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Abstract (257 words) 37 

Background: Japanese encephalitis (JE) is a major cause of mortality and morbidity for which 38 

there is no treatment. In addition to direct viral cytopathology, the inflammatory response is 39 

postulated to contribute to the pathogenesis. Our goal was to determine the contribution of 40 

bystander effects and inflammatory mediators to neuronal cell death.  41 

Methodology/Principal Findings: Material from a macaque model was used to characterize the 42 

inflammatory response and cytopathic effects of JE virus (JEV). Intranasal JEV infection 43 

induced a non-suppurative encephalitis, dominated by perivascular, infiltrates of mostly T cells, 44 

alongside endothelial cell activation, vascular damage and blood brain barrier (BBB) leakage; in 45 

the adjacent parenchyma there was macrophage infiltration, astrocyte and microglia activation. 46 

JEV antigen was mostly in neurons, but there was no correlation between intensity of viral 47 

infection and degree of inflammatory response. Apoptotic cell death occurred in both infected 48 

and non-infected neurons. Interferon-α, which is a microglial activator, was also expressed by 49 

both. Tumour Necrosis Factor-α, inducible nitric oxide synthase and nitrotyrosine were 50 

expressed by microglial cells, astrocytes and macrophages. The same cells expressed matrix 51 

metalloproteinase (MMP)-2 whilst MMP-9 was expressed by neurons.  52 

Conclusions/Significance: The results are consistent with JEV inducing neuronal apoptotic death 53 

and release of cytokines that initiate microglial activation and release of pro-inflammatory and 54 

apoptotic mediators with subsequent apoptotic death of both infected and uninfected neurons. 55 

Activation of astrocytes, microglial and endothelial cells likely contributes to inflammatory cell 56 

recruitment and BBB breakdown. It appears that neuronal apoptotic death and activation of 57 

microglial cells and astrocytes play a crucial role in the pathogenesis of JE. 58 

 59 
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Author Summary 60 

Japanese encephalitis (JE) is one of the most important causes of viral encephalitis worldwide, 61 

with no specific antiviral treatment available. Despite some recent successes with widespread 62 

vaccination, JE will likely remain an important public health problem; because the virus is 63 

mosquito-borne and has natural animal hosts, it will never be eradicated. We have little 64 

understanding of what determines the severity and outcome of infection. Data from human post 65 

mortem studies is very limited because of cultural constraints on autopsies in areas where JE 66 

occurs. Circumstantial evidence suggests that in addition to cytopathology caused directly by 67 

infection of neurons, there may be bystander cell death of non-infected neurons, caused by an 68 

excessive inflammatory response. Our study used archived brain samples from a prior challenge 69 

study in a validated macaque model of JE. We stained for the presence of JEV antigen, apoptosis, 70 

and pro-inflammatory markers in affected areas, such as the thalamus and brainstem. We show 71 

that bystander neuronal cell death is important, and elucidate the inflammatory and apoptotic 72 

mechanisms underlying it. Currently there is no proven efficacious therapy for most viral 73 

infections of the central nervous system, including JE. Novel strategies for treating such 74 

infections are urgently needed. Our findings suggest new anti-inflammatory and anti-apoptotic 75 

therapeutic approaches may be useful in treating this debilitating disease. 76 
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Introduction 77 

Japanese encephalitis virus (JEV) continues to be the leading cause of viral encephalitis in Asia 78 

and the Western Pacific, where it is a significant cause of mortality and disability. Annually there 79 

are estimated to be up to 70,000 cases, with 10,000-15,000 deaths [1]. Although vaccination is 80 

the most viable option to prevent the disease, affordable vaccines are still not widely available, 81 

and there is no established treatment for JE. 82 

 83 

Despite the disease’s importance, little is known about the pathogenesis.  During in vitro studies 84 

neuronal apoptosis was described [2], but its mechanisms and relevance for the disease are still 85 

unclear, in particular in relation to the inflammatory response that develops alongside direct viral 86 

cytopathology. 87 

 88 

Opportunities for in depth neuropathogenic studies on JE in humans are very limited, mainly 89 

because autopsy tissue from fatal human cases is rarely available due to cultural constraints in 90 

many areas where JE occurs. Mouse models of pathogenesis have some similarities to human 91 

disease, but there are also differences [3,4]. The macaque model, developed in the 1990s to test 92 

JE vaccines is a useful model for studying human disease, particularly since the macaque 93 

immune system closely resembles that of humans [5]. We therefore conducted a retrospective 94 

study on the brains of experimentally JEV-infected macaques, to dissect the inflammatory 95 

response and the cascade of events that leads to neuronal damage. We were especially interested 96 

in apoptotic pathways and inflammatory mediators including cytokines, inducible nitric oxide 97 

synthase (iNOS) and matrix metalloproteinases (MMPs), because these may point towards new 98 

targeted treatments to control the inflammatory damage, even in the absence of antiviral therapy. 99 

100 
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Materials and methods 101 

Ethics Statement. The study does not involve animal use as it was conducted on archived paraffin 102 

embedded brain tissue of rhesus macaques (Macaca mulatta). The original research on challenge 103 

study was conducted in compliance with the Animal Welfare Act and other federal statutes and 104 

regulations relating to animals and experiments involving animals and adheres to principles 105 

stated in the Guide for the Care and Use of Laboratory Animals, NRC Publication, 1996 edition. 106 

The original study was approved by the Institutional Animal Care and Use Committee (United 107 

States Army Medical Component, Armed Forces Research Institute of Medical Sciences) and by 108 

the Animal Use Review Office, United States Army Medical Research and Materiel Command 109 

