain 
using mIHC.

In conclusion, we  have developed and applied an array of 
histopathological techniques to characterize the lesions and the local 
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immune response in the lung and brain of NiV golden Syrian hamster 
animal model. These techniques will enable us to further characterize 
the immunological and protective responses against NiV infection 
after immunization with candidate vaccines. Moreover, these 
techniques can be  applied to the development and application of 
golden Syrian hamster models for other henipavirus infections, such 
as Hendra virus, and other high consequence disease models.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

All the experiments were carried out in accordance with the local 
legislation and institutional requirements and were compliant with the 
United Kingdom Scientific Procedures Act (Animals) 1986 and the 
United Kingdom Codes of Practice for the Housing and Care of 
Animal Used in Scientific Procedures, 1989; under the authority of a 
Project License PP3877532 granted by the UK Home Office. This 
project license to perform the animal experiments was approved 
following ethical review by the UKHSA’s Animal Welfare and Ethical 
Review Body (AWERB).

Author contributions

IR-T: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Writing – original draft, Writing – 
review & editing. SF-W: Funding acquisition, Investigation, 
Resources, Validation, Writing – review & editing. EK: Funding 
acquisition, Investigation, Resources, Validation, Writing – review 
& editing. SD: Conceptualization, Funding acquisition, 
Investigation, Resources, Validation, Writing – review & editing. 
FS: Conceptualization, Funding acquisition, Investigation, 

Methodology, Supervision, Validation, Writing – original draft, 
Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1518358/
full#supplementary-material

References
 1. Faus-Cotino J, Reina G, Pueyo J. Nipah Virus: A Multidimensional Update. Viruses. 

(2024) 16:179. doi: 10.3390/v16020179

 2. Gazal S, Sharma N, Gazal S, Tikoo M, Shikha D, Badroo GA, et al. Nipah and 
Hendra viruses: deadly zoonotic paramyxoviruses with the potential to cause the next 
pandemic. Pathogens. (2022) 11:1419. doi: 10.3390/pathogens11121419

 3. Singh RK, Dhama K, Chakraborty S, Tiwari R, Natesan S, Khandia R, et al. Nipah 
virus: epidemiology, pathology, immunobiology and advances in diagnosis, vaccine 
designing and control strategies – a comprehensive review. Vet Q. (2019) 39:26–55. doi: 
10.1080/01652176.2019.1580827

 4. Banerjee S, Gupta N, Kodan P, Mittal A, Ray Y, Nischal N, et al. Nipah virus disease: 
a rare and intractable disease. Intractable Rare Dis Res. (2019) 8:1–8. doi: 
10.5582/irdr.2018.01130

 5. Nipah virus infection. Available online at: https://www.who.int/health-topics/
nipah-virus-infection [Accessed August 8, 2024]

 6. Arunkumar G, Chandni R, Mourya DT, Singh SK, Sadanandan R, Sudan P, et al. 
Outbreak investigation of Nipah virus disease in Kerala, India, 2018. J Infect Dis. (2019) 
219:1867–78. doi: 10.1093/infdis/jiy612

 7. Thomas B, Chandran P, Lilabi MP, George B, Sivakumar CP, Jayadev VK, et al. 
Nipah virus infection in Kozhikode, Kerala, South India, in 2018: epidemiology of an 
outbreak of an emerging disease. Indian J Community Med. (2019) 44:383–7. doi: 
10.4103/ijcm.IJCM_198_19

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

 9. Epstein JH, Anthony SJ, Islam A, Kilpatrick AM, Ali Khan S, Balkey MD, et al. 
Nipah virus dynamics in bats and implications for spillover to humans. Proc Natl Acad 
Sci. (2020) 117:29190–201. doi: 10.1073/pnas.2000429117

 10. Moore KA, Mehr AJ, Ostrowsky JT, Ulrich AK, Moua NM, Fay PC, et al. Measures 
to prevent and treat Nipah virus disease: research priorities for 2024–29. Lancet Infect 
Dis. (2024) 24:e707–17. doi: 10.1016/S1473-3099(24)00262-7

 11. Hsu VP, Hossain MJ, Parashar UD, Ali MM, Ksiazek TG, Kuzmin I, et al. Nipah 
virus encephalitis reemergence, Bangladesh. Emerg Infect Dis. (2004) 10:2082–7. doi: 
10.3201/eid1012.040701

