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West Nile Virus (WNV) is a mosquito-borne encephalitic flavivirus affecting humans and 

horses since its emergence in the United States in 1999.  From epidemiological studies it is 

known that natural exposure results in life-long immunity with other flaviviruses and is expected 

with WNV.  The immunologic components which determine this protective immunity have only 

been partially defined and primarily in murine models.  The objective of this study was to 

determine what mediates long-term immunity to WNV utilizing an equine model of WNV 

induced encephalomyelitis.  The hypothesis was that a protective immune response against 

WNV infection was induced by vaccination with a modified live WNV vaccine and was 

composed of an antigen specific TH1 CD4+T cell immune response.   

Immunological characterization of the intrathecal model of WNV was studied with 

injection of virulent WNV in a serologically naïve weanling colt (ID1) and a non-naïve filly 

(ID2).  ID1 developed WNV encephalomyelitis at seven days post-infection with detection of 

viremia, and histopathological changes.  ID2 was completely protected from disease with no 

viremia.   

The efficacy of three commercially available equine WNV vaccines was tested in horses 

using the model of WNV encephalitis.  Twenty-four healthy, WNV-seronegative horses of 
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varying ages and gender were placed into three randomized, blinded trial groups consisting of 

eight horses with two horses in each group receiving 1) an inactivated (K-WN) WNV vaccine, 2) 

a modified-live vaccine (CP-WN), containing the WNV prM and E proteins expressed by a 

canarypox vector 3) a live-chimera vaccine (WN-FV) containing WNV prM and E proteins 

expressed in a YF17D vector, or 4) diluent control.  Challenge by this model caused grave 

neurological signs, viremia, moderate to severe histopathologic lesions in the brain and spinal 

cord, and an outcome of 0% survivorship in all six control horses.  In contrast, challenge in 

horses at between 28 days post-vaccination of the chimera vaccine or 56 days post vaccination of 

the commercial inactivated or modified-live vaccines resulted in 100% survivorship, protection 

from the onset of WN encephalitis and viremia.  Horses vaccinated with the live-chimera vaccine 

showed significantly fewer clinical signs than horses vaccinated with inactivated vaccine 

(p=0.035) and the control horses (p≤ 0.01).   

Protective recall responses were seen in vaccinated horses with WNV challenge and data 

was supportive of the hypothesis that vaccinated horses have WNV antigen specific TH1 CD4+ T 

cell response.  WNV proliferative responses were most significantly increased in the K-WN and 

WN-FV vaccinates at 21 days after challenge, with an increased IFN-γ/IL-4 ratio and both 

groups had increased CD4+ T cell populations.  A protective response was also characterized by 

the rapid induction of an antibody response mediated at least in two of the vaccines by IL-5.  

WNV antibodies for IgG total, IgGa, IgGb were detected after vaccination in the K-WN and CP-

WN horses and there were marked increases in antibodies in the CP-WN and WN-FV horses by 

D14PC.  Successful response also appeared to be correlated with low expression levels of TNF-

α.  In contrast, naïve control horses had significant expression of TNF-α after virulent challenge 
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and developed a primary immune response to WNV infection characterized by detectable IgG 

total, IgGa, IgGb at D7, and no WNV antigen specific lymphocyte proliferation.   

 



 

CHAPTER 1 
INTRODUCTION 

Since its emergence into the United States in 1999, West Nile Virus (WNV) has killed a 

total number of 928 humans, approximately 6,000 horses, and an estimated hundreds of 

thousands of birds. 1,2 This mosquito-borne encephalitic flavivirus has caused clinical disease in 

23,962 humans (both West Nile Fever and West Nile Encephalitis (WNE)) and 24,824 horses 

(WNE).1,2  With the heightened attention surrounding this serious pathogen, scientific focus has 

centered with the development of diagnostic tests, therapeutics, and prophylaxis, including the 

three WNV (killed, modified live, DNA) vaccines that have been licensed for use in the horse.  

Several other vaccines are currently in various levels of experimental evaluation and licensure.  

These newer vaccines stimulate both humoral and cell-mediated immune responses. 27,76,91,127,160  

Cell-mediated immunity has been shown in murine models to be an important player in the long-

term resistance to infection with flaviviruses.31  The relevance of the immune response in mice to 

actual development of protective responses in natural disease is yet unknown.   

The overall goal of this dissertation was to determine what mediates protective immunity 

to West Nile Virus in horses.  It was hypothesized that a protective immune response against 

WNV infection, induced by vaccination with a modified live WNV vaccine, was composed of an 

antigen specific TH1 CD4+ T cell immune response.  The following specific aims were identified:   

• Specific aim 1: To determine whether or not a protective immune response against 
intrathecal WNV infection is induced by vaccination in horses. 

 
The objective was to compare the clinical efficacy in the CNS and periphery of three 
equine WNV vaccines using an intrathecal WNV infection model.   

It was hypothesized that, in modified live vaccinated horses there was protection against 
WNV challenge in terms of onset of clinical disease and outcome. 
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• Specific aim 2:  To determine whether or not vaccinated horses have a WNV antigen 
specific TH1 CD4+ T cell immune response. 
 
The objective was to characterize the lymphocyte subsets of equine PBMC, 
lymphoproliferative responses, ex vivo and in vitro cytokine mRNA profiles, and 
immunoglobulin isotypes of vaccinated horses. 

It was hypothesized that, modified live vaccinated horses would have a WNV antigen 
specific TH1 CD4+ T cell immune response. 

 



 

CHAPTER 2 
LITERATURE REVIEW 

Central Nervous System Infections in Horses 

Infections of the central nervous system (CNS) of horses are uncommon but when they do 

occur, they are some of the most devastating and frequently fatal diseases in horses.  Diseases 

such as equine protozoal myeloencephalitis (EPM) and West Nile virus encephalomyelitis 

(WNE) have had a significant economic impact on the equine industry in recent years and 

stimulated investigations into preventative, diagnostic, and therapeutic alternatives for CNS 

infections in horses.   

 Viral, bacterial, rickettsial, protozoal, parasitic and fungal pathogens may cause CNS 

infections in horses (Table 2-1).  In small animals and in people causes of meningoencephalitis 

in order of decreasing frequency are viral, bacterial, protozoal, rickettsial, parasitic, and fungal 

while, in the horse, the most commonly diagnosed CNS infections are probably of viral and 

protozoal origin.37,51  In a 1999 Australian study, 30 of 450 horses with neurological disease had 

an infectious or inflammatory disease and 11 of these 30 had meningitis.150  This study does not 

reflect the emergence of WNV in the United States in 1999 nor does it account for CNS 

pathogens that are present in North America such as Eastern equine encephalomyelitis (EEE) or 

EPM.   

Regardless of the type of etiologic agent involved, CNS infections require an accurate and 

rapid diagnosis and implementation of an appropriate course of treatment by the attending 

clinician.  Central nervous system infection should be suspected in horses with abnormal 

mentation, seizures, blindness, multiple cranial nerve abnormalities, and general proprioceptive 

deficits.  Infections involving primarily the spinal cord may manifest as limb weakness, 
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incoordination, and stiffness with or without associated cerebral dysfunction.  The following is 

an overview of CNS infection, pathogenesis, diagnosis and treatment.   

The appropriate term for infection and resultant inflammation of the CNS is determined by 

the specific area of the nervous system affected.  Inflammation of the brain, meninges, spinal 

cord, and peripheral nerves is termed encephalitis, meningitis, myelitis, and neuritis, 

respectively.  Rhomboencephalitis and cerebellitis refers to localized inflammation of the brain 

stem and cerebellum, respectively.28,52  Frequently more than one tissue or anatomical site may 

be affected.  Meningoencephalitis is inflammation of the meninges and brain and 

meningoencephalomyelitis is inflammation of the meninges, brain, and spinal cord.  

Inflammation of the brain and spinal cord, without meningeal involvement, is termed 

myeloencephalitis.   

Infection of the CNS can also result in focal suppuration of the brain parenchyma or spinal 

cord and formation of abscesses.  Localized areas of infection between the outermost meningeal 

layer (dura mater) and the skull and vertebral column are termed epidural abscesses.  

Inflammation between the outer two layers of the meninges (the dura mater and arachnoid) is 

termed subdural empyema.51  

Neuroanatomy and Disease 

Brain and meninges 

Inside the protective barrier of the skull, the brain is surrounded by three layers of 

meninges: the outermost dura mater or pachymeninges and the leptomeninges consisting of the 

inner arachnoid and pia mater.  The pia mater is continuous with the external surface of the brain 

and spinal cord, forming cuffs around penetrating vessels and merging with the ependymal lining 

of the fourth ventricle.  Cerebrospinal fluid (CSF) occupies the subarachnoid space between the 

pia mater and arachnoid.  Acute bacterial infections within the subarachnoid space typically 
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begin with the leptomeninges of the brain and spinal cord and spread inward through the 

foramina of the fourth ventricle.  Infections between the dura mater and arachnoid (subdural 

empyema) can spread over the entire cerebral hemisphere.  The dura mater adheres to the 

periosteum of the skull and limits the spread of epidural abscesses (between the dura and skull) 

except where it invaginates into the cranial cavity to form four rigid septa: the falx cerebri, falx 

cerebelli, tentorium cerebelli, and diaphragma selli.51  

The brain rests within the anterior, middle, and posterior cranial fossae which are 

associated with the paranasal sinuses.  The anterior fossa forms the roof of the frontal and 

ethmoidal sinuses.  The sella turcica is located between the left and right middle fossa and forms 

the roof of the sphenoid sinuses.  Infection in these paranasal sinuses can spread through the 

respective fossa centrally to the brain resulting in epidural abscesses and subdural empyema.  In 

the horse, these infections can either be bacterial or fungal.3,7,19,22,68  Middle ear infections (otits 

media) within the petrous temporal bone may extend into the middle fossa to involve the 

temporal lobe of the brain or into the posterior fossa to involve the cerebellum or brain stem.51,48  

 Neuroanatomical localization of brain disease in the horse has been described by others 

elsewhere.12,85,107  Briefly, infectious neurological disease in the horse is either diffuse (e.g., 

viral or protozoal) or can have a single neuroanantomical signal (e.g., brain abscess).  

Neuroanatomical localization should be define in terms of the five major regions of the CNS 

and/or the cranial nerves12: disease of the cerebrum, basal nuclei, rostral brainstem, caudal 

brainstem, and cerebellum.12   

 Seizure activity and moderate to severe obtundation are the most common signs of 

cerebral disease in the horse.  Although the cortex controls conscious proprioception, this is 

difficult to assess localize to the cerebrum in the horse and in the absence of other clinical signs.  
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Blindness secondary to lesions in the visual cortex occur.  Cortical blindness presents as 

decreased normal reactions to visual cues with normal pupillary light reflexes.12,85,107  A full 

ophthalmic examination is paramount to assessing cortical blindness.  The most common clinical 

sign of focal disease of the basal nuclei is the inability to chew and form coordinated eating 

movements with the tongue, teeth, and oropharynx.12,85,107  However, diffuse disease in this area 

involves caudate nucleus, globus pallidus, putamen, and substantia nigra and should result in 

losses of coordination of movement.  Extension to the reticular formation may result in 

abnormalities of wake/sleep.105  

 Clinical signs referable to lesions of the rostral brainstem can be differentiated on the 

basis of signs of abnormalities of cranial nerves (CN) II through IV.  Vision, pupillary responses 

and eyeball placement can be affected by disease in these areas. 12,85,107   Post-ganglionic 

Horner’s syndrome (ipsilateral ptosis, miosis, enophthalmis and localized ipsilateral sweating) 

can occur if there are lesions rostral to the foramen lacerum involving the sympathetic fibers as 

they course to the sphincter pupillae muscle. 12,85,107   

 The hypothalamus, reticular formation and pituitary gland are included within the 

diencephalon and mesencephalon of the brainstem.  Hypothalamic and pituitary disease 

generally result in endocrine dyscrasia.  The reticular formation is very important for arousal and 

coordination of motor function.  Lesions associated with the caudal brainstem can be identified 

on the basis of clinical signs indicating abnormalities of CN V through XII.   

Cranial nerves 

All of the cranial nerves exit through the meninges at the base of the brain and are 

susceptible to injury in horses with meningitis due to direct spread of infection or increased 

intracranial pressure.  The clinical signs of multiple versus single CN abnormalities are important 

for ruling out specific etiologies. 12,85,107  For example, a weak horse with primary dysphagia and 
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slow papillary responses has evidence of a diffuse disease process such as botulism.  A horse 

with unilateral masseter atrophy consistent with CN V paralysis is a common finding in horses 

with clinical disease due to S. neurona infection. 