(Permit Number: 93-11). 110 

Animals. The study was performed on archived paraffin embedded brain tissue of twelve rhesus 111 

macaques challenged intranasally with a well characterized wild-type JEV strain (KE93; 112 

Genotype Ia, GenBank accession number KF192510.1) as part of an effort to evaluate second-113 

generation JEV vaccines [5] (Table 1). All archived specimens used in this study are from 114 

unvaccinated monkeys. The challenge study had been undertaken in several phases and with 115 

different doses, ranging from 7.5 x 10
5
 to 2 x 10

10
 plaque forming units [6]. Monkeys originating 116 

from India and screened negative for both JEV and Dengue virus neutralizing antibodies  (aged 117 

3-7years, of both sexes, weighing 4.0-9.9 kg) had been intranasally inoculated either with the 118 

virus isolate passaged twice in culture (animals 1 and 2) or with an isolate prepared from the 119 

brain of animal 2 that was subsequently passaged twice in suckling mice to increase both virus 120 

titer and virulence [6]. The monkeys were euthanized at the onset of stupor or coma (10-13 days 121 

post inoculation) and JEV infection was confirmed by virus isolation from the brain. Five age-122 

matched uninfected control monkeys from an unrelated study served as negative controls.  123 
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 124 

Histopathology. Immediately after death, brains were exenterated and sections of frontal lobe, 125 

thalamus, brainstem and cerebellum fixed in 10% neutral buffered formalin for at least 72 hours. 126 

Following routine paraffin wax embedding, 3-5 µm sections were prepared and stained with 127 

haematoxylin-eosin (HE) or used for immunohistology. 128 

 129 

Immunohistology, immunofluorescence and TUNEL method. For immunohistological studies, 130 

sections of thalamus and brainstem (exhibiting the most consistent histological changes) and, for 131 

comparison, the cortex (absence of inflammatory infiltrates) were chosen. These were stained for 132 

the presence of JEV antigen, apoptosis and apoptotic pathway markers, glial and inflammatory 133 

cell markers, von Willebrand Factor (to confirm blood brain barrier [BBB] breakdown, through 134 

the demonstration of plasma protein leakage), and proinflammatory markers. Commercial 135 

antibodies to human proteins were selected for this study, especially those known to cross react 136 

with Macaca mulatta. Details on the panel of antibodies and the detection methods used are 137 

provided in Supplemental Material, Table S1. Briefly, sections were dewaxed in xylene and 138 

hydrated through graded alcohols. To inhibit endogenous peroxidase activity, they were treated 139 

with freshly prepared 3% H2O2 for 15 min. Sections underwent heat-induced antigen/epitope 140 

retrieval with a laboratory pressure cooker (Decloaking Chamber, Biocare Medical, Concord, 141 

USA) using citrate buffer pH6 or pH9 [7]. This was followed by incubation with normal serum 142 

to block non-specific binding sites in tissues, and the primary antibodies (15-18 hrs at 4
0
C) (see 143 

Supplemental Material, Table S1-A). Apoptotic cells were also identified by the terminal 144 

deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end in situ labelling 145 

(TUNEL) method using the Apoptag In Situ Apoptosis Detection kit (Chemicon Inc., Millipore, 146 
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Billerica, USA) to demonstrate the characteristic DNA changes. Appropriate controls were 147 

included for each marker: uninfected control monkey brains as negative controls for JEV and to 148 

establish constitutive expression of other markers, sections with known positivity for specific 149 

markers as positive controls, and sections incubated with normal mouse/rabbit IgG as isotype 150 

controls. 151 

 152 

Double immunolabeling was performed on selected sections of some monkeys (animals 2, 9, 11) 153 

to characterize the populations of cells expressing apoptosis markers (TUNEL and caspase-3, -8, 154 

and -9) and proinflammatory mediators (cytokines, iNOS and MMPs) and to relate them to the 155 

expression of JEV antigen. For this purpose, primary antibodies raised in different species were 156 

sequentially localized using non-overlapping secondary reagents and different chromogens (see 157 

Supplemental Material, Table S1-B). 158 

 159 

Sequential staining was performed on consecutive sections, mainly to detect tumor necrosis 160 

factor alpha (TNF-α) expression in inflammatory cells and glial cells and to further characterize 161 

JEV-infected cells when primary antibody were used that had been generated in the same species 162 

or when the double immunolabeling was difficult to interpret.  163 

 164 

A confocal laser scanning microscope LSM 700 (Carl Zeiss Micro Imaging, Germany) with solid 165 

state laser excitation wavelength 488 nm (for FITC) and 555 nm (for Texas Red) and ZEN 2009 166 

software was used to detect immunofluorescent staining. All other light microscopic assessments 167 

were undertaken with conventional microscopes.  168 

169 
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Results 170 

Histopathology and phenotyping of inflammatory response. All JEV-infected animals exhibited 171 

mild to moderate, multifocal to diffuse, non-suppurative meningoencephalomyelitis with 172 

evidence of neuronal degeneration and death. The inflammatory response was similar in its 173 

extent and composition regardless of the dose of inoculum and the day of euthanasia, and was 174 

dominated by mononuclear perivascular cuffs (Figure 1A) and meningeal infiltrates. These were 175 

accompanied by morphological evidence of endothelial cell activation (represented by a tomb-176 

stone like luminal protrusion of endothelial cells; Figure 1B) and/or vascular damage. The latter 177 

was indicated by perivascular haemorrhage and substantial leakage of serum into the 178 

parenchyma, as demonstrated by staining for von Willebrand factor (Figure 1C). Neuronal cell 179 

death was indicated by morphological neuronal changes suggestive of apoptosis, in association 180 

with satellitosis or microglial nodules (Figure 1D,E). Reactive astrogliosis, represented by a 181 

multifocal increase in astrocyte numbers (Figure 1F) and evidence of astrocyte activation 182 