 12. Mohd Nor MN, Gan CH, Ong BL. Nipah virus infection of pigs in peninsular 
Malaysia. Rev Sci Tech Off int Epiz. (2000) 19:160–5. doi: 10.20506/rst.19.1.1202

https://doi.org/10.3389/fvets.2025.1518358
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2025.1518358/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1518358/full#supplementary-material
https://doi.org/10.3390/v16020179
https://doi.org/10.3390/pathogens11121419
https://doi.org/10.1080/01652176.2019.1580827
https://doi.org/10.5582/irdr.2018.01130
https://www.who.int/health-topics/nipah-virus-infection
https://www.who.int/health-topics/nipah-virus-infection
https://doi.org/10.1093/infdis/jiy612
https://doi.org/10.4103/ijcm.IJCM_198_19
https://doi.org/10.3390/v15122407
https://doi.org/10.1073/pnas.2000429117
https://doi.org/10.1016/S1473-3099(24)00262-7
https://doi.org/10.3201/eid1012.040701
https://doi.org/10.20506/rst.19.1.1202


Ruedas-Torres et al. 10.3389/fvets.2025.1518358

Frontiers in Veterinary Science 14 frontiersin.org

 13. Chua KB, Goh KJ, Wong KT, Kamarulzaman A, Tan PSK, Ksiazek TG, et al. Fatal 
encephalitis due to Nipah virus among pig-farmers in Malaysia. Lancet. (1999) 
354:1257–9. doi: 10.1016/S0140-6736(99)04299-3

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

 15. Luby SP, Rahman M, Hossain MJ, Blum LS, Husain MM, Gurley E, et al. 
Foodborne transmission of Nipah virus, Bangladesh. Emerg Infect Dis. (2006) 
12:1888–94. doi: 10.3201/eid1212.060732

 16. Srivastava S, Sharma PK, Gurjar S, Kumar S, Pandey Y, Rustagi S, et al. Nipah virus 
strikes Kerala: recent cases and implications. Egypt J Internal Med. (2024) 36:11. doi: 
10.1186/s43162-024-00276-x

 17. Gurley ES, Montgomery JM, Hossain MJ, Bell M, Azad AK, Islam MR, et al. 
Person-to-person transmission of Nipah virus in a Bangladeshi community. Emerg Infect 
Dis. (2007) 13. doi: 10.3201/eid1307.061128

 18. Chua KB. Nipah virus outbreak in Malaysia. J Clin Virol. (2003) 26:265–75. doi: 
10.1016/S1386-6532(02)00268-8

 19. Baseler L, Scott DP, Saturday G, Horne E, Rosenke R, Thomas T, et al. Identifying 
early target cells of Nipah virus infection in Syrian hamsters. PLoS Negl Trop Dis. (2016) 
10:e0005120. doi: 10.1371/journal.pntd.0005120

 20. Findlay-Wilson S, Flett L, Salguero FJ, Ruedas-Torres I, Fotheringham S, 
Easterbrook L, et al. Establishment of a Nipah virus disease model in hamsters, including 
a comparison of intranasal and intraperitoneal routes of challenge. Pathogens. (2023) 
12:976. doi: 10.3390/pathogens12080976

 21. Wong KT, Grosjean I, Brisson C, Blanquier B, Fevre-Montange M, Bernard A, et al. 
A Golden Hamster model for human acute Nipah virus infection. Am J Pathol. (2003) 
163:2127–37. doi: 10.1016/S0002-9440(10)63569-9

 22. DeBuysscher BL, De WE, Munster VJ, Scott D, Feldmann H, Prescott J. Comparison 
of the pathogenicity of Nipah virus isolates from Bangladesh and Malaysia in the Syrian 
Hamster. PLoS Negl Trop Dis. (2013) 7:e2024. doi: 10.1371/journal.pntd.0002024

 23. Escaffre O, Hill T, Ikegami T, Juelich TL, Smith JK, Zhang L, et al. Experimental 
infection of Syrian hamsters with aerosolized Nipah virus. J Infect Dis. (2018) 
218:1602–10. doi: 10.1093/infdis/jiy357

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

 25. Pigeaud DD, Geisbert TW, Woolsey C. Animal models for Henipavirus research. 
Viruses. (2023) 15:1980. doi: 10.3390/v15101980

 26. Juelich T, Smith J, Freiberg AN. Syrian Golden Hamster model for Nipah virus 
infection. Methods Mol Biol. (2023) 2682:219–29. doi: 10.1007/978-1-0716-3283-3_16