Spinal cord 

 The spinal cord has a central core of gray matter surrounded by the ascending and 

descending nerve tracts of the white matter.  Intramedullary lesions (within the spinal cord) 

produce neuronal injury at one or more spinal cord segments and then expand laterally to involve 

motor and sensory nerve tracts.  Clinical signs are observed caudal to the site of the spinal cord 

lesion because of damage to descending motor tracts. 12,85,107  While clinical signs of spinal cord 

disease are most commonly bilateral in horses, severity is frequently asymmetrical; a close 

examination will reveal that most intramedullary lesions, unless extremely focal, will have some 

degree of abnormality associated with the contralateral limb.  On the other hand extramedullary 

or lesions of the peripheral nerves will involve a singls limb.  Peripheral or extramedullary 

lesions can produce signs of nerve root irritation.  When a lesion is compressive on the spinal 

cord, from outward to inward, there is a stepwise loss of proprioception then weakness.  After 

onset of weakness, further compression results in loss of sensation followed by loss of deep pain.  

A typical presentation for a horse with cervical vertebral myelopathy is a young, strong two year 

old racehorse with spontaneous loss of balance.85,86,109  Diffuse spinal cord disease is commonly 

observed in viral infections like arboviruses, neurologic EHV syndrome, rabies, and 

Halicephalobus infection while multifocal, asymmetrical disease is observed in horses with 

EPM.15,80  West Nile virus can be highly variable with either diffuse spinal signs or highly 

asymmetrical disease.8,21,105,155 

 Spread of infectious agents can be limited by neuro-anatomical boundaries.  The 

anatomical arrangements of the meningeal layers (pia mater, arachnoid, and dura mater) are the 
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same as described for the brain and a plane of infection is possible between the arachnoid and 

dura.  The spinal dura and periosteum diverge at the foramen magnum.  At the level of the 

seventh cervical vertebra they are separated by a fat-filled epidural space that cannot prevent 

longitudinal spread of infection, hence infection may extend over many segments.51  In the horse 

the spinal cord ends as the cauda equina as the spinal cord tapers into the conus medullaris with 

distally coursing spinal nerve roots.  Unlike other species, the meninges end caudally between S2 

and S3.85,86  The cauda equina is a site associated with CNS inflammatory diseases and 

occasional peripheral neuritis.162   

Vascularization 

 The blood supply to the CNS includes an extensive network of intercranial arterial and 

venous vessels fed by two sources, the basilar and internal carotid arteries, with multiple 

communications to the external circulatory vessels via the circle of Willis to ensure collateral 

circulation of the brain.  The horse is distinct from other species because the internal carotid 

artery does not receive any blood from the maxillary artery.  The details are beyond the scope of 

this review, however some salient features are worth mentioning.  The ophthalmic artery is a 

branch of the internal carotid artery which is a branch of the main intercranial artery, the basilar 

artery.  Hence, CNS infection could result in septic emboli to the ophthalmic artery and 

consequent retinal lesions and loss of some visual fields.  The middle cerebral artery has the 

greatest blood flow volume and is considered the area of greatest risk for septic embolization and 

mycotic aneurysms in the brain.150  Brain infection most likely arises from infections with 

Aspergillosis and mucoracious fungi in lungs, uterus and intestine.145  In descending order of 

frequency, the internal carotid artery, external carotid artery and maxillary arteries are the most 

common equine vessels to be affected with mycotic aneurysm and extracranial (guttural pouch) 

infection.51  
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 Despite an extensive network of collateral circulation, there are three areas of the brain 

supplied only by one or two vessels. These areas are highly vulnerable to ischemic injury and 

abscess formation.  They include the middle and posterior cerebral arteries at the junction of the 

parietal, occipital, and temporal lobes, the medial surface of the hemispheres of the cerebellum 

and cerebral white matter.  No valves are present in the venous supply to the CNS and the 

direction of flow may change with hemodynamic changes due to pressure changes in the CSF, 

cerebral edema or other pathological events.  The anterior spinal cord is supplied by the cervical 

and intercostal arteries from the descending aorta and generally has a higher likelihood of 

infection in than other parts of the spinal cord.51,150  Data that supports this has not been 

evaluated in the horse, although osteomyelitis of the cervical and thoracic spinal column is not 

uncommon in foals.84,99  

Blood brain barrier and cerebrospinal fluid 

 The capillary system of the CNS is unique in that it consists of endothelial cells with tight 

junctions and no fenestrations creating an effective blood brain barrier (BBB).51  The BBB is the 

primary protective barrier of the CNS and acts as filter preventing access of large proteins, 

immunoglobulins, antigens, pathogens, and some antimicrobial agents (e.g,. gentamicin and 

amphotericin B) to the brain.51  Injury to the BBB either by ischemic insult (e.g., septic emboli), 

vasculitis induced by inflammation, or increased levels of TNFα can disrupt this protective 

barrier and predispose to CNS infection.  Disruption of the BBB permits the entry of radiodense 

agents into the CNS for early visualization of abscesses on contrast magnetic resonance (MR) 

and computed tomography (CT) studies.7,140  The blood supply to the pituitary gland, choroid 

plexus and brain stem does not have tight junctions and these areas are considered to exist 

outside of the BBB.   
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 Cerebral spinal fluid is an ultrafiltrate of plasma produced by active secretion from the 

choroid plexus in the lateral, third, and fourth ventricles and by diffusion across the 

meninges.51,83,130,139  Cerebrospinal fluid protects and sustains the CNS.61,78  It circulates outward 

through the ventricular foramina into the subarachnoid space and is reabsorbed over 3 to 4 hours 

through cells of the arachnoid villi along the superior sagittal sinuses.  Blockage of the villi due 

to inflammation, blood in the subarachnoid space or occlusion of the superior sagittal or lateral 

sinuses prevents the reabsorption of CSF and communicating hydrocephalus develops.  

Obstructive hydrocephalus results from blockage of CSF circulation at the ventricles due to 

inflammation or compression of the ventricles such as might occur with an abscess or 

hemorrhage.  Unlike communicating hydrocephalus, redistribution of increased quantities of 

CSF and cerebral edema into the subarachnoid space is not possible and there is increased 

likelihood of brain herniation and death.51,61  

Pathogenesis 

Entry of pathogens 

 Most neurotropic viruses gain initial entry to the body through the bite of an infected 

mosquito or insect (e.g., arboviruses), the respiratory tract (e.g., herpesvirus), or the 

gastrointestinal tract.  Dendritic cells or phagocytes at the site of initial infection transport virus 

to local lymph nodes where it undergoes primary replication with subsequent viremia.  Initial 

infection with bacterial or fungal organisms most commonly occurs via the respiratory, 

gastrointestinal, reproductive, or urinary tracts.37  Septic emboli from vegetative endocarditis are 

another potential source of bacteria or fungus for hematogenous spread to the CNS.  Regardless 

of the initial route of infection, the majority of CNS pathogens probably enter the nervous system 

of the host via a hematogenous route.37,51,52  
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 The exact mechanism by which pathogens cross the BBB and enter the CNS is uncertain 

for most viruses and bacteria but several mechanisms have been proposed.  Bacterial infections 

of the CNS frequently involve the meninges.  A breakdown in the BBB due to ischemia of 

meningeal vessels secondary to emboli and inflammation may provide a route of access to the 

brain parenchyma with subsequent abscessation.146,147,148  The initial systemic immune response 

to viral infection in the periphery results in release of cytokines that stimulate increased 

expression of adhesion molecules on CNS endothelial cells and increased surveillance of the 

CNS by activated T cells.52  Some viruses enter the CNS using these cells as “Trojan horses”.  

Other viruses utilize endothelial adhesion molecules to gain entry or induce release of TNF-α 

with subsequent increased BBB permeability.52  Intracellular pathogens, such as Listeria 

monocytogenes and rickettsial species gain entry into the CNS by penetrating endothelial cells of 

the BBB or by travel within phagocytes.34   

 Other than hematogenous spread, pathogens may access the CNS by direct invasion 

(trauma or iatrogenic introduction), spread from contiguous structures (paranasal sinuses, otitis 

media), or retrograde entry along nerve roots.37,52,146,131  Despite the frequency of infections 

involving the equine head (sinusitis, tooth root abscesses, guttural pouch empyema, etc.) the 

number of CNS infections resulting from direct spread to the CNS appears to be low in horses.131  

Rabies virus gains entry to the CNS by retrograde axonal transport along peripheral nerves.  

Herpes virus is thought to infect the peripheral trigeminal nerve during latent phases.37  The 

potential for entry to the brain through the free nerve endings of the olfactory nerve in the nasal 

cavity has been proposed for rabies virus and arboviruses, especially Venezuelan equine 

encephalitis virus (VEE), but has not been proven clinically.141  
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Immune response of the CNS 

 The response of the CNS to infection plays an important role in the pathogenesis of 

disease.  In bacterial CNS infections, CSF concentrations of complement and immunoglobulin G 

(IgG) are low compared to concentrations in the peripheral circulation.146  Complement and 

specific antibody are important for opsonization of bacteria and a diminution of this function 

may be a critical factor in the pathogenesis of bacterial infections in the CNS.  The presence of 

bacterial cell wall components in the CSF elicits the release of cytokines (e.g., IL-6, TNFα, MIP 

1a, 1b, and 2) which stimulate the entry of neutrophils, increased BBB permeability, and 

vasculitis, CNS edema, and inflammation of tissues surrounding the meninges.   

 The peak inflammatory response is observed 72 hours after the start of infection.146  

Degenerating leukocytes release toxins that stimulate vasospasm, local ischemia, and further 

tissue edema.  Inflammation of the arachnoid villi where CSF is absorbed could result in 

communicating hydrocephalus; inflammation of the ependymal lining and ventricles where CSF 

is circulated may result in obstructive hydrocephalus.  Initially there is redistribution of increased 

spinal fluid and cerebral edema into the subarachnoid space with communicating hydrocephalus, 

but with severe edema and obstructive hydrocephalus this redistribution is not possible.  Within 

the confining structures of the skull the increase in intracranial pressure may result in pressure 

necrosis of the brain parenchyma or death due to herniation of the cerebellum through the 

foramen magnum.147  Vasogenic edema of the CNS is now viewed as a potentially fatal 

consequence of bacterial infection and treatment of human patients with both antimicrobial and 

anti-inflammatory medications has dramatically decreased the mortality rate associated with 

CNS infection.141  
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 In the face of infection, the CNS must mount a controlled adaptive immune response that 

minimizes damage to brain cells.52  Initially there is an innate immune response with production 

of IFN-β, chemokines, and pro-inflammatory cytokines.  These mediators activate microglia to 

express IL-1, TNF-α, and chemokines that stimulate increased expression of endothelial 

adhesion molecules (e.g. vascular cell adhesion molecule [VCAM-1] and intracellular adhesion 

molecule [ICAM]).  By three to four days post-infection, peripheral inflammatory cells that were 

activated in secondary lymphoid tissues enter the CNS.  Unlike in the periphery, non-lytic 

clearance of viruses and infected cells occurs in the CNS to prevent secondary damage to 

surrounding neurons and tissues.  Viruses which remain latent in neurons are controlled by 

continued secretion of antibody, IFN-β, and IFN-γ by long-term T and B cells.   