(presence of gemistocytes) in areas with inflammatory infiltrates was also identified in JEV 183 

infective brains. T cells (CD3+) were the predominant leukocytes in both perivascular and 184 

meningeal infiltrates. They were also present in small numbers in the adjacent parenchyma 185 

(Figure 2A). B cells (CD20+) were sparse and primarily seen in the perivascular infiltrates 186 

(Figure 2B), while moderate numbers of macrophage/microglial cells (CD68+) identified in 187 

perivascular and meningeal infiltrates and the adjacent brain parenchyma (Figure 2C). Staining 188 

for myeloid/histiocyte antigen, reported to stain macrophages [8] and microglial cells [9], 189 

identified a substantial number of cells with a morphological appearance of macrophages (Figure 190 

2D), suggesting their recruitment into the tissue. Staining for CD68, which is also expressed by 191 

microglial cells, and major histocompatibility complex (MHC) class II antigen (expressed mainly 192 
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by activated microglial cells) confirmed the presence of microglial nodules but also 193 

demonstrated diffuse microgliosis and activation of microglial cells (presence of both reactive 194 

and amoeboid microglial cells; Figure 2 C,E). Furthermore, endothelial cells were shown to 195 

express MHC II, confirming their activation (Figure 2E). The cells surrounding neurons in 196 

satellitosis were also CD68-positive microglial cells (Figure 2F). For comparison, in brain areas 197 

without evidence of viral antigen and inflammation (cerebral cortex), only scattered MHCII-198 

positive microglial cells without morphological features of activation were seen. There was no 199 

evidence of microglial MHC II expression in control brains.  200 

 201 

Identification of JEV target cells. JEV antigen expression, seen as finely granular cytoplasmic 202 

staining, was observed in numerous neuronal cell bodies and processes disseminated in the 203 

thalamic and brain stem nuclei of all animals and in neuronal cell processes throughout the 204 

affected parenchyma (Figure 3A). Most infected neurons appeared morphologically unaltered 205 

(Fig. 3A inset), but some were surrounded by microglial cells (satellitosis) and exhibited 206 

degenerative changes (Figure 3B). JEV-positive microglial cells were found in some glial 207 

nodules, but occasionally as individual cells in affected areas like brainstem and thalamus, as 208 

confirmed by sequential staining for CD68 and JEV antigen (Figure 3C). In contrast, there was 209 

no evidence of JEV infection of astrocytes (Figure 3D). In one animal with a particularly strong 210 

inflammatory response (animal 2), a small percentage of slender perivascular cells (perivascular 211 

macrophages) also expressed viral antigen (Figure 3E). There was no evidence of JEV antigen in 212 

endothelial cells in any animal. Nor was there any correlation between intensity of viral infection 213 

as indicated by immunostaining and degree of inflammatory response. Negative control brain 214 

sections did not show any positive reaction. 215 
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 216 

Apoptosis. Morphological features of apoptosis were observed in degenerating neurons within 217 

glial nodules and in satellitosis, among leukocytes in the perivascular infiltrates and in individual 218 

cells with microglial features in the adjacent parenchyma. Cell death by apoptosis was confirmed 219 

by the TUNEL method which identified apoptotic JEV-infected neurons in glial nodules and 220 

satellitosis as well as apoptotic microglial cells disseminated in the parenchyma, in satellitosis 221 

and in microglial nodules (Figure 3F). Occasional lymphocytes in the perivascular infiltrates 222 

were also apoptotic (Figure 3G) and the JEV-infected perivascular macrophages were apoptotic  223 

in animal 2 (Figure 3E).  224 

 225 

Key apoptosis molecules, including caspases-8, -9 (both initiator caspases) and cleaved caspase-226 

3 (an executor caspase) were identified by staining to detect cells undergoing early apoptosis and 227 

not exhibiting representative morphological features. Small numbers of neurons with normal 228 

morphology expressing cleaved caspase-3 and more cells expressing caspase-8 were seen in JEV 229 

infected brains. Both caspases were also expressed by some leukocytes in the perivascular 230 

infiltrates (Figure 4A, B). Caspase-9, however, was only detected in astrocytes and microglial 231 

cells (Figure 4C). Double staining for JEV and the various apoptosis markers confirmed that 232 

some JEV-infected neurons were undergoing apoptosis (data not shown).  233 

 234 

In order to better understand the regulation of apoptotic processes in response to JEV infection, 235 

the expression of representative pro- and anti-apoptotic proteins was assessed. While numerous 236 

microglial cells and occasional neurons stained positive for the pro-apoptotic protein Bax (Figure 237 

4D), the anti-apoptotic protein Bcl-2 was mainly expressed by lymphocytes in the perivascular 238 
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infiltrates (Figure 4E).Dual staining showed JEV antigen in some Bax-positive neurons and 239 

occasional Bax-positive microglial cells (data not shown).  240 

 241 

In uninfected control brains TUNEL positive cells were not identified. Caspase and Bcl-2 242 

staining was negligible; weak and infrequent Bax expression was seen in neurons. 243 

 244 

Proinflammatory mediators. Having characterized the inflammatory response and the patterns of 245 

cell death in the brains for monkeys infected with JEV, we aimed to identify relevant mediators 246 

of these processes frequently identified in viral mediated infections. To assess local nitric oxide 247 

(NO) production, we investigated the expression of iNOS and nitrotyrosine (NT). We stained for 248 