 27. Munster VJ, Prescott JB, Bushmaker T, Long D, Rosenke R, Thomas T, et al. Rapid 
Nipah virus entry into the central nervous system of hamsters via the olfactory route. 
Sci Rep. (2012) 2:736. doi: 10.1038/srep00736

 28. Baseler L, de Wit E, Scott DP, Munster VJ, Feldmann H. Syrian hamsters 
(Mesocricetus auratus) Oronasally inoculated with a Nipah virus isolate from Bangladesh 
or Malaysia develop similar respiratory tract lesions. Vet Pathol. (2015) 52:38–45. doi: 
10.1177/0300985814556189

 29. Rockx B, Brining D, Kramer J, Callison J, Ebihara H, Mansfield K, et al. Clinical 
outcome of Henipavirus infection in hamsters is determined by the route and dose of 
infection ▿. J Virol. (2011) 85:7658–71. doi: 10.1128/JVI.00473-11

 30. Findlay-Wilson S, Thakur N, Crossley L, Easterbrook L, Salguero FJ, Ruedas-
Torres I, et al. Cross-protectivity of Henipavirus soluble glycoprotein in an in vivo model 
of Nipah virus disease. Front Immunol. 16:1517244. doi: 10.3389/fimmu.2025.1517244

 31. New research to develop vaccines against deadly henipaviruses. GOVUK Available 
online at: https://www.gov.uk/government/news/new-research-to-develop-vaccines-
against-deadly-henipaviruses [Accessed August 8, 2024]

 32. Critical research for priority pathogens with epidemic potential. Available online 
at: https://www.who.int/news-room/events/detail/2024/01/18/default-calendar/critical-
research-for-priority-pathogens-with-epidemic-potential [Accessed August 8, 2024]

 33. Hegde ST, Sazzad HMS, Hossain MJ, Alam M-U, Kenah E, Daszak P, et al. 
Investigating rare risk factors for Nipah virus in Bangladesh: 2001–2012. EcoHealth. 
(2016) 13:720–8. doi: 10.1007/s10393-016-1166-0

 34. Dowall S, Salguero FJ, Wiblin N, Fotheringham S, Hatch G, Parks S, et al. 
Development of a Hamster natural transmission model of SARS-CoV-2 infection. 
Viruses. (2021) 13:2251. doi: 10.3390/v13112251

 35. Paterson J, Ryan KA, Morley D, Jones NJ, Yeates P, Hall Y, et al. Infection with 
seasonal H1N1 influenza results in comparable disease kinetics and host immune 
responses in ferrets and Golden Syrian hamsters. Pathogens. (2023) 12:668. doi: 
10.3390/pathogens12050668

 36. Handley A, Ryan KA, Davies ER, Bewley KR, Carnell OT, Challis A, et al. 
SARS-CoV-2 disease severity in the Golden Syrian Hamster model of infection is 
related to the volume of intranasal inoculum. Viruses. (2023) 15:748. doi: 
10.3390/v15030748

 37. Lee AC-Y, Zhang AJ, Chan JF-W, Li C, Fan Z, Liu F, et al. Oral SARS-CoV-2 
inoculation establishes subclinical respiratory infection with virus shedding in 
Golden Syrian hamsters. Cell Rep Med. (2020) 1:100121. doi: 
10.1016/j.xcrm.2020.100121

 38. Sia SF, Yan L-M, Chin AWH, Fung K, Choy K-T, Wong AYL, et al. Pathogenesis 
and transmission of SARS-CoV-2 in golden hamsters. Nature. (2020) 583:834–8. doi: 
10.1038/s41586-020-2342-5

 39. Kinoshita T, Watanabe K, Sakurai Y, Nishi K, Yoshikawa R, Yasuda J. Co-infection 
of SARS-CoV-2 and influenza virus causes more severe and prolonged pneumonia in 
hamsters. Sci Rep. (2021) 11:21259. doi: 10.1038/s41598-021-00809-2

 40. Salguero FJ, White AD, Slack GS, Fotheringham SA, Bewley KR, Gooch KE, et al. 
Comparison of rhesus and cynomolgus macaques as an infection model for COVID-19. 
Nat Commun. (2021) 12:1260. doi: 10.1038/s41467-021-21389-9

 41. Escaffre O, Borisevich V, Rockx B. Pathogenesis of Hendra and Nipah virus 
infection in humans. J Infect Dev Ctries. (2013) 7:308–11. doi: 10.3855/jidc.3648