 As with bacterial CNS infections, control or elimination of viral infection in the CNS 

without inducing unacceptable damage to neural tissue, requires a delicate balance of the CNS 

immune response.  Induction of apoptosis of neurons by microglia and stimulation of migration 

of T cells into the CNS are possible contributing factors to the neurodegeneration observed in 

degenerative diseases like Parkinson’s and Alzheimer’s diseases.108  Overexpression of C 

protein, important in the complement system, causes bystander neurodegeneration and 

oligodendrocyte damage.137  The immune response to EHV-1 may be important in the 

pathogenesis of the neurologic form of this pathogen.  Localization of EHV-1 in the CNS 

endothelium induces vasculitis.  Subsequent CNS damage results from ischemia rather than 

direct neuronal insult, hence the disease is termed a “myeloencephalopathy” rather than 

“myeloencephalitis”.151  The exact pathogenesis of herpesvirus neurologic disease in horses 

remains unclear.  The disease is sporadic and seems to be more common in horses with a 

previous history of exposure to this ubiquitous pathogen and in pregnant or lactating mares.  
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Evidence of antigen-antibody complexes between EHV-1 antigen and EHV-4 antibody and 

decreased levels of complement activation have been observed in experimentally infected 

ponies.32  

 Other factors also play a role in the pathogenesis of viral infections.  Non-survivors of 

Japanese encephalitis virus (JEV), a flavivirus infection, have increased levels of IL-6, IFN-α, 

and IL-8.  Host genetic factors influencing production of these cytokines may be a factor.157  

Irrespective of the immune response, viruses have developed strategies to facilitate evasion of 

the CNS immune response.  For example, West Nile virus may block the signaling pathway for 

interferon-alpha (IFN-α).56   

 Understanding of the host response to viral CNS infections is increasing and may explain 

the seemingly improper or inadequate immune response that allows the establishment of 

persistent infection.  In human patients certain types of vaccination or viral infection result in a 

multifocal inflammatory demyelinating process or acute disseminated encephalomyelitis 

(ADEM).28  An immune-mediated attack against antigen in brain myelin appears to be the cause 

of ADEM.  The poliomyelitis-like acute flaccid paralysis observed in some people with West 

Nile encephalitis may be an example of ADEM.40,119  

 The old paradigm of the CNS as incapable of mounting an immune response to infection 

and being “immunologically privileged” has given way to our current recognition of the CNS as 

a specialized immune organ.108  The innate and adaptive immune responses of the host play an 

important role in CNS infections.  A better understanding of this role is important for ultimately 

developing novel therapeutic and preventative strategies. 
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Cerebospinal Fluid Characteristics 

Collection techniques 

 Cerebrospinal fluid may be obtained antemortem from two sites in horses: the atlanto-

occipital (cerebellomedullary) space or the lumbosacral (LS) space.  The optimal site for sample 

collection is determined on the basis of the neuroanatomical localization of the suspected lesion 

and practical considerations regarding patient systemic health status and restraint options.  In 

general, better diagnostic results are achieved if CSF is obtained from the site closest to the 

suspected lesion.  The atlanto-occipital (AO) space is sampled under general anesthesia and may 

be preferable in nervous horses, horses undergoing anesthesia for another reason, or in horses 

with conformation preventing successful LS taps (LS subluxation).  Conversely, a LS tap 

performed standing under sedation may be advantageous in an animal where recovery from 

general anesthesia is considered a risk due to the severity of neurologic disease.   

 Collection techniques for both AO and LS tap have been described in detail by several 

authors.48,139,83  Briefly, atlanto-occipital CSF collection is performed with the horse under 

general anesthesia and lying  in lateral recumbency.  An area of the poll and neck (15 to 20 cm 

caudal to the ears and 8 to 10 cm on either side of the mane) is clipped and surgically prepped.  

The head is flexed so that the median axis of the head is at right angles to the median axis of the 

cervical vertebrae.  A sterile 8.9 cm 20 gauge spinal needle with stilette is inserted at the 

intersection of the cranial borders of the atlas and the external occipital protuberance long the 

dorsal midline.  The needle should be parallel to the ground, perpendicular to the skin and aimed 

towards the nose of the horse.  The needle is gradually advanced until a “popping” sensation is 

felt with penetration of the atlanto-occipital membrane and cervical dura.  The stilette is 

withdrawn and the appearance of clear CSF at the hub indicates a successful procedure.  If no 

CSF appears when the stilette is removed, the needle is rotated 90 degrees.  If fluid is still not 
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obtained, the stilette is replaced, and the needle is advanced carefully.  The approximate depth of 

needle insertion for entry into the subarachnoid space is 5 to 8 cm.  If the needle contacts bone at 

a depth of 2 to 5 cm, it should be withdrawn and repositioned appropriately.  If blood appears at 

the hub of the needle when the stilette is removed and does not clear with CSF in 15 to 20 

seconds, the stilette is replaced and the needle removed.  A fresh needle is used for the following 

attempt.  When CSF flows freely from the hub of the needle the sample is collected by free flow 

or gentle aspiration into an appropriate tube.  After the sample has been collected and the needle 

is withdrawn, the head of the horse is extended to a normal or slightly extended position to 

prevent leakage of CSF from the puncture site.83  

 Lumbosacral CSF collection in the horse is typically performed with the sedated horse 

standing as squarely as possible.83,85  Landmarks for the LS site are the intersection of imaginary 

lines joining the caudal borders of the tuber coxae along the dorsal midline or at the highest point 

of the gluteal region of the horse.  In addition to sedation, adequate restraint with a twitch and 

use of stocks is advisable.  In response to penetration of the dura mater, sedated horses may show 

no reaction, tail movement and slight flexion of the pelvic limbs, or violent kicking responses 

that can endanger the patient and the veterinarian.  A 10 x 10 cm site is clipped and sterilely 

prepped.  A 20 gauge 15.2 cm spinal needle with stilette is inserted in a sterile manner and 

advanced carefully a few millimeters at a time.  Care should be taken to keep the needle 

perpendicular to the dorsum and on midline.  A “popping” sensation may be felt with penetration 

of the LS interarcuate ligament, dorsal dura mater, and arachnoid membrane.  The stilette is 

removed to check for CSF at the hub.  Gentle aspiration with a syringe may be necessary to 

initiate flow of spinal fluid.  If no fluid is obtained, the needle (with the stilette replaced) is 

advanced to the floor of the vertebral canal and then withdrawn with slow rotation of the needle 
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a millimeter at a time.  A needle depth of 12-14 cm is commonly required for successful CSF 

collection.  Large breed horses or obese horses may require longer needles.  The Queckenstedt’s 

maneuver (bilateral occlusion of the jugular veins) may be performed by an assistant to increase 

intracranial and intraspinal pressure and facilitate CSF flow up the spinal needle.  Rotation of the 

needle 90o to remove occluding meningeal tissue and nerve roots from the needle point may also 

be helpful.  Indirect aspiration with a syringe through an extension set connected to the spinal 

needle hub is recommended to minimize hemorrhage from excessive suction pressure and 

resultant occlusion of the needle with meninges.  After adequate CSF is obtained, the stilette is 

replaced in the spinal needle and the needle is removed.  Collection of CSF from the LS space 

while the horse is in lateral recumbency (under general anesthesia or in a tetrapelgic horses) is 

possible, but is considered more difficult than in the standing horse.  Attempts may be facilitated 

by elevating the upper pelvic limb so that the tuber coxae is perpendicular to the floor or by 

advancing the pelvic limbs cranially to flex the pelvis and LS joint. 

 Both AO and LS collection techniques are regarded as safe procedures in the horse.  A 

common complication is blood contamination of the sample with puncture of meningeal or 

spinal cord vessels.  Initial blood contamination of CSF frequently clears after a few mL during 

collection; however even microscopic amounts of blood in the CSF sample may result in false 

positive results in testing for EPM in horses.42  In humans, cerebellar herniation through the 

foramen magnum and herniation of the temporal cortex under the tentorium cerebelli are 

considered potential complications of CSF collection, especially in patients with increased 

intracerebral pressure, severe meningitis or brain abscesses with deteriorating condition.51  This 

complication has not been reported as a frequent sequelae to CSF collection in horses.  Evidence 

of extradural hemorrhage or formation of fibrous adhesions between the LS ligament and dorsal 
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LS dura mater have been observed in experimental subjects post-mortem.  Penetration of the AO 

joint is another potential complication.  Cellulitis and septic abscesses secondary to CSF 

collection in horses are rare. 

Analysis 

 Analysis of the CSF may include measurement of CSF pressure and examination of 

sample cytology, total protein concentration, glucose concentration, biochemical alteration, 

turbidity, and color.83,139  Cerebrospinal fluid pressure is measured by attachment of a 

manometer to the hub of the spinal needle prior to collection.  Normal pressure in the horse is 

approximately 300 mm H20 (150 – 500 mm H20).83,86,87  Increased opening pressure, when CSF 

is first obtained, may result from obstructive hydrocephalus.  In addition to non-infectious 

congenital abnormalities, potential causes of obstruction include tumor, abscess, hemorrhage or 

edema.  An increased opening pressure that decreases by 20-50% after removal of 1-2 mL of 

CSF is indicative of an intracranial mass or spinal cord lesion cranial to the site of collection.  

Because CSF flows caudad from the ventricles of the brain and jugular compression causes 

increased blood volume in the cranial cavity with subsequent increases in CSF pressure, failure 

of the CSF pressure to increase in the LS site with bilateral jugular vein compression may 

indicate a compressive thoracic or cervical lesion.  

Appearance 

 Normal CSF is clear, colorless, and does not clot.  Xanthochromia (yellow discoloration) 

of the CSF after centrifugation is caused by preexisting trauma, vasculitis, increased protein 

concentration (150 mg/dL), direct bilirubin leakage from high serum concentration or breakdown 

of the BBB. 83,86,87  Xanthochromia with increased protein concentration is typical of equine 

encephalomyelopathy due to vascular inflammation and increased BBB permeability.32  
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 Clots may result from increased fibrinogen due to inflammation.   A CSF sample may 

appear turbid if there is an increase in quantity of white blood cells (>200/ulL), red blood cells 

(>400 /uL), or epidural fat cells, or if there are significant numbers of bacterial, fungal, or 

amoebic organisms present.  

Cellular evaluation 

 Cell counts and cytologic evaluation performed within thirty minutes of CSF collection 

are diagnostic. In normal horses and foals <10 white blood cells/uL are expected in the CSF.  

Cells are predominantly small (70-90%) and large (10-30%) mononuclear cells.83,87  An initial 

neutrophilic pleocytosis followed by mononuclear pleocytosis is characteristic of EEE infections. 

However, CSF from horses with WEE and WNV encephalomyelitis is characterized by 

predominantly lymphocytic cells.153  The increase in CSF nucleated cell count with viral 

infections is typically less (100-1000/ uL) than with bacterial meningitis.  Eosinophilic 

pleocytosis with xanthochromia and increased protein concentration may be observed in CSF 

from horses with parasitic meningitis.25,107  Infrequently, horses with parasitic meningitis can 

have a neutrophilic pleocytosis.  Fungal organisms may be observed in the CSF of horses with 

fungal meningitis.107  Although CSF analysis is useful to confirm the presence of an 

inflammatory process, to determine antibody titers to specific pathogens and to monitor for 

therapeutic response, culture of viral or bacterial pathogens from CSF of horses with infectious 

neurologic disease is often difficult.  Identification of viral etiologic agents in CSF is rare.28   

Protein 

 Normal protein concentration in equine CSF ranges from 20 to 124 mg/dL and is 

typically higher in CSF obtained from the LS site (93.0 +16.0 [58.0+11.0]mg/dL) than in 

samples obtained from the AO site (87.0+17.0, [53-11.6]mg/dL).6,87,107  Differences in CSF 

protein between AO and LS samples that are greater than 25 mg/dL may indicate a lesion closer 
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to the site of origin of the sample with greater spinal fluid protein.   CSF IgG and albumin 

concentrations may be determined by electrophoresis and radial immunodiffusion.  These values 

are compared with serum IgG and albumin concentrations.  An increase in the albumin quotient 

([Alb Csf])/[Alb serum] x 100) is considered indicative of an increase in BBB permeability as 

may be seen with equine herpes virus myeloencephalopathy.  An increase in the IgG index ([IgG 

Csf]/[IgGserum] x [Albserum]/[AlbCsf]) may reflect intrathecal IgG production due to 

inflammatory disease (EPM, meningitis, tumors, equine motor neuron disease).6  

Biochemical parameters 

 Increases in CSF creatine kinase (CK) are an unreliable indicator of neurological disease 

in the horse and may be falsely elevated by contamination of the sample with epidural fat or dura 

during collection.41,43,44,60  Lactic acid concentrations in the CSF may increase with some CNS 

diseases (EEE), head trauma, and brain abscesses.6,107   

Immunologic testing and molecular diagnostics 

 Detection of specific antibodies or antigens within the CSF may be helpful for the 

diagnosis of some viral, fungal, or rickettsial diseases.  Use of PCR for the diagnosis of viral 

encephalitis has become an important and sensitive tool.28  

General Therapeutic Considerations 

Antimicrobials  

 Antimicrobial selection for treatment of horses with bacterial infections of the CNS is 

based on initial Gram stain, culture, and susceptibility results whenever possible.33  Desirable 

antimicrobial traits include the ability to penetrate the CNS and predicted activity in the low pH 

and high protein environment of infected CSF.148  Low molecular weight antimicrobials that are 

lipid soluble and have a degree of protein binding and ionization at physiologic pH are 

favored.33,148  With inflammation, BBB permeability increases to allow penetration and 
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accumulation of drugs that are normally actively transported out of the CNS (e.g. penicillin and 

cephalosporins).   