MMP-2 and -9, which are known to cause BBB disruption by degrading collagen IV, its main 249 

component [10], interferon (IFN)-α, a potent antiviral cytokine and microglial activator [11], and 250 

TNF-α which has been shown to directly activate microglia[12] and induce neuronal apoptosis 251 

[13]. Both iNOS and NT were expressed by microglial cells and astrocytes. iNOS expression 252 

was also seen in some macrophages in the perivascular infiltrates and the adjacent parenchyma 253 

(Figure 5A,B) where staining for NT was only very weak. MMP-2 was expressed in cells with 254 

the morphology of reactive astrocytes (Figure 5C) and, to a lesser extent, in microglial cells and 255 

in infiltrating macrophages, whereas MMP-9, known to be constitutively expressed in human 256 

neurons, was intensely expressed by neurons and relatively weakly by microglial cells (Figure 257 

5D). TNF-α expression was seen in microglial cells, infiltrating macrophages and astrocytes, as 258 

confirmed by dual staining with CD68 and sequential staining with GFAP (Figure 5E). It was 259 

also occasionally seen in endothelial cells (data not shown). IFN-α expression, however, was 260 

seen both in uninfected and infected neurons, as confirmed by dual staining with JEV antigen 261 
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(data not shown), and in astrocytes and microglial cells (Figure 5F). In control brains, only 262 

minimal expression of inflammatory mediators was seen, represented by staining in occasional 263 

vascular endothelial cells (iNOS, TNF-α), neurons (MMP-9, iNOS) and vascular smooth muscle 264 

cells (TNF-α).  265 

 266 

Discussion 267 

The present study used macaques, which have previously been established as a good model for 268 

neuropathological studies on JE in humans [5,6], to evaluate the cytopathic effects of and 269 

inflammatory response to JEV in the brain. The apoptosis pathways and the full spectrum of 270 

proinflammatory factors have not been fully studied in any previous animal models of JE, or 271 

autopsy tissues. This study utilized monkeys challenged with JEV intranasally rather than a route 272 

more consistent to natural infections to increase the likelihood of encephalitis.  Peripherally 273 

challenged monkeys generally do not typically develop encephalitis [14] and with direct 274 

intracerebral challenge the encephalitis develops early [15]. The intranasal route was therefore 275 

the most useful route in our model and has been reported to provide a useful model for the study 276 

of anti-viral compounds and vaccine candidates [5,15] albeit this unnatural infection route may 277 

be a limitation in our study. 278 

 279 

As in humans, JEV induces a non-suppurative meningoencephalitis with neuronal cell death, 280 

microgliosis and astrogliosis in macaques [16,17]; these classic findings are also common in 281 

other viral encephalitides [18]. However, the ‘punched-out’ areas of focal necrosis, often seen in 282 

fatal human JE cases [16,19] were not observed in our experimentally infected monkeys. It is 283 

possible that this pathology had not yet developed in the macaques that were euthanized at the 284 
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onset of stupor or coma in contrast to human infections where histological observations are 285 

always made on post mortem material at the end of the disease process [16,19]. 286 

 287 

The inflammatory response in macaques even with the chosen challenge route was consistent 288 

with the changes seen in humans, characterised by perivascular mononuclear cuffs, with less 289 

intense infiltrates in the adjacent parenchyma [16].  While T cells dominated in the perivascular 290 

infiltrates and recently recruited macrophages were the largest population in the parenchymal 291 

infiltrates, B cells represented a minority and were restricted to the perivascular cuffs. Cytotoxic 292 

T cells (CTLs) have been reported to play a key role in mouse models of JE [20], but it remains 293 

unclear if these cells are beneficial or deleterious, or both. In the present study, it was not 294 

possible to assess the role of CTLs, due to the non-availability of antibodies suitable for 295 

macaques. In viral encephalitis, macrophages are known to migrate from the perivascular space 296 

into the surrounding parenchyma where they become activated [21].In addition to microglia, 297 

known to cause neuronal death in JE [3,19], the relative contribution of peripheral macrophages 298 

that migrate into the CNS should be elucidated. 299 

 300 

Our study confirmed neurons as the main targets of JEV, as previously shown in fatal human 301 

cases [16,19,22]. We also demonstrated viral antigen in microglial cells, mainly within 302 

microglial nodules surrounding infected neurons, suggesting virus uptake by phagocytosis. 303 

However, productively infected microglial cells cannot be excluded, since they do support viral 304 

replication in vitro [23,24]. Viral antigen was not detected in other glial cell types, despite 305 

evidence that astrocytes can become infected in culture systems [23]. There was also no evidence 306 

of endothelial cell infection. A similar viral target cell pattern has been reported in human cases, 307 
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with the exception that some studies found evidence also for endothelial cell infection [16,19]. 308 

Interestingly, we detected JEV antigen in perivascular macrophages in one animal. These cells 309 

found at the interface between blood and brain parenchyma are resident macrophages with high 310 

phagocytic activity and MHC-II expression [25], which suggests that they had phagocytosed 311 

virus that entered the brain via the blood. 312 

 313 

Viral infection and inflammatory responses were associated with cytopathic changes, and, 314 

although not excessive, neuronal death via apoptosis was clearly observed. Apoptosis was shown 315 

by the TUNEL assay which has been used in the past to demonstrate apoptosis, although 316 

interpretation of the findings can be difficult in the presence of necrosis and autolytic changes 317 