 42. Mathieu C, Pohl C, Szecsi J, Trajkovic-Bodennec S, Devergnas S, Raoul H, et al. 
Nipah virus uses leukocytes for efficient dissemination within a host. J Virol. (2011) 
85:7863–71. doi: 10.1128/jvi.00549-11

 43. Rocamonde B, Hasan U, Mathieu C, Dutartre H. Viral-induced neuroinflammation: 
different mechanisms converging to similar exacerbated glial responses. Front Neurosci. 
(2023) 17:1108212. doi: 10.3389/fnins.2023.1108212

 44. Atout S, Shurrab S, Loveridge C. Evaluation of the suitability of RNAscope as a 
technique to measure gene expression in clinical diagnostics: a systematic review. Mol 
Diagn Ther. (2022) 26:19–37. doi: 10.1007/s40291-021-00570-2

 45. Wang F, Flanagan J, Su N, Wang L-C, Bui S, Nielson A, et al. RNAscope: a novel in 
situ RNA analysis platform for formalin-fixed, paraffin-embedded tissues. J Mol Diagn. 
(2012) 14:22–9. doi: 10.1016/j.jmoldx.2011.08.002

https://doi.org/10.3389/fvets.2025.1518358
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(99)04299-3
https://doi.org/10.3201/eid2204.151747
https://doi.org/10.3201/eid1212.060732
https://doi.org/10.1186/s43162-024-00276-x
https://doi.org/10.3201/eid1307.061128
https://doi.org/10.1016/S1386-6532(02)00268-8
https://doi.org/10.1371/journal.pntd.0005120
https://doi.org/10.3390/pathogens12080976
https://doi.org/10.1016/S0002-9440(10)63569-9
https://doi.org/10.1371/journal.pntd.0002024
https://doi.org/10.1093/infdis/jiy357
https://doi.org/10.1002/path.4444
https://doi.org/10.3390/v15101980
https://doi.org/10.1007/978-1-0716-3283-3_16
https://doi.org/10.1038/srep00736
https://doi.org/10.1177/0300985814556189
https://doi.org/10.1128/JVI.00473-11
https://doi.org/10.3389/fimmu.2025.1517244
https://www.gov.uk/government/news/new-research-to-develop-vaccines-against-deadly-henipaviruses
https://www.gov.uk/government/news/new-research-to-develop-vaccines-against-deadly-henipaviruses
https://www.who.int/news-room/events/detail/2024/01/18/default-calendar/critical-research-for-priority-pathogens-with-epidemic-potential
https://www.who.int/news-room/events/detail/2024/01/18/default-calendar/critical-research-for-priority-pathogens-with-epidemic-potential
https://doi.org/10.1007/s10393-016-1166-0
https://doi.org/10.3390/v13112251
https://doi.org/10.3390/pathogens12050668
https://doi.org/10.3390/v15030748
https://doi.org/10.1016/j.xcrm.2020.100121
https://doi.org/10.1038/s41586-020-2342-5
https://doi.org/10.1038/s41598-021-00809-2
https://doi.org/10.1038/s41467-021-21389-9
https://doi.org/10.3855/jidc.3648
https://doi.org/10.1128/jvi.00549-11
https://doi.org/10.3389/fnins.2023.1108212
https://doi.org/10.1007/s40291-021-00570-2
https://doi.org/10.1016/j.jmoldx.2011.08.002

	Pathology and host-pathogen interactions in a golden Syrian hamster model of Nipah virus infection
	1 Introduction
	2 Materials and methods
	2.1 Animal experimentation and samples
	2.2 Histopathological study
	2.3 NiV RNA and mRNAs cytokines in-situ hybridization
	2.4 Immunohistochemistry (IHC) and multiplex IHC (mIHC)
	2.4.1 Immunohistochemistry (IHC)
	2.4.2 Multiplex immunohistochemistry (mIHC)

	3 Results
	3.1 Histopathological lesions
	3.1.1 Histopathology of lung
	3.1.2 Histopathology of liver
	3.1.3 Histopathology of brain
	3.1.4 Histopathology of spleen
	3.2 NiV RNA distribution in tissues
	3.3 Cell populations within pulmonary lesions
	3.4 Multiplex immunohistochemistry (mIHC) within pulmonary lesions
	3.5 Proinflammatory cytokines expression in the lung
	3.6 Cell populations within the brain
	3.7 Multiplex immunohistochemistry (mIHC) within meningitis and encephalitis
	3.8 Proinflammatory cytokine expression in the brain

	4 Discussion

	References