 To allow for maximum peak plasma concentrations, intravenous administration of 

antimicrobials is recommended initially.  The rapid bactericidal killing needed for CNS 

infections in human patients requires drug concentrations that exceed the minimal bactericidal 

concentration by 10 to 20 fold.146  Expected duration of therapy varies depending on the nature 

of the infection, but generally is 10 to 14 days.33,146  

 Antimicrobials with poor CNS penetration across the intact BBB include penicillins, 

cephalothin, cefazolin, ceftiofur, tetracycline, and aminoglycosides.33,48,146  Good penetration is 

observed with fluoroquinolones, third generation cephalosporins (e.g., cefotaxime, ceftazidine, 

ceftizoxine, and ceftriaxone), sulfonamides, trimethoprim, pyrimethamine, doxycycline, 

chloramphenicol, rifampin, metronidazole, and macrolides.  Enrofloxicin obtains therapeutic 

concentrations in the CSF for many Gram negative pathogens (e.g., E. coli, Salmonella, 

Actinobacillus, and Klebsiella) but is ineffective for treatment of most streptococcal and 

anaerobic pathogens.  Its association with arthropathies in foals limits its use for treatment of 

neonatal bacterial meningitis.  Potentiated sulphonamides (e.g., trimethoprim sulfa 

combinations) are attractive therapeutic agents for CNS infections as they have a broad spectrum 

of activity, are inexpensive, and are administered orally, but unfortunately antimicrobial 

resistance is common.  Third generation cephalosporins are considered the antimicrobial of 

choice in human patients with bacterial CNS infection due to their activity against Gram negative 

bacteria but may be cost-prohibitive for use in horses.  Although ceftiofur sodium is similar to 

true third generation cephalosporins, it does not effectively cross the intact BBB in horses.  

Chloramphenicol is a bacteriostatic broad-spectrum antibiotic with activity against Gram 
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positive, Gram negative, and anaerobic bacteria and is administered orally, but the associated 

human health risk (i.e. aplastic anemia) must be considered.  Rifampin has activity against Gram 

positive and anaerobic bacteria and is distributed into the CSF but must be used in combination 

with other antimicrobials such as erythromycin due to the high frequency of development of 

bacterial resistance when used alone.  Fluoroquinolones should not be used with rifampin as it is 

an RNA synthesis inhibitor.  Metronidazole is effective against anaerobic bacteria and is used in 

combination with third generation cephalosporins for treatment of human patients with bacterial 

CNS infections. 

Glucocorticoids, osmotic agents, diuretics 

 Increased intracranial pressure due to vasogenic edema or obstructive hydrocephalus is 

common in patients with bacterial CNS infections and its control is critical for successful 

treatment of these patients.33,148  The use of corticosteroids in patients with CNS infection is 

controversial due to their immunosuppressive effects, however mortality rate was unaffected 

with corticosteroid administration to humans with brain abscesses.158  Moreover, corticosteroids 

reverse the increased permeability of the BBB induced by inflammatory mediators (e.g., IL-6, 

TNF-α, prostaglandins, leukotrienes, IL-1).  Administration of dexamethasone (0.25-0.75 

mg/kg) to two horses successfully treated for intracranial abscesses was thought to be 

beneficial.22  

 Mannitol causes an osmotic shift of water into the vascular space, decreases blood 

viscosity and increases cerebral blood flow and oxygen delivery.22,33  The net result is 

vasoconstriction of the cerebral arterioles and a decrease in cerebral blood volume and 

intracranial pressure.  A single dose of mannitol (0.15-2.5 g/kg IV) decreases intracranial 
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pressure experimentally within 5 minutes with peak effects at 10-40 minutes and lasting 90-120 

minutes.  Adequate hydration of the patient must be maintained.  

 The benefits of dimethyl sulfoxide (DMSO) for the reduction of intracranial pressure are 

unclear and most of the work has been performed in rodent models.115  In one clinical trial, 

DMSO reduced intracranial pressure and improved clinical course of neurological recovery.  In 

another trial, continued therapy was necessary for maintenance of decreased intracranial 

pressure.62  Objective studies regarding the efficacy of DMSO in horses for the lowering of 

intracranial pressure are lacking.3,22  

 Furosemide prolongs the effects of mannitol but its effect as a sole agent for reduction of 

intracranial pressure is inconsistent and delayed.  Controlled ventilation to prevent hypercapnia 

and subsequent cerebral arteriolar vasodilatation is advocated in human patients for the control 

of intracranial pressure.51  Barbiturates reduce cerebral oxygen demand and are neuroprotective 

against brain injury.  

Supportive Therapy 

 Properly trained nursing personnel and facilities equipped to handle horses with CNS 

dysfunction are essential as the size, strength, and severity of neurologic disease in some horses 

can render appropriate care extremely demanding and dangerous.38  Rapid progression of disease 

is common in horses with CNS infections, necessitating the use of padded stalls and protective 

head gear, removal of shoes, and placement of leg wraps.  Adequate bedding, periodic turning of 

the patient from side to side or the use of slings to prevent formation of decubital ulcers is 

essential in the care of recumbent horses.  Control of hyperthermia with ice water, alcohol baths 

and fans may be indicated.  Supportive care with intravenous fluids, parenteral nutrition and 

electrolytes is necessary in an inappetant animal.    
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West Nile Virus 

West Nile virus is a member of the family Flaviviridae composed of three genera 

(Flavivirus, Pestivirus, and Hepacivirus) of which many members are world-wide, pathogenic 

and arthropod-borne or arboviruses.  The Flavivirus genus consists of over 70 types of related 

viruses which can be further divided into antigenically related serocomplexes.  The members of 

the Japanese encephalitis serological group contain many that cause disease in horses and 

include Japanese Encephalitis Virus (JEV), Kunjin virus (KV), Murray Fever Virus, and West 

Nile Virus.75  

Morphology and Molecular Biology 

WNV is a positive-sense, single stranded RNA virus measuring approximately 50nm.  The 

virions are icosahedral, spherical, and enveloped with the capsid (C) protein, making up a 

nucleocapsid of 25nm.  The genome consists of a single-stranded positive sense RNA with a type 

1 cap (m 7 GpppAmp) present at the 5’ end and 3’ end without a poly A tract but with a CUOH 

terminus.  The genome is 11,029 nucleotides (nt) in length consisting of a 5’ noncoding region 

(NCR) of 96 nt, a single open reading frame (ORF) of 10,301 nt, and a 3’ NCR of 631 nt.  Ten 

mature viral proteins are produced from a single polyprotein precursor.  There are three 

structural proteins: the capsid protein (C), the premembrane protein (prM) that is proteolytically 

cleaved by a cellular protease to form the membrane protein (M) in the mature virion and the 

envelope (E) protein.  The seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, 

and NS4B, and NS5) are cleaved after translation and are required for vial replication and 

assembly.18    

Intracellular replication of West Nile involves the binding of an unidentified but likely 

highly conserved cell protein (receptor) on the host cell.  Virions enter cells via receptor 

mediated endocytosis followed by low-pH fusion of the viral membrane with the endosomal 
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vesicles membrane releasing the nucleocapsid into the cytoplasm.  The genomic RNA is released 

and translated into a single polyprotein.  Viral serine protease, NS2B-NS3, and several cell 

proteases cleave the polyprotein at multiple sites to generate mature viral proteins.  Viral RNA-

dependant RNA polymerase, NS5, with other viral nonstructural proteins copies the genomic (+) 

RNA into (-) complementary RNA.  Synthesis of genomic RNA utilizes these templates and 

occurs ten times more efficiently than (-) cRNA synthesis.  Nascent genomic RNA are thought to 

function as templates for translation and transcription and as substrates for encapsidation.  

Structural proteins are transported to cytoplasmic vesicle membranes and virions assembly 

occurs at the rough ER membranes.  Immature virions with E and prM heterodimers accumulate 

in vesicles and are transported through the host secretory pathway.  The glycosylated and 

hydrophilic N-terminal portion of prM is cleaved by cellular furin and the C-terminal portion M 

remains inserted into the envelope of the mature virion and may be necessary to maintain the E 

protein in a stable inactive conformation.  Virions are transported to the plasma membrane in 

vesicles and are released by exocytosis.17,18  

Based on what we know of the intracellular replication of the virus, sequences that would 

be expected to be conserved for efficient replication by viral encoded enzymes would include: 

(1) sequences for NS2 and NS3.  The N-terminal third of NS3 contains a serine protease, but 

requires NS2B to form a stable complex and for activation. As stated above serine protease 

cleaves the polyprotein to generate mature proteins and deletions/mutations of these sequences 

would be expected have detrimental effects.  The C-terminal portion of NS3 contains regions 

with homology to a family of helicases.  Infectious clones containing deletion/ point mutations of 

the NS3 region for other viruses inactivated helicase activity and were essential for virus 

viability.18 (2) sequences for NS5.  NS5 is largest and mostly highly conserved of flavivirus 
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proteins and contains motifs characteristic for RNA-dependent RNA polymerases.  The N-

terminal region of NS5 contains a required methyltransferase domain, thought to function in the 

methylation of type I cap.  Association with cellular proteins (elongation factor EF-Tu, EF-Ts, 

and S-1) for polymerase activity was shown to be necessary in other arboviruses.18 (3) NS1 

glycoprotein has also been shown to be essential for virus viability.  It contains two conserved N-

linked glycosylation sites and 12 conserved cysteines that are essential for virus viability.  

Temperature sensitive NS1 mutants for Yellow Fever virus were observed to have defective 

RNA accumulation in vesicle packets.18  

It is not unexpected that molecular sequences of West Nile virus would be conserved to 

ensure successful viral replication in each of the multiple hosts (mosquitoes, mammals, and 

birds) that the virus infects during its transmission cycle.  More definitive evidence for conserved 

molecular sequences have been found based on the prediction that critical cell proteins used by 

West Nile (and other flaviviruses) would be highly conserved among divergent host species.17,18  

Brinton et. al. were able to determine that the 3’terminal regions of both the genomic (+) RNA 

and complementary (-) RNA of WN were highly conserved.  Specifically, there is a large, stable 

stem loop followed by a second short stem loop at the 3’ terminus of the genome RNA and these 

interact with three cell proteins (p105, p84, and p52).  Four cell proteins (p108, p60, p50, and 

p42) interact with the cRNA and p108 and p105 were found to interact with the 3’RNAs of both 

genomic and complementary strands.  Purification and sequence studies of p52 identified it as 

elongation factor-1 alpha (EF-1α) used to carry charged tRNA into ribosomes.  WNV 3’(+) 

RNA has been found to bind to EF-1α in mammalian, chicken, and mosquito cell extracts.  

RNase footprinting assays identified a specific four nucleotide region on the 5’ side of the 

3’terminal stem loop for EF-1α and infectious WNV clones with mutations of this site resulted 
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in mutant progeny with defective growth.17,18  Recent studies found conserved stretches of 

nucleotides near the 3’ of the NCR and another 5’ACAGUGC 3’ in the top loop.  WN clone 

mutations of the top loop sequence revealed that 3 of the 7 nucleotides (5’ACAGUGC3’) were 

critical for viral replication and were conserved in mosquito-borne viruses.35  Further studies 

using capped mRNA chimeric constructs of 3’WNV, 3’rubella virus with poly AAA tract (to 

simulate cellular 3’mRNA), and no 3’sequence resulted in significant decrease in translational 

efficiency of the 3’WNV construct compared with the 3’ rubella construct.  This was suggestive 

that 3’-5’closed looped complex via 3’ binding protein and 5’cap binding complex (seen with 

cellular mRNA translation) is not used in WNV translation.  Additionally it also suggested that 

the 3’WNV (+) cRNA sequence could suppress host cellular mRNA translation.71  Other studies 

have found conserved sequences (CS) upstream of the 5’ region of the capsid gene that appear to 

be essential for virus replication.  Lo et al. using WNV replicons mutations of CS1 abolished 

RNA replication and replicons with deletions in CS2, repeats of CS2, CS3, and repeats of CS3 

resulted in compromised RNA replication.  Mutations in the CS of the 3’ NCR did not affect 

viral replication.74  

Other molecular sequences predicted to be highly conserved would be those that code for 

the structural E and prM protein. Virus entry in cell is thought to be mediated by a highly 

conserved receptor protein but also equally dependent on a viral surface protein.18  The E protein 

is the main neutralizing epitope for WNV and is expressed on the virion surface as a heterodimer 

with the M protein.  The E protein is folded into three structural domains: the antigenic domain I 

with the N-glycosylation site, domain II involved with pH-dependent fusion to endocytic 

vesicles, and domain III involved with binding to host cells.  Decreased neuroinvasiveness has 

been shown in viruses with N-glycosylation point mutations in the E protein.  Phylogenetic 
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studies of WNV NY 99 strain (New World lineage 2 strain) and an attenuated Old World lineage 

1 strain ETH76a revealed nucleotide (5.1%) and amino acid (0.6%) changes.  A single A U 

mutation at nucleotide 2273 that encoded a Thr Ser change in E436 was found.  Interestingly 

mutations in the NS2B, NS3, and NS4A genes were present in this attenuated strain.9  As stated 

before, the glycosylated and hydrophilic N-terminal portion of prM is cleaved by cellular furin 

and the C-terminal portion M remains inserted into the envelope of the mature virion and may be 

necessary to maintain the E protein in a stable inactive conformation.  