[26]; we therefore also confirmed apoptosis by staining for cleaved caspase-3. Apoptotic neurons 318 

were often surrounded by microglial cells (satellitosis and formation of microglial nodules) 319 

which indicated their impending phagocytosis. Some apoptotic neurons were JEV infected. In 320 

addition, several morphologically unaltered, infected neurons were shown to express the pro-321 

apoptotic protein Bax, the initiator caspase-8 or the active effector caspase-3, which indicates 322 

that these cells were destined to become apoptotic. These results confirm the in vivo relevance of 323 

previous in vitro studies which demonstrated that JEV replication can lead to neuronal apoptotic 324 

death [27] and support findings from the mouse model that JEV replication contributes to Bax 325 

activation [28]. Taken together, these findings provide clear evidence of a direct, although 326 

possibly not rapid, cytopathic effect of JEV on neurons. The demonstration of caspase-8 in 327 

affected neurons also indicates that neuronal apoptosis is initiated by the fas-mediated or 328 

extrinsic pathway, a mechanism that is central to the process of immune-mediated viral clearance 329 

[29] and seen in a number of CNS viral infections including West Nile virus [30].  330 



Page 16 of 30 

 

 

 331 

Importantly, apoptotic cell death or pre-apoptotic caspase-8 expression was also seen in a 332 

proportion of JEV antigen-negative neurons, which suggests some degree of bystander neuronal 333 

death. In addition, a proportion of microglial cells, often in close proximity to infected neurons 334 

but generally not JEV-infected, were apoptotic. Furthermore, the observation of morphologically 335 

unaltered microglial cells expressing caspase-9 suggest that microglial apoptosis is initiated by 336 

the mitochondria or the intrinsic pathway. A recent in vitro study showed that JEV infection can 337 

lead to apoptosis of microglial cells [24].Our results indicate that in vivo this direct mechanism is 338 

probably less relevant and that pro-inflammatory factors are more important; this is also seen in 339 

other CNS conditions, such as experimental autoimmune encephalomyelitis (EAE) where 340 

microglial apoptosis is considered an important homeostatic mechanism to control microglial 341 

activation and proliferation [31]. Apoptotic cell death was also observed in a proportion of 342 

infiltrating inflammatory cells in our JEV infected monkeys. Considering that these cells were 343 

not JEV-infected, this most likely represents a normal mechanism to eliminate activated 344 

leukocytes and thereby limit the inflammatory response in the CNS. On the other hand, 345 

infiltrating leukocytes (predominantly T cells) were found to express the anti-apoptotic protein 346 

Bcl-2. This supports a murine in vivo study that provides evidence of a critical role of Bcl-2 in 347 

the survival of virus-specific CTLs [32]. 348 

 349 

The occurrence of apoptosis in apparently uninfected neurons suggests that indirect mechanisms 350 

(bystander cell death) contribute to neuronal damage in JE, and indeed recent in vitro and in vivo 351 

murine studies demonstrated that microglial cells can induce neuronal apoptosis via the release 352 

of pro-inflammatory mediators [3,4]. Also, TNF-α, via its receptor on neurons, has been shown 353 
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to induce caspase-8 activation in mouse neurons [33]. Indeed, we observed TNF-α upregulation 354 

in astrocytes, microglial cells, endothelial cells and infiltrating macrophages in infected 355 

macaques. It is likely that these cells were also responsible for the TNF-α upregulation observed 356 

in JEV-infected mice [3,34]. TNF-α related neuronal death is also reported in a recent in vitro 357 

study with WNV [35]. The results of our study suggest that JEV might simultaneously trigger, 358 

both directly and indirectly, the caspase dependent extrinsic apoptotic pathway in neurons and 359 

the intrinsic apoptotic pathway in microglial cells. Further definition of the underlying 360 

mechanisms will allow us to understand the processes involved in disease progression and to 361 

assess the potential of anti-apoptotic treatment strategies.  362 

 363 

Alongside the inflammatory infiltration and the cytopathic effects, we found distinct evidence of 364 

activation of a range of cells, namely microglial cells, astrocytes and vascular endothelial cells. 365 

Microglial activation was confirmed by the demonstration of MHC II antigen, iNOS, NT, TNF-α 366 

and MMP expression by microglial cells and has been reported previously in JEV-infected mice 367 

[3]. To shed light on the potential mechanism of microglial activation, we assessed the 368 

expression of IFN-α (type I IFN); this potent antiviral cytokine is an activator of microglia in 369 

response to CNS viral infection [11], and is elevated in the cerebrospinal fluid of patients with 370 

JE, where it is associated with a poor outcome [36]. We demonstrated IFN-α expression in 371 

neurons which suggests that they might be responsible for microglial activation early after 372 

infection; expression by microglia and astrocytes suggests they might be responsible for 373 

sustained microglial activation in JE. 374 

 375 

As described in earlier reports [22], reactive astrogliosis and astrocyte activation was also 376 
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observed in the present study. Astrocyte activation is considered as a non-specific response to 377 

degenerative changes including virus-induced damage in the CNS. However, a recent study 378 

provided evidence that this activation might be an effect of TNF-α release from microglial cells 379 

[23]. So far, little is known about the role of astrocytes in neuroinflammation caused by JEV, 380 

whether they are protective or pathogenic. Nevertheless, the demonstration of TNF-α, IFN-α, 381 

iNOS, NT and MMP-2 expression by astrocytes in our study provides the first in vivo evidence 382 

that astrocytes may play an important role in the pathogenesis. The same is true for microglial 383 

cells and macrophages in the inflammatory infiltrates, through release of the inflammatory 384 

mediators, all these cells might actively contribute to the damage of other cells in the brain and in 385 

particular induce bystander apoptotic death of neurons [3,4]. iNOS and NT expression indicate 386 

NO production, which is in accordance with results from a mouse study [37].  There, a gradual 387 

increase in iNOS activity was observed after intracranial JEV infection, and was considered a 388 

consequence of release of cytokines, such as TNF-α or IL-8 which might be beneficial through 389 

the inhibition of viral replication and release [37].  However, NO has also been discussed as a 390 

potential mediator of pathogenesis in tick-borne encephalitis virus infection [38]. MMP levels 391 

have been shown to correlate with the severity of some CNS infections [39]. MMP-9 is known to 392 

be constitutively expressed in human neurons. However, it was intensely upregulated in neurons 393 

of the JEV-infected macaques and weakly expressed by microglial cells, while glial cells and 394 

infiltrating macrophages were sources of MMP-2. MMP release is stimulated by 395 

proinflammatory cytokines including TNF-α [40]. In JE, MMPs might play a detrimental role 396 

and not only be responsible for BBB disruption through collagen IV degradation, but also 397 

contribute to neuronal destruction via stimulation of TNF-α release.  398 

 399 
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We observed endothelial cell expression of MHC II antigen and TNF-α, which confirms that they 400 

are activated and suggests they have a role in inflammatory cell recruitment and potential 401 

contribution to immune reactions, glial cell activation and neuronal apoptosis.  Endothelial cells 402 

might also be a source of the increase in serum TNF-α seen in JE patients [36].   403 

 404 

Based on our findings we postulate that infection of neurons by JEV triggers a network of 405 

inflammatory mediators [41].  Through release of IFN-α, neurons activate microglial cells which, 406 

via release of cytokines such as TNF-α, activate astrocytes and endothelial cells. Together, these 407 

mediators contribute to BBB breakdown, leukocyte recruitment into the parenchyma and further 408 

neuronal apoptosis. Glial cell apoptosis should limit the extent of inflammation. However, the 409 

release of further mediators by infiltrating leukocytes, in particular macrophages, results in 410 

sustained glial and endothelial cell activation and further leukocyte recruitment, ultimately 411 

augmenting the inflammatory response and neuronal cell loss. Although the inflammatory 412 

response is intended to be protective, and presumably is so in cases which improve and recover, 413 

if uncontrolled it can contribute to disease progression in JE. 414 

 415 

Our study is mostly descriptive as we used archived materials from a previous challenge study. 416 

However it might shed some light on some novel processes mediating pathogenesis which could 417 

aid in the experimental design for future studies investigating inflammatory responses to JE. 418 

Viral encephalitis is a major cause of morbidity and mortality worldwide. The pathogenesis of 419 

flavivirus encephalitis remains incompletely understood but it appears that the immune response 420 

is crucial in limiting viral spread to the brain [42]. The cascade of events that we have outlined 421 

for JE may also apply to other viral encephalitides. Currently there is no proven efficacious 422 
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therapy for most viral infections of the CNS including JE. Novel strategies for treating viral CNS 423 

infections are urgently needed. Our results from a macaque model indicate that neuronal 424 

apoptosis and glial activation are crucial steps in the pathogenesis of JE. They imply that 425 

adjunctive therapy with inhibitors of caspases or targeted anti-inflammatory treatments might be 426 

a promising therapeutic approach for JE in the future. 427 

 428 
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Figure Legends 568 

Figure 1. Histopathological changes in the thalamus of a rhesus macaque (No. 2) after 569 

intranasal inoculation with JEV. 570 

(A) Non-suppurative encephalitis, represented by moderate, lymphocyte-dominated perivascular 571 

infiltration. (B) Small vein with mild perivascular infiltration and activated endothelial cells 572 

(arrow). (C) The presence of serum, indicated by staining for von Willebrandt factor, in the 573 

parenchyma surrounding vessels with perivascular infiltrates (arrows) indicates marked vessel 574 

leakage. (D) Degenerating neuron (arrow) surrounded by glial cells (satellitosis). (E) Microglial 575 

nodule with occasional apoptotic cells (black arrow). (F) Staining for GFAP highlights the 576 

presence of large numbers of activated astrocytes (reactive astrocytosis). A, B, D, E: 577 

Hematoxylin-eosin stain. C, F: Indirect peroxidase method, NovaRed (C), DAB (F), hematoxylin 578 

counterstain. Scale bars: A, C, F = 50 µm; B, D, E = 20 µm. 579 

 580 
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Figure 2. Inflammatory response in the thalamus of rhesus macaques after intranasal 591 

inoculation with JEV ((No. 2 (A, B, E) and No. 9 (C, D, F)). 592 

(A) CD3+ T cells dominate the perivascular infiltrates and are present in smaller numbers in the 593 

adjacent parenchyma (arrows). VL: vessel lumen. (B) CD20+ B cells represent a minority in the 594 

perivascular infiltrates. (C) Staining for CD68 identifies moderate numbers of 595 

macrophage/microglial cells within and surrounding the perivascular infiltrates (arrows) and 596 

highlights the large number of disseminated activated microglial cells in the adjacent 597 

parenchyma. (D) Macrophages in the perivascular infiltrates and the adjacent parenchyma 598 

(arrow) also express the myeloid/histiocyte antigen which indicates that they have recently been 599 

recruited from the blood. VL: vessel lumen. (E) Activated microglial cells also express major 600 

histocompatibility complex (MHC) class II antigen (arrowheads). MHC II is also expressed by 601 

vascular endothelial cells (arrows), confirming their activation. (F) Microglial nodule with 602 

central degenerate neuron (arrow), surrounded by CD68-positive microglial cells. Indirect 603 

peroxidise method, DAB, Papanicolaou's hematoxylin counterstain. Scale bars: A-E = 50 µm; F 604 