History 

West Nile Virus is an arthropod-borne flavivirus maintained in endemic regions between 

mosquitoes and birds.  It was first isolated from a febrile woman in Uganda in 1937 and has been 

associated with sporadic outbreaks in the 1950’s of fever in humans and in horses in Africa, the 

Middle East, Europe, and Asia.  A fatal encephalitic form of was seen in humans and in horses 

during epidemics in Egypt, France, Morocco, Israel, Italy, and in Russia.50  Since its emergence 

into the United States in 1999, West Nile Virus (WNV) has become a major public health, 

veterinary, and wildlife concern.  The virus has killed a total number of 928 humans, over 6,000 

horses, and an estimated, hundreds of thousands of avian deaths.1,2  Humans and horses are 

considered dead-end hosts whereas birds are considered the primary reservoir as they develop a 

high viremia.  With the exception of bird deaths in Israel in 1998, birds were not clinically 

affected in previous Old World epidemics, but at least 198 bird species in North America, 

particularly corvids, appear to be quite susceptible to West Nile.50  The American Crow has been 

used as a surveillance tool for detecting the spread of the virus across the United States. 
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Clinical Disease 

West Nile infection in humans and horses 

WNV infection in humans and horses is not clinically apparent in the majority of those 

exposed and has been reported as 80%.103  Of the remaining 20% (1 in 5) of exposed humans, the 

majority may manifest clinical signs of West Nile Fever characterized by sudden fever (38-40°C) 

and including headache, abdominal pain, nausea, vomiting, diarrhea, malaise, anorexia, 

photophobia, mylagia, lymphadenopathy, and arthralgia.  A transient, 1mm-4mm scattered 

erythematous blanchable macule and papule skin rash (punctuate exanthem)5 mostly on the 

extremities is also a commonly reported symptom.  Resolution of uncomplicated WN fever 

occurs in <1 week but fatigue and malaise may linger for weeks.  In contrast, neurologic 

abnormalities are the most common initial reason for presentation for the equine patient.  West 

Nile Fever is not a formally recognized manifestation of WN infection in the horse, but horses 

are suspected to have initial systemic lesions and fever.  In one retrospective study for 2000 

outbreak, in >60% of horses in the study fever was detected, and was used as a critical 

differentiating factor from other non-viral neurologic encephalitides. Recrudescence of increased 

rectal temperature was also predictive for resumption of neurologic signs.105  

Less than 1% (1 out 150) of infected humans and <10% of infected horses develop severe 

neurological disease.  WN virus is neurotropic and affects the gray matter of the brain and spinal 

cord to cause a polioencephalomyelitis.  Affected horses typically have signs consistent with 

diffuse CNS disease (change in mentation, somnolence, agitation, aggressive behavior), spinal 

cord abnormalities, and cranial nerve deficits (facial nerve paralysis, tongue paralysis, 

dysphagia).105  Greater than>90% of affected horses manifest spinal deficits of profound muscle 

weakness and ataxia Muscle and skin fasiculations, tremors, and hyperesthesia are common in 

horses with WNE.  The overall mortality rate in affected horses was reported to be 38% in 2001 
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and disease and mortality were also reported to be greater in older horses. 105   In humans, three 

major categories of neurologic disease associated with WNV have been defined in and include: 

(1) WN Meningitis characterized by signs of meningeal inflammation including nuchal rigidity, 

Kernig or Brudzinski signs, and photophobia or phonophobia, (2) WN Encephalitis defined by 

depressed or altered level of conciousness, lethargy, personality change lasting > 24 hours and 

potentially progressing to coma, respiratory depression, and death, and (3) Acute Flaccid 

Paralysis or poliomyelitis characterized by acute onset of limb weakness areflexia/hyporeflexia 

of affected limb(s); absence of pain, paresthesia, or numbness in affected limb(s)with marked 

progression over 48 hours.103  Similar to that seen horses, cranial nerve deficits and 

Parkinsonian-like movement disorders—axial rigidity, tremors, stereotypic orofacial dyskinesias, 

myoclonus, and ocular bobbing movements reminiscent of opsoclonus myoclonus—have been 

described in human patients.134  Other clinical findings reported with human West Nile Virus 

infection, and not yet reported in horses are optic neuritis, chorioretinitis, labile vital signs, 

hypotension, and arrhythmia.  Novel modes of transmission (in utero, transfusion/transplant 

related, and breast milk) have also been reported with humans.50  In 2002 WNV infection of a 

pregnant woman during the second trimester resulted in transmission of the virus in utero.  The 

infant born at term had bilateral chorioretinitis, severe bilateral loss of white matter in the 

temporal and occipital lobes of the brain, and cystic cerebral destruction in one temporal lobe.  

Sixteen cases of transplant and blood transfusion transmission of WNV have been reported since 

2002.  Among these cases, myocarditis, pancreatitis, and fulminant hepatitis due to WNV 

infection were noted and were likely due to the immunosuppressive drugs that the transplant 

recipients were taking.  Transmission of WNV from infected breast milk from the mother to 

child was also seen in 2002.  In the 1999 and 2000 outbreaks, 69% of cases of encephalomyelitis 
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were in patients older than 60 years of age and meningitis was predominantly in middle-aged and 

younger individuals.  The case fatality rate of 15% was lower in humans than in horses and may 

be due to economic constraints and for humane reasons due to severe recumbency in equine 

patients.50   

West Nile infection in birds 

Unlike horses or humans, birds are considered the primary reservoir for West Nile.  

Passerine birds, including crows, house sparrows, and blue jays were found in an experimental 

study to be the primary amplifying hosts of the virus and develop a high-level of viremia for 

several days.66  In this same study, cloacal shedding of virus in 17 of 24 species and oral 

shedding of virus in 12 of 14 species of birds was also found.  Evidence of contact transmission 

(cage contact) and oral transmission was also found.  WNV in the New World has been 

associated with significant avian mortality. Corvids (American crows, Blue Jays, Magpies) are 

particularly susceptible to West Nile.66  In susceptible species, infection results usually in 

mortality and reported clinical signs seem to be a systemic disease with multiple organ 

involvement.  In multiple experimental studies with mosquito or needle WNV infection, birds of 

a variety of species remained clinically normal until 4-5 days post inoculation (dpi), then became 

lethargic, had ruffled feathers, unusual postures, were unable to perch or hold their head up, 

and/or had sudden death.156   These clinical signs correspond to low degree of lesions and virus 

recovered in the CNS of birds infected with WNV.  To be complete, however, neurologic signs 

of sudden onset of recumbency, mild ataxia, tetraparesis, tremors, nystagmus, seizures, and 

disorientation were reported recently in ten captive wildlife birds positive for WNV infection and 

corresponded to CNS lesions found at post-mortem.24  The picture of WN infection is far 

complete as a rock pigeon, a species not considered to be susceptible, was reported to be 
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susceptible to infection4 and louse infestation was suspected as the transmission vector for WN 

in North American Owls.45   

Neurological manifestations of CNS lesions 

The neurologic clinical signs seen in affected horses and humans correlate with the 

histologic lesions seen in the brain and spinal cord.  The signs of diffuse CNS are consistent with 

the histologic lesions of inflammatory foci (characterized by perivascular cuffing and gliosis) 

and detectable virus in the thalamus, medulla, and pons.105,135  The thalamus integrates sensory 

input to the higher centers and the midbrain and rostral pons affects the reticular formation. The 

reticular formation projects to the thalamus which sends projections to the cortex and also to the 

base of the forebrain.  The forebrain is the source of cholinergic stimulation to the cerebral 

cortex and hence lesions may induce the changes in behavior seen with WNE.  Extrapyramidal 

movement disorders of tremors, myoclonus, etc. are associated with abnormalities of the basal 

ganglia (thalamus and substantia nigra).134  In human patients, magnetic resonance imaging 

reveals increased uptake in the thalamus, basal ganglia, mid and hindbrain.103  WNV is highly 

neurotropic and targets the neurons of the anterior horn of the spinal cord, where the motor 

neurons reside.  In combination with lesions in the motor tracts of the hindbrain damage to these 

lower motor neurons in the spinal cord would account for the high degree of muscle weakness 

seen with WN with horses and in people.39,104  Injury of the neurons has been shown in a rat 

model to be due to direct injury (cell death) induced by WN virus infection and not by 

impairment of the glutamate transporter-1 and subsequent glutamate excitotoxicity shown with 

related Sindbis virus.26,124   In people WNV also has been found to target the sympathetic and 

dorsal root ganglia.39  DRG loss would result in sensory deficits, electrophysiologic tests have 

shown reduced sensory nerve action potentials in WN virus affected patients.  Disappearance of 

sympathetic neurons could also lead to autonomic instability and could explain the patients who 
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developed labile vital signs, hypotension, and arrhythmias.  The cranial nerve deficits 

(particularly VII, XII, IX) are thought to be associated with lesions in the pons and medulla.104   

Virus load and localization 

Horses and humans are considered to be dead-end hosts for West Nile virus.  Infection is 

characterized by low and transient levels of viremia.  In humans, virus is detected in the blood 

from immunocompetent patients 2 days before onset of illness to 4 days after onset of signs.152  

The maximum viremia titer in horses infected with WNV via mosquito challenge on 5 dpi was 

460 Vero cell PFU/mL and virus was detectable in the blood from 1 dpi to 6dpi.20  In contrast, a 

maximum titer of 10 9 PFU/mL of viremia was reported in experimentally challenged crows at 3 

dpi and was detected up to 7 dpi.  Birds with titers equal or greater than 105 PFU/mL are 

considered competent reservoirs for mosquito vector transmission.66  Furthermore virus was 

detected 1 dpi in the blood and spleen, lung and liver at 2 dpi and in the CNS by 5 dpi.156  In an 

experimental infection study of 25 species, susceptible birds died acutely within 5 to 7 dpi, but 

evidence of viral persistence in organs was found in the surviving birds.  WNV could be detected 

in any of 11 organs, including brain, eye, kidney, heart, spleen, liver, lung, intestines, gonads, 

esophagus, and skin.  Eighteen of 41 birds sampled at 14 dpi had persistent infection in one or 

more organs and in two cases, birds with no detectable viremia.66   

In horses the majority of virus recovered is in the CNS.  Quantitative detection of WNV 

RNA using formalin fixed paraffin embedded tissue specimens revealed that the maximum viral 

transcripts were in the medulla and thalamus, followed by cerebellum, cerebrum, and spinal 

cord.144  Interestingly only scant staining of these tissues for WNV antigen was seen with 

immunohistochemistry.  In the one horse that developed clinical signs with experimental 

infection with a mosquito challenge model, (10 4 -10 6.8 PFU/tissue) was recovered from several 

areas of the brain and spinal cord.20  WNV staining studies of other systemic tissues in horses has 
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been reported to be negative, but viral RNA transcripts at low levels were recovered in the small 

intestine and heart.  Poor detection of WNV antigen in non-neural tissue could be due to low 

level of viremia systemically, low levels of virus replication, or low sensitivity of IHC staining.  

In contrast, the maximum number of viral RNA transcripts in crows were detected in small 

intestine, followed by the liver, spleen, kidney, and heart and these corresponded to the degree of 

WNV antigen detected with IHC staining.144  The least amount of virus was detected in the crow 

brain.  Furthermore, in another study, antigen staining of CNS tissues revealed positive detection 

of WNV mostly with inflammatory lymphocytes and not with brain parenchymal cells in 

crows.156  

Virus localization in the CNS is similar in humans as to horses.  In humans it has been 

found that immunosuppression (with concomitant systemic illness or with immunosuppressive 

drugs) results in higher virus load in the CNS.152  Extensive viral load in most of the neurons of 

the pons, medulla, midbrain, cerebellum, and cerebral cortex was seen in patients with AIDS or 

malignant cancer.   Study of non-CNS tissues from nine patients were unremarkable except for 

one with AIDS had interstitial lymphocytic infiltrates in the heart.  No WNV antigen staining 

was seen except for a focal area in the cytoplasm of epithelial cells in the renal tubules of an 

AIDS patient.   

Pathogenesis 

The compete story of WNV pathogenesis is still incomplete but has been extensively 

studied in murine models.  Infection occurs in the muscle or other cells near the site of the 

mosquito bite or peripheral inoculation and is subsequently transmitted to regional lymph nodes.  

Viral replication in these tissues leads to a primary viremia, resulting in infection of tissues 

associated with the vascular system.  Infection of secondary target organs such as the CNS or 

liver occurs.  Recent studies have shown that with the mosquito penetration into the skin, 
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salivary antihemostatic molecules which prevent vertebrate hemostasis may enhance the initial 

replication of the virus in the skin by dampening the innate immune response.11  Murine ear skin 

injection with West Nile virus results in the migration and activation of Langerhans cells (MHC I 

and MHCII+, CD80 and CD86 expressing) to the site and subsequent migration to draining 

lymph nodes.64  Other studies provide evidence of up-regulation of MHC class I molecule 

expression with WNV infection.  This may be a potential modulation of the virus to the innate 

immune response.  With up-regulation of MHC class I molecules, natural killer cells would not 

be activated to destroy virus infected cells.   

Experimental murine models demonstrate that WNV has primary predilection for neural 

tissues.  Intraperitoneal injection of WNV (102 PFU) into 8 to 12 week-old mice results in 

dissemination into the CNS by 4 to 6 days after inoculation.30  The time course of infection in the 

hamster is similar.14  Experimental infection of horses results in viremia at days 3 to 5 and 

clinical signs in 7 to 10 days.20,76,77  WNV inoculation into the CNS results in direct infection of 

nerve cell bodies.  In rodent models, initial replication occurs in the basal ganglia, with 

subsequent dissemination to the cortex, cerebellum, and hippocampus.  The large neurons of the 

ventral or anterior horns are infected later in the course of the disease.   

Two routes of neuroinvasion are proposed for WNV infection.112  In the first, WNV gains 

entry into the CNS across the blood brain barrier (BBB). It is hypothesized that systemic viral 

infection results in local cytokine responses that increased the permeability of the BBB to viral 

invasion.  In particular, tumor necrosis factor alpha (TNF-α) in murine models increased vascular 

permeability and allowed infection of peripheral nerves.  Evidence indicates that toll-like 

receptors are crucial for entry of WNV into the CNS, whether by neuronal or vascular route.29,154  

The second proposes direct axonal retrograde transport from infected peripheral neurons or 
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infection of the olfactory neurons and spread to the olfactory bulb.  Several studies have been 

published data that provide evidence for and against both routes.81,96,112,114154  

Immune Response to WNV infection 

Most of the knowledge of what constitutes the successful immune response to WNV has 

been derived from in-bred murine infection models and appears to rely on several aspects of the 

innate and adaptive immune system.  WNV replication in the periphery has been shown to be 

limited by the antiviral actions of interferon-alpha/beta (IFN-α/β).111  Mice strains susceptible to 

flavivirus have been shown to have a mutation in the interferon inducible Oas1b gene. This 

genetic alteration results in the truncation of the 2’5’ oligoadenylate synthetase protein that 

normally mediates the activation of cellular RNase L which cleaves viral ds RNA.82  

Complement activation of all three pathways (classical, lectin, and alternative pathways) have 

been shown in mice to be important in the control of WNV infection and in the priming of 

humoral and cellular immune responses.31,88  Antibody plays a clear role in protection against 

WNV.  Passive transfer of WNV specific IgG was shown to protect mice if administered before 

or shortly after lethal challenge and, in another study, B cell deficient were protected from 

lethality by passive transfer of immune sera.30,36  However, recent work has also demonstrated 

the importance of CMI in the control and recovery from WNV infection.  CD8+ T cells were 

shown to eliminate WNV infected cells via cytolytic mechanisms.123  CD4+ T cells also have a 

critical role in sustaining these WNV-specific effector CD8+ T cell responses in the CNS for 

viral clearance and for the production of antiviral IgG.129   

Little is still known yet of what determines secondary immunity to WNV, but is speculated 

to be a CD4+ T helper type 1 (TH1) biased response based on related flavivirus studies.57  In one 

study, a CD4+ TH1 response was shown in immunized mice challenged with Yellow Fever virus 
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to be critical for survival.57,95  A CD4+ TH1 response was present in the peripheral blood 

mononuclear cells (PBMC) in people subclinically infected with Dengue virus while those that 

developed clinical disease had a TH2 response.125   

A number of detailed histopathologic studies in human patients have been done where 

there may be evidence to support the theory that immunopathology may also be a factor in the 

development of WN encephalitis and poliomyelitis.  In one study of four patients that developed 

acute flaccid paralysis the gray matter of the cervical and lumbar regions were severely affected 

and were characterized by chromolytic neurons, neuronophagia, and a feltwork of proliferating 

astrocytes indicative neuron loss.  More importantly, immunohistochemical staining of the 

tissues revealed microglia CD68 and CD45 inflammatory cells around the vessels and within the 

gray matter with a predominance of T cells in immunologic reaction with the virus.39   In another 

study of 2 cases, CD8+T cell lymphocytes were the predominant lymphocyte population seen.63  

In horses, it has been noted that there is a paucity of virus recovered in the CNS despite the 

lesions that are seen and immunopathology has also been suspected in the pathogenesis of WN 

encephalitis.21  Although cell lysis occurs with viral replication, WNV also induces apoptosis in 

neurons, as demonstrated in cell culture and in vivo.  This apoptosis can be induced by the capsid 

protein through the caspase-9 pathway in mitochondria.113,161  Another mediator of neuronal 

injury is the host immune response.  Although CD8+ T cells may be important in long-term 

protective immune responses, lesions in brains of mice with fatal WNV are predominantly 

composed of CD8+ T cells.123  

Diagnosis 

Testing modalities 

Testing methods available for the diagnosis of WNV in humans, horses, and birds include: 

(1) isolation of virus from various tissues, body fluids, and CSF, (2) serological assays, and (3) 
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molecular detection of viral RNA transcripts.  Virus is isolated from application of homogenized 

tissues or fluid samples into Vero cell cultures followed by virus identification with 

immunofluorescence assay with WN virus-specific monoclonal antibodies.  Serological assays 

include the plaque reduction neutralizing antibody testing (PRNT) for the presence of serum 

neutralizing antibody to WNV, hemagglutin inhibition (HI) assays, and IgM capture- enzyme 

linked immunoassays (ELISA).  The presence of IgM antibody and serum or CSF is considered 

the most efficient and reliable indicator of infection in humans and in horses.103  In humans 

infected with WN virus, neutralizing IgM antibody is detected in 38% of serum samples and 

35% of CSF samples collected during the first seven days of illness, with IgM antibody 

appearing in CSF before serum.  Switch to IgG antibody production occurs after 4-5 days of 

illness, again with those in the CSF preceding serum.  The MAC-ELISA test, however, cannot 

distinguish between other related flaviviruses such as SLEV, JE, YF, and Dengue and must be 

interpreted in caution if patients have a history of exposure (due to vaccination, travel, previous 

infection, or in virus endemic areas) to these other related viruses.  Furthermore, the presence of 

IgM antibodies has been detected in people for up to 6 months.119  Serologic confirmation in 

these instances requires the detection of serum neutralizing antibodies in serum or CSF with 

PRNT.  Virus isolation and serological assays are still considered the mainstay for diagnosis of 

WN but are labor intensive and time consuming with the assays taking usually one week for 

completion.  Additionally, virus isolation is often difficult in humans and in horses, which have a 

low and transient viremia and low levels of virus in the CNS compared with birds and 

mosquitoes.  Development of molecular diagnostics such reverse transcriptase-polymerase chain 

reaction  (RT-PCR)  for the detection of viral RNA transcripts as a complement to virus isolation 

and serologic testing allowed for more comprehensive detection of WN infection.  Additional 

50 



 

molecular techniques since RT-PCR have made it possible for the rapid detection of WNV and 

high-throughput diagnosis of virus. Compared to the traditional RT-PCR assay, the TaqMan 

based real-time quantitative PCR assay developed could be performed in 3 hours and the 

detection limits was 10 fold more sensitive in detection of virus and set the stage for the a 

multitude of highly sensitive and specific nucleic acid amplification tests (NAT).69  NATs have 

become quite important with cases of virus transmission in humans from infected blood and 

organ transplants.152   

Clinical diagnosis in horses and humans 

The human case definition for WNE is defined as febrile illness associated with one or 

more neurological manifestations (headache, aseptic meningitis, or encephalitis) plus at least one 

of the following: (1) Isolation of WN virus from tissue, blood, CSF, or other body fluid, (2) 

Demonstration of West Nile virus antigen or genomic sequences in tissue, blood, CSF, or other 

body fluid, (3)Demonstration of IgM antibody to WNV in acute CSF by IgM-capture enzyme 

immunoassay,(4) demonstration of both WNV IgM and IgG (screened by EIA or HI and 

confirmed by PRNT in single serum specimen, and (5) a four-fold or greater serial change in 

PRNT antibody of WNV in paired samples two weeks apart (IgG titers increase in people 

between days 7 and 21 post onset of illness).103  The case definition for equine WN infection is 

based on the human case definition.  Clinical signs of appropriate neurological abnormalities 

along with an IgM titer ≥ 1:400 on the MAC-ELISA on CSF or serum is considered highly 

suggestive of infection.  History of vaccination with the killed equine WNV vaccine has been 

found not to interfere with interpretation of IgM antibody levels.  The effect of the modified live 

equine vaccine, however, is not yet known.  Horses, in contrast with humans, IgM antibody 

levels appear to last for three months.  Additionally, the appearance of CSF IgM does not appear 

to be before antibody appearance in the serum.104   Recently detection of WNV RNA transcripts 
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with TaqMan based Real Time RT-PCR for NS5 proved to be a more sensitive method of 

detection when compared to immunohistochemical staining of paraffin embedded formalin fixed 

tissues.144   

 Additional diagnostics in addition to serology and molecular detection of viral RNA 

include: (1) complete blood count and serum chemistry.  In humans with WN infection normal or 

elevated total leukocyte counts, with lymphopenia, and anemia is seen.  Hyponatremia has also 

been reported suspected to be due to inappropriate release of antidiuretic hormone.103  Similar 

changes have been reported in horses.105  (2) CSF analysis Cytologic examination of CSF fluid 

may also be helpful as horses have a mononuclear pleocytosis.104   In humans pleocytosis with 

leukocyte counts ranging from 0 to 1782 cells/mm and a predominant lymphocyte population is 

seen in the CSF. Elevated protein levels (51 to 899 mg/dL) and normal glucose levels were seen., 

(3) diagnostic imaging in humans is feasible and may be helpful.  No evidence of acute disease is 

seen on computed tomography and enhancement of the leptomeninges and/or periventricular 

areas are seen on magnetic resonance imaging.103  

Diagnosis of West Nile in birds  

The extensive mortality seen in American Crows have made dead bird testing an effective 

means of tracking the spread and activity of West Nile and have heavily relied on molecular 

amplification technology.  The latest assay, the VecTest antigen-capture wicking assay could be 

used under field conditions and was found to be a rapid and reliable test in the detection of WN 

in mosquitoes and from orpharyngeal swabs of crows.  The test, however, had a poor sensitivity 

than Real Time TaqMan PCR when antigen levels were low (early in infection) and was recently 

shown to have low sensitivity of detection in raptors (birds that shed lower quantities of virus).  

Usefulness of the VecTest as a screening test, however is recognized.45  
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Treatment 

As with many other encephalitic viruses, there are still no known antiviral medications 

marketed that demonstrate reliable activity against infection.  Clinical studies evaluating the 

efficacies of INF-α and WNV specific IV immunoglobulin as potential therapies for WNV are 

still in progress.  In one study, interferon-alpha-n3 did not show any benefits in the treatment of 

Japanese encephalitis patients.133  Hyperimmune WNV plasma administration in a blinded 

placebo controlled trial decreased the risk of development of recumbency in horses that received 

plasma but treatment did not change outcome and severity in WNV disease.75  Hence treatment 

for WN infection is primarily supportive.  In horses, the survival rate for WNV encephalitis is 

high compared with other infectious encephalitides.  Most horses appear to begin recovery 3 to 5 

days after onset of signs.  Flunixin meglumine every 12 hours intravenously at 1.1mg/kg appears 

to decrease the severity of muscle tremors and fasciculations within a few hours of 

administration.  To date, much of the mortality in WNV horses results from euthanasia of 

recumbent horses for humane reasons.105,110   

WNV Vaccines 

 Early epidemiological studies in the horse indicated that vaccines were the best 

preventative strategy.100   Although no human WNV vaccine is currently available, four WNV 

vaccines have been licensed for use in the horse by the United States Department of Agriculture 

(USDA)  The first licensed vaccine (West Nile-Innovator®, Fort Dodge, Fort Dodge, IA) for 

horses has been available since 2001 and is composed of formalin-inactivated (K-WN) whole 

virus with adjuvant.  A DNA plasmid vaccine was licensed in 2003, but has not been available 

commercially.149  In 2004, a recombinant vaccine was licensed and consists of a canarypox virus 

vector (CP-WN) with insertion and expression of the membrane (prM) and envelope (E) proteins 

of WNV genes (Recombitek® Equine WNV Vaccine, Merial Limited, Athens, GA).91  This 
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preparation also contains an adjuvant.  Several epidemiological studies investigating the 

outbreaks throughout the United States have justified the use of these commercially available 

vaccines as a preventative strategy.27,110,117,155  

The latest equine vaccine granted licensure in September 2006 is a single-dose, attenuated 

West Nile Virus, live flavivirus chimera (WN-FV) vaccine (PreveNile™, Intervet, DeSoto, KS) 

for horses and is marketed without an adjuvant.  This vaccine was based on the technology used 

to create an attenuated human vaccine for Japanese Encephalitis virus (Chimerivax-JE).55  The 

recombinant chimera expresses the envelope (E) and membrane (prM) of WNV in a Yellow 

Fever vector (YF17D).  The vaccine has been labeled for use in the horse for prevention of West 

Nile Virus viremia and as an aid in the prevention of WNV disease and encephalitis.   

 



 

Table 2-1.  Equine CNS pathogens 
Bacterial Viral Parasitic 
Escherichia coli West Nile Virus Setaria 
Actinobacillus equuli Western Equine Encephalomyelitis Virus Habronema 
Streptococcus (equi, zooepidemicus, suis) Eastern Equine Encephalomyelitis Virus Hypoderma bovis 
Salmonella  Venezuelan Equine Encephalomyelitis Virus Parastronglyus sp 
Pasteurella caballi St. Louis Virus Strongylus vulgaris 
Pseudomonas aeruginosa Murray Valley Virus Halicephalobus gingivalus 
Enterococcus Louping ill Virus Draschia megastoma  
Actinomyces Snowshoe hare Virus Trypanosoma evansi 
Rhodococcus equi∗ Main Drain Virus  
Brucella abortus∗ Semliki Forest Virus  
Mycobacterium bovis∗ Japanese Encephalitis Virus  
Staphylococcus sp ∗ Hendra Virus  
Actinobacillus lingieresi∗  Nipah Virus  
Klebsiella pneumoniae, type 1 Powassan Virus  
Listeria monocytogenes. Aujesky's disease Virus  
 Equine Herpesvirus type 1  
 Equine Infectious Anemia Virus  
 Rhabdovirus (rabies)  
 Kunjin Virus  
 Borna Virus  
   
Protozoal Fungal Rickettsial 
Balamuthia mandrillaris Cryptococcus neoformans, Anaplasma phagocytophilum 
Sarcocystis neurona Aspergillus niger, fumigatis∗  
   
∗ denotes vertebral body osteomyelitis 
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CHAPTER 3 
IMMUNOLOGY OF THE INTRATHECAL MODEL OF WEST NILE VIRUS 

Introduction 

Since its emergence into the United States in 1999, West Nile Virus (WNV) has killed a 

total number of 928 humans, over 6,000 horses, and an estimated hundreds of thousands of birds.  

This mosquito-borne encephalitic flavivirus has caused clinical disease in 23,962 humans and 

24,824 horses.1,2  Despite the heightened attention surrounding this serious pathogen, limited 

information is available that characterizes protective immunity in the outbred host.  Basic 

questions regarding the protective immune response and effective prophylaxis still remain 

unanswered. 

Like humans, the horse is a host that is susceptible to the development of central nervous 

system infection with WNV.  Horses develop a clinical course of disease characterized clinically 

by changes in mentation, spinal cord ataxia and weakness, movement disorders, and cranial 

nerve paralyses with pathological changes in the brain and spinal cord consistent with 

encephalomyelitis.21,132  Humans develop a meningitis and/or encephalitis characterized by 

movement disorders, change in sensorium and behavior, mentation deficits, and coma.103  Direct 

infection of neurons occurs in both humans and horses.122  West Nile virus pathology and 

immunity has been primarily characterized in the mouse and in particular, WNV mediated events 

have been associated with a combination of virus induced neuronal cell death, host immune 

responses, and brain parenchymal cell induced inflammation.  Mice that develop signs of CNS 

disease have high levels of antigen in neurons and infiltrating leukocytes whereas mice that do 

not develop CNS disease have low levels of antigen, leukocyte infiltration, and neuronal 

injury.124  In vitro studies demonstrate neuronal injury is due to apoptosis.102,154,161  Elevated 

levels of TNF-α are secreted from activated microglia in wild type mice challenged with WNV 
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and may play a role in neuropathology.154 An important unsubstantiated theory is that the TNF-α 

response causes loss of integrity of the blood-brain barrier and enhances viral localization in the 

CNS.29  Neutralizing antibody has been classically considered an important protective 

mechanism against flaviviruses, but recent work has also demonstrated the importance of cell 

mediated immunity in control of WNV infection.31,123   

Three WNV challenge models have been utilized to substantiate the efficacy of vaccines 

for horses.  Two of these models, mosquito feeding and intravenous injection of live, virulent 

WNV, mirror the field infection ratio of asymptomatic:symptomatic of 11:1 and both induce 

viremia, but neither are able to induce significant clinical signs of WNV disease in horses.20,98,127  

The intrathecal model of infection induces grave, reproducible encephalomyelitis in all naïve 

subjects and was utilized to substantiate the efficacy of the two commercially available 

modified-live equine vaccines.13,76,126  This data describes further development of the intrathecal 

model in a non-naïve horse to investigate mechanisms of immune protection in an outbred host.   

Materials and Methods 

Animals  

All work with animals was performed with approval and under the guidance of the 

University of Florida (Gainesville, FL) Institutional Animal Care and Use Committee (IACUC). 

Horses used were of mixed breed, one horse was defined as no previous WNV exposure, as 

indicated by repeated WNV neutralization titers of ≤ 2 while the other horse was affected with 

clinical WNV which is described.  Standard practices for determination of health status and 

preventative medicine (diet, parasite and infectious disease prevention, and podiatry) were 

performed under the guidance Animal Care Services, University of Florida.  Rectal temperature, 

heart and respiratory rates, appetite, and attitude were recorded on a daily basis prior to 

commencement of study protocols. 
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Clinical Disease 

 Physical evaluations were performed daily upon arrival of these two horses into a 

mosquito controlled environment.  Before and after experimental challenge, on days -1 and 0, 

and from to study completion, physical and neurological examinations were performed.  Daily 

parameters recorded included rectal temperature, pulse rate, respiratory rate, attitude, feed intake, 

locomotion, recumbency, and moribund status.  Signs of clinical neurologic disease consisting of 

changes in mentation, development of ataxia, weakness, occurrence of fasciculations and cranial 

nerve deficits were graded according to severity as normal (0), mild (1), moderate (2), and severe 

(3).  Normal was defined as no change from baseline examinations.  Mild abnormalities were 

defined as only detectable with repeated movement or stimulation depending on the site tested.  

Moderate abnormalities were defined as obvious with limited movement or stimulation.  Severe 

abnormalities were those which occurred spontaneously without movement or stimulation.  

Fever was defined as rectal temperature ≥ 39.2°C (101.9°F).  At the end of the study, an 

overdose of pentobarbital was administered to any horse which had experienced clinical WNV 

after experimental challenge and a full gross and histopathological evaluation was performed.   

Virulent WNV Challenge and Sample Collection   

The challenge virus, designated WNV NY99 (4132), was originally isolated from the brain 

of an infected crow and obtained from the Centers for Disease Control and Prevention (Fort 

Collins, CO).  This virus was passaged once in Vero cells, once in C6/36 mosquito cells, and was 

passaged an additional time in BHK-21 cells cultured in 5% horse serum in order to avoid 

potential immune reactions to bovine serum proteins.  All virus stocks were then stored in 1 ml 

aliquots at -80°C until use. On the day of challenge, the stock virus was thawed on ice and virus 

was diluted to the desired concentration in PBS immediately prior to intrathecal inoculation of 
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horses.  The stock virus was prepared and aliquoted as stock in a single laboratory (Bowen) and 

all challenges utilized the same material. 

Horses were anesthetized by administration of xylazine intravenously (1.0 mg/kg, IV) and, 

after 10 minutes, ketamine (2.2 mg/kg, IV) was administered for induction of anesthesia.  The 

atlanto-occipital space was penetrated with an 18 gauge, 20 cm spinal needle with aseptic 

technique and a 1 ml volume containing a target dose of 5 log10 PFU/ml. Replicate virus back 

titrations on susceptible cells were conducted on challenge material to verify a minimum 

challenge dose of 1 X 105 PFU/ml. Serum and EDTA and heparin plasma samples were collected 

by jugular venipuncture on Days 0 to 10, 14, 21, and 28 post-infection.  Horse ID1 was 

humanely sacrificed on day 28 post-infection with intravenous injection of pentobarbital solution 

(Beuthanasia-D, Med-Pharmex, Pomona, CA). Tissue sections of the cerebrum, cerebellum, 

thalamus, midbrain, hindbrain (pons and medulla), cervical spinal cord and lumbar spinal cord 

were placed in 10% buffered formalin solution.  Fixed tissue samples were embedded in paraffin, 

cut as 5 μm sections and stained with hematoxylin and eosin for microscopic viewing. 

Virus Detection  

Vero 76 (NVSL) cultures were grown at 37C, 5% CO2 in Eagle’s minimal essential 

medium (EMEM, Mediatech) supplemented with 5% inactivated fetal bovine serum (FBS), 

antibiotics, HEPES. Confluent T75 Vero 76 culture flasks were inoculated in duplicate with 500 

uL of EDTA plasma for 1 hour at 37°C at 5% CO2.  After 1 hr the fluid was removed and flasks 

were supplemented with 5mL of culture media (EMEM with 5% inactivated FBS, antibiotics, L-

glutamine), incubated, and viral cytopathic effects (CPE) were recorded for one week after.10  

The flasks were frozen overnight at -70°C, thawed, and liquid collected into 15mL conical 

flasks.  Samples were spun at 3,000 X g for 15 min.  Pellets were resuspended in 1mL of 
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Trizol®. RNA was isolated according to manufacture protocol and stored at -70C for detection 

of WNV.  All RNA samples were treated with amplification grade DNAse I and dissolved in 

DEPC treated water.  cDNA was synthesized from 1ug of RNA with  a commercial RT-for PCR 

kit (Advantage®, Clontech, Mountain View, CA) by using the protocol of the manufacturer.  

Amplification of 2uL of cDNA was performed in a 25uL PCR reaction using TaqMan Universal 

PCR Mastermix (Applied Biosystems, Foster City, CA), with 0.9uM forward and reverse 

primers, and 0.25uM probe.  The primers amplify the non-structural protein 5 (NS-5) region of 

the WNV genome.16  The sequences used were 5’-GCT CCG CTG TCC CTG TGA-3’ (forward) 

and 5’-CAG TCT CCT CCT GCA TGG ATG-3’ (reverse) and 5’-6FAM-TGG GTC CCT ACC 

GGA ACA ACCACG T-T-TAMRA-3’ (probe).  Amplification and detection was performed 

using the ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA) 

and included 40 cycles at 94C for 45s, and 60 C for 45s with a final hold step at 4C.144  

WNV IgM Capture ELISA   

The IgM capture for use in horses was developed by the National Veterinary Services 

Laboratory (Ames, IA) and has been previously described.100  Briefly, microtiter plate wells were 

coated overnight at 4°C with 100 μl goat anti-equine IgM (Bethyl Labs, Montgomery, AL) 

diluted at 1:400 in carbonate/bicarbonate buffer, pH 9.6.  After incubation and washing, the 

plates were blocked with 0.5% Tween-20 diluted in PBS (PBST) with 5% milk for 2 hr at room 

temperature.  Each serum sample, diluted 1:400 in PBST were added in duplicate to wells and 

incubated for 1 hr at 37ºC.  After incubation and washing, bound equine IgM was reacted with 

WNV antigen and incubated overnight at 4ºC.  After incubation and washing, a flavivirus-

specific horseradish peroxidase antibody conjugate (CDC, Fort Collins, CO) was added and 

incubated for 1 hour at 37°C.  Bound conjugate was detected after washing by incubation for 10 

60 



 

minutes with 3,3',5,5'-tetramethylbenzidinec (TMB, Kirkegaard & Perry Laboratories, 

Gaithersburg, MD) in an acidic buffer and H2O2.  For control, each sample was also reacted with 

negative antigen.  Every plate had control wells will consisting of a positive control reference 

sera provided by NVSL, 2 negative control horses, and negative serum control well (blank).  The 

reactions were stopped at 10 min with 0.5 M HCl and the absorbance was read at 450 nm.  The 

reaction was considered positive when the optical density (OD) of the sample was ≥2X the OD 

of the negative reference sera, and the index consisting of the OD of the sample reacted with the 

negative antigen (P:N ratio) ≥2.00. 

Plaque Reduction Neutralization Test 

Plaque reduction neutralization was performed to detect WNV-specific antibody post 

infection.100  Briefly, serum was diluted at 1:10 and 1:100, heat inactivated at 56°C for 30 min, 

and incubated with an equal volume of virus (WNV, strain NY99-4132) to a final concentration 

of 100PFU/0.1 mL. Samples were incubated 37C for 1 h, and 0.1 mL of each was added to 

confluent monolayer of Vero cells in 6-well plates.  After incubation for 1 h, cell monolayers 

were overlaid with 0.5% agarose; days after addition of the second overlay.  A 90% reduction in 

PFU, as compared to the serum-negative control, was used as the determinant of 

neutralization.20,100 

Capture Isotype ELISA 

The isotype ELISA was based on the IgM capture for use in horses.100  Briefly, microtiter 

plate wells were coated overnight at 4°C with either 100 μl goat anti-equine IgG total (heavy and 

light chain, H+L), IgGa, IgGb, or IgGc (Bethyl Labs, Montgomery, AL) diluted at 1:400 in 

carbonate/bicarbonate buffer, pH 9.6.  After incubation and washing, the plates were blocked 

with 0.5% Tween-20 diluted in PBS (PBST) with 5% milk for 2 hr at room temperature.  Each 
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serum sample was first screened at dilution of 1:400 (in PBST) to 1:128,000.  Positive samples 

were diluted in PBST from 1:400 to 128,000 and negative were diluted from 1:10 to 1:400 and 

added in triplicate to wells and incubated for 1 hr at 37ºC.  After incubation and washing, bound 

equine IgG was reacted with WNV antigen and incubated for 1 hr at RT.  After incubation and 

washing, a flavivirus-specific horseradish peroxidase antibody conjugate (CDC, Fort Collins, 

CO) was added and incubated for 1 hour at 37°C.  Bound conjugate was detected after washing 

by incubation for 10 minutes with 3,3',5,5'-tetramethylbenzidinec in an acidic buffer and H2O2.  

For control, each sample was also reacted with negative antigen.  Every plate had control wells 

consisting serum from a positive horse (National Veterinary Services Laboratory, Ames, IA) and 

2 non-infected non vaccinated horses.  The reactions were stopped at 10 min with 0.5 M HCl and 

the absorbances was read at 450 nm and were compared against a well in which no serum was 

added (blank).  End-point titer was defined as the highest dilution of serum that gave an OD450 

value that was 2-fold greater or if the OD450 signal exceeded by more >0.1 OD unit, the signal 

of the horse’s pre-immune serum at the same dilution.97   

Cytokine mRNA Expression 

Collected peripheral blood monocytes (PBMC) were separated from whole blood collected 

in ACD by layering leukocyte rich plasma over histopaque (1.077, Sigma-Aldrich) and 

centrifuging.  Aliquots of PBMCs at 1x 107 cells/mL in freezing media (10% DMSO in fetal 

bovine serum) were stored at -70ºC.  The protocol for cytokine mRNA expression was based on 

previously described methods.47  Briefly, PBMC at concentration of 2x106 cells, were lysed in 

Trizol®., treated with DNAse I, and dissolved in DEPC water. cDNA from 1 ug of total RNA 

was synthesized with Advantage® RT-for PCR kit according to manufacturer protocol.  

Amplification of cDNA and Real-Time PCR was done using primers and probes established in 
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the literature and based on sequences for equine cytokines IL1β, IL-2, IL-4, IL-5, IL-6, IL-10, 

IL-12p35, IL-12p40, TNF-α, TNF-β, IFN-γ and glyceraldehyde-3-phosphate dehydrogenase 

(G3PDH).49  Amplification of 2 μl of cDNA was performed in a 25 μl PCR reaction using a 

commercially available TaqMan Universal PCR Mastermix and performed with the ABI Prism 

7700 Sequence Detection System.  All samples were assayed in triplicates and the mean values 

used for comparison with all the results normalized to G3PDH expression.  Relative quantitation 

between samples was achieved by comparing their normalized threshold cycles (Ct).  Samples 

without cDNA were included in the amplification reactions to determine background 

fluorescence and check for contamination.  DNase-treated RNA samples were also subjected to 

PCR using the G3PDH primers to confirm the absence of genomic DNA contamination.  

Results 

Clinical Disease 

At D7 post infection, horse ID1 developed clinical signs consistent with WNV 

encephalomyelitis (Figure 3-1).  Over the next 72 h, this included onset of fever 38.4 to 40.1 ºC 

(101.2 to 104.2°F), depression, anorexia, obtundation (grade 2) , muscle fasciculations (grade 3), 

hyperesthesia (grade 3), hind limb paresis (grade 3), hind limb ataxia (grade 3), and bilateral 

tongue paresis (grade 1).  Clinical improvement was seen on D14 post infection with a return to 

normal temperature 37.4 to 38°C (99.3 to 100.4 °F) and mentation with no evidence of muscle 

fasciculations.  The colt was a grade 1 for ataxia in the right hind limb, a grade 2 for paresis in 

the right hind limb, and had right sided tongue paresis (grade 1) on neurological examination.  

On D20 post infection, the colt another increase in rectal temperature to 39.8°C (103.6°F) 

characteristic of the biphasic fever reported with WNV infection in humans.  Exacerbations of 

ataxia, paresis, and tongue paresis to one grade higher in severity were also noted with the fever.  
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The following day, however, the colt had a normal temperature of 37.5°C (99.5°F) and an 

improvement in neurologic deficits.  Paresis, ataxia, and tongue paresis were resolved by day 28 

post infection.  Histopathological study revealed neural tissue lesions consistent with those 

previously reported for WNV encephalomyelitis in horses (glial nodules and perivascular 

cuffing) in the pons, medulla, and distal lumbar spinal segments. 

Approximately 76 days before experimental challenge, ID2 was shipped from a farm in 

western Montana to Alachua, Florida.  Prior to arrival the neutralizing antibody titer to WNV 

was <2 and the horse was clinically normal.  At arrival the horse had a normal temperature, 

pulse, and respirations but was noted to be mildly depressed and to have a slight deviation of her 

nostrils consistent with facial nerve paralysis.  No significant spinal abnormalities were noted.  

The presenting clinical signs and a positive IgM titer for WNV thirteen days after arrival it was 

likely that ID2 had natural exposure to WNV en route to the testing facility.  The horse was 

maintained in a mosquito free environment until experimental challenge.  After experimental 

challenge, from days 1 to 10 this horse was unwilling to move its neck vertically but may have 

been attributable to enlargement of the right submandibular lymph node.  No neurological 

abnormalities were associated with this response and this horse did not develop signs consistent 

with WNV encephalomyelitis throughout the study period.  On D7, there was mild depression 

and rectal temperature in this horse increased to 38.78°C (101.8°F).  The horse was not 

sacrificed at the end of the trial and has remained clinically normal for over 1 year. 

Virus Detection 

Viral cytopathic effects (CPE) were observed in Vero cell cultures incubated with EDTA 

plasma collected from horse ID1 on D1, D2, D3 and D4 post infection.  Detection of WNV RNA 

was confirmed by Real-Time PCR amplification of the nonstructural protein 5 (NS5) region of 
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WNV from culture samples.  No virus induced CPE’s were detected in any of the plasma 

collected from ID1 nor was any viral RNA detected by RT-PCR.   

Serology 

Horse ID1 had evidence of seroconversion post infection with the detection of IgM WNV 

antibody and a low level of neutralizing antibody (1:10) starting on D10 and these levels were 

detected until the end of the study.  On the day of infection (two-months after initial screening), 

horse ID2 was negative for IgM to WNV and IgM antibodies were not detected in any of the 

serum samples collected post infection.  Neutralizing antibody to WNV was detected at 1:100 

throughout the study period. 

IgG total (H+L) levels measured by capture ELISA agreed with the PRNT.  WNV specific 

IgG total (endpoint titer of 1:400) was detected in ID1 starting on D10 post infection and 

remained steady until D28  (Table 3-1).  IgG total was detected in ID2 starting on D0 with a 

measured endpoint titer of 1:64,000.  The IgG total endpoint titer for ID2 decreased to 1:16,000 

on D6, but rebounded to 1:32,000 on D7.  IgG total antibody for ID2 returned to the starting titer 

of 1:64,000 by D10 and remained the same to the end of the study (Table 3-1).  IgGa isotype 

antibody for ID1 mirrored the kinetics of IgG total, with detectable levels (endpoint titer of 

1:400) starting on D10 post infection.  Isotype IgGb antibody in ID1 were <1:50 throughout the 

study period.  Isotype IgGa antibody levels in ID2 were < 1:50 on D0 but were detected on D4 

(1:200) and increased to 1:16,000 by D10.  Isotype IgGb antibody levels for ID2 were detected at 

1:32,000 on D0, with fluctuations post infection on D1 (1:16,000) and D6 (1:8000).  Levels of 

IgGb antibody for ID2 increased on D7 to 1:32,000 and remained steady to D28.  Isotype IgGc 

and IgGt antibodies were not detected.   
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Cytokines 

On D4 post infection a decrease in the expression from baseline of the inflammatory 

cytokines IL-1β, IFNγ, IL-6, and IL-8 was observed in ID2 whereas IFNγ and IL-12 expressions 

were increased in ID1 (Table 3-2).  TNF-α was markedly decreased for ID2 compared to ID1 on 

D4 post infection.  On D7 post-infection for ID2, increase in the expression from baseline 

occurred relative for the Type 1 cytokines (IFN-γ, IL-1β, IL-12) on D7 post infection.  A 

noticeable decrease in TNF-α expression on D7 in ID2 compared with ID1 was also noted.  The 

type 2 cytokines (IL-4, IL-5, TGF-β) were increased in ID1 from baseline on D7 post infection.   

Discussion 

Apart from the major economic burden WNV has placed on the horse industry, horses 

provide an important spontaneous animal model for a potentially life-long debilitating and fatal 

human disease.  Hamster and mouse models of WNV, despite convenience, do not reflect the 

low viremia and CNS pathology seen in horses and humans.20,30,142, 143  The intrathecal model of 

WNV challenge results in reproducible and encephalomyelitis in naïve horses.  This study 

validates its further development as a model of protective immunity to WNV.   

Data obtained from naïve horse ID1 and naturally exposed horse ID2 suggests the first 

experimental evidence for immunity to rechallenge with WNV.  Like humans, it is expected that 

horses are resistant to re-infection with flaviviruses and that the immunity is life-long.100  

Neutralizing antibodies to WNV have been shown to persist for a long as 7 months in horses27, 

but further characterization of the immune response beyond serology has not been elaborated.  In 

this study naturally exposed