= 20 µm. 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 
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Figure 3. JEV target cells in the thalamus of rhesus macaques after intranasal inoculation 614 

with JEV ((No. 7 (A, B), No. 2 (C-G)). 615 

(A) JEV antigen is seen in the majority of neurons (left: arrows). Right: Infected unaltered 616 

neurons express viral antigen in both cell body and cell processes. (B) JEV-infected neurons that 617 

are surrounded by microglial cells in satellitosis appear shrunken (arrows). (C) Microglial cells 618 

in particular in microglial nodules can be JEV-infected (top; arrow) and are identified based on 619 

their CD68 expression (bottom; arrow), as demonstrated in a consecutive section. (D) Dual 620 

staining for JEV antigen (FITC) and GFAP (Texas red) indicates that JEV does not infect 621 

astrocytes. (E) While endothelial cells (arrowheads) were not found to be JEV infected, 622 

perivascular macrophages in one animal were found to express JEV antigen (Texas Red); these 623 

cells were also undergoing apoptosis, since they were TUNEL-positive (FITC) (arrows). VL: 624 

vessel lumen. (F) Dual staining for JEV antigen (Vector Blue) and TUNEL (DAB) shows both 625 

the degenerating neurons and surrounding microglial cells in satellitosis undergo apoptosis 626 

(arrows). JEV-infected, apoptotic microglial cells (arrowhead) are also observed. (G) Occasional 627 

TUNEL-positive, apoptotic lymphocytes (arrows) are present in the perivascular infiltrates. V: 628 

vessel. Indirect peroxidase method (A-E, G), Vectastain
 
Elite ABC-Alkaline Phosphatase Kit (F). 629 

DAB (A-G), BCIP/NBT blue (F), Papanicolaou's hematoxylin counterstain. Scale bars: A (left) = 630 

100 µm; A (right), C = 25 µm; B, E = 20 µm; D, F, G = 50 µm. 631 

 632 

 633 
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Figure 4. Apoptosis related proteins in the thalamus of rhesus macaques after intranasal 637 

inoculation with JEV ((No. 2 (A, D, E), No. 9 (B), No. 11 (C)). 638 

(A)  Some leukocytes in the perivascular infiltrates (left, arrowheads) and scattered unaltered 639 

appearing neurons (right; arrows) express cleaved caspase-3, an executor caspase. (B) The 640 

initiator caspase-8 is expressed by unaltered neurons (arrows) and some cells in the perivascular 641 

infiltrates (arrowheads). V: vessel. (C) Caspase-9, another initiator caspase, is expressed by 642 

microglial cells (arrowheads) and astrocytes (arrows). (D) Bax, a pro-apoptotic protein, is 643 

expressed by unaltered neurons (arrows) and microglial cells (arrowheads). (E) Bcl-2, an anti-644 

apoptotic protein, is expressed by cells in the perivascular infiltrates. Indirect peroxidise method, 645 

DAB, Papanicolaou's hematoxylin counterstain. Scale bars = 50 µm. 646 
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Figure 5. Proinflammatory markers in the thalamus of rhesus macaques after intranasal 660 

inoculation with JEV (No. 2 (A, B, D-F), No. 11 (C)). 661 

(A) Microglial cells (small arrows), leukocytes in the perivascular infiltrates (arrowheads), 662 

perivascular macrophages (large arrow) and astrocytes (inset) express iNOS. (B) Nitrotyrosine 663 

expression is observed in microglial cells (arrowheads) and astrocytes (arrows). VL: vessel 664 

lumen. (C) MMP-2 expression is diffusely seen in reactive astrocytes. (D) MMP-9 is mainly 665 

expressed by neurons. (E) TNF-α (left: brown signal) is expressed by microglial cells (left: 666 

arrows; right: arrowheads) that are identified based on their CD68 expression (left: blue signal) 667 

and astrocytes (right: arrows). (F) IFN-α expression is seen in astrocytes (left; arrow) and 668 

neurons, both unaltered (left: arrowheads; right: arrow) and degenerating (right: arrowhead), as 669 

demonstrated in satellitosis. Microglial cells surrounding the neuron are also positive. Indirect 670 

peroxidase method (A-F), Vectastain
 
Elite ABC-Alkaline Phosphatase Kit (E, left); DAB (A-F), 671 

BCIP/NBT blue (E, left), Papanicolaou's hematoxylin counterstain. Scale bars A-D, F left = 50 672 

µm. E, F right = 20 µm. 673 
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Supplemental Material Table S1. Immunostaining of Japanese encephalitis virus infected 683 

monkey brains 684 

 685 

 686 

 687 

 688 

. 689 



 

 

Table 1. Animals, JE challenge virus, infectious doses and time of necropsy  

Animal No. Sex  Age 

(yr) 

Weight 

(Kg) 

Challenge virus Challenge dose 

(pfu) 

Day necropsied 

1 M 6 6.1 KE93, AP61-1, C6/36-1 2.3 x 107 12 

2 M 7 9.9 KE93, AP61-1, C6/36-1 6.6 x 106 12 

3 M 7 8.5 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 2.0 x 109 11 

4 M 6 4.9 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 2.0 x 109 11 

5 M 5 5.3 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 2.0 x 109 11 

6 M 5 5.2 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 2.0 x 1010 12 

7 M 4 4.3 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 2.0 x 1010 10 

8 M 3 4.5 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 2.0 x 1010 11 

9 M 3 4.0 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 7.5 x 107 12 

10 M 7 9.1 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 7.5 x 107 10 

11 F 7 5.5 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 7.5 x 107 12 

12 F 7 5.6 KE93, AP61-1, C6/36-1, DA-349-1, SM-2 7.5 x 105 13 

 

pfu – plaque-forming unit 
Animals were euthanized at the onset of stupor or coma 
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inflammatory response in the brains of JEV infected non-human primates. Their experiments revealed 

neutrons as the major target cells, and neuronal apoptosis and glial activation was significant. 

Although all the data are from archived materials decades ago, the results are well supported by 

experiments, and the manuscript is well written. This reviewer does not have any major concerns 

with the manuscript, but several minor comments are listed below. 

Response: We are grateful to the reviewer for the positive feedback on our study and manuscript. 

 1. The animals received varied challenge doses, the reviewer was confused about the numbering of 

animals in the text and figure legends. Please list all the animals with corresponding challenge doses. 

Is there any dose response?” 

Response: We have added a table (page 30 of the revised manuscript) with animal numbers, 

challenge doses and day of euthanasia. The histopathological changes in the brain of infected 

animals were similar in their type, degree and distribution regardless of the dose and the day of 

euthanasia. 

“2. The observed inflammatory response was probably associated with the unusual challenge route, 
intranasal inoculation, the authors should clarify this in Discussion.” 

Response: The inflammatory response in the macaques was consistent with the natural route of 

human JEV encephalitic infections despite the unusual challenge route. This has now been clarified 

in the discussion (lines 170-171 in the revised manuscript). 

“3. The genotype and GenBank No. of the challenge strain KE93 should be indicated.” 

Response: We have updated the details of the challenge strain on line 109. 

 

Reviewer #2:  

 

“Overall, this article is very well written and requires only minor revision. Although the methods 

indicate that samples from 12 monkeys were looked at, nowhere in the results or discussion is there 

any indication of whether the findings reported were found in all monkeys. The text should be 

modified to include this, plus the authors should add a table listing the major pathological findings 

and the number of monkeys positive for the finding/number examined. Alternatively, the table could 

show the findings in each monkey as well as time to death, weight, gender and age of each monkey; 

this would be a strong aid in evaluating the findings and the implications for JE.” 

Response: We are grateful to the reviewer for the positive feedback on our study and manuscript. 

Response to Reviewers



As suggested also by reviewer #1, a table has now been included that provides information on the 

animals and experimental approach. The pathological findings of mild to moderate 

meningoencephalitis were very similar in all study animals. Information on the weight, gender and 

age is now included in the Materials and Methods section in line 114. 

“Further, in either the table or the Materials and Methods the authors should list the origin of the 
rhesus monkeys (Chinese or Indian origin), if known. If not known, this should be indicated. This has 

important implications for future studies as results in Indian-origin rhesus monkeys may not be the 

same as Chinese-origin rhesus monkeys (and vice versa).” 

Response: We agree that this additional information would be helpful. The rhesus monkeys in the 

animal colony were of Indian origin and they had been screened negative for Dengue and JE 

neutralizing antibodies. This information is now provided (line 113-114 of the revised manuscript). 

 

Reviewer #3: 

“ This is an interesting and informative immunohistological study of Japanese encephalitis infection 

in Macaca mulatta infected via the intranasal route. The techniques used to study infection and 

response are innovative and may serve as a model for future studies of this kind, with an important 

caveat (see below).” 

Response: We are grateful to the reviewer for the positive comments. 

“> Specific comments: 

> P 7, line 123 and Suppl Table 1. Commercial antibodies to human proteins were used throughout 

this study to characterize cell identity and functional markers. Is it known that such antibodies can be 

used to identify and characterize Macaca mulatta cell surface and intracellular antigens? What 

about human MHC? This issue should be handled in the Methods and Materials, but possibly also in 

Discussion.”  

Response: We thank the reviewer for emphasizing this important aspect. We have carefully selected 

the human antibodies recommended for use in macaques through literature search and company 

websites. The information is updated in the Materials and Methods section (lines 132-134). Our 

study also has a limitation in that with JEV being a select agent we are restricted to handling paraffin 

embedded materials only and some of the antibodies did not work well on processed tissues.  

“> P 9, line 166. What are the morphological attributes of "endothelial activation?" I can see what 

seem to be enlarged nuclei at the end of the arrow. Is this a marker of endothelial activation? If so, 

the reader should be so informed.” 

Response: We have included a brief note to explain the morphological characteristics of activated 

endothelial cells (“represented by a tomb-stone like luminal protrusion of endothelial cells;”) to 
clarify the issue (lines 174/175 of the revised manuscript). 

“> P 9, line 173. Why stain for CD3 T cells? Is this a marker of specific function or a generic T cell 

marker?” 

Response: CD3 is a pan-T cell marker and has been used to assess the overall proportion of T cells in 

the inflammatory infiltrate. This is also shown in Table S1. 

“> P 14, line 292. Did the authors consider using anti-JE NS3 as a marker of intracellular replication?” 

Response: We agree with the reviewer that MAbs against the NS3 protein of JEV would be a 

powerful tool for this pathogenesis study; to our knowledge these were not available when the 

study was performed a while back. 

 

Editor: 

As requested we have prepared a rebuttal letter with a detailed list of our responses to the 

reviewers’ comments and requests.  



We have prepared two versions of the revised manuscript, as requested. 

We have provided a striking still image with a legend. 

We have now uploaded the TIF versions of our image files, in the appropriate resolution and format. 

The figures do not contain any text.  

 

 

Yours sincerely, 

 

 

Professor Tom Solomon, FRCP, PhD 

Chair of Neurological Science 

Head, Brain Infections Group 

Director, Liverpool Institute of Infection & Global Health 
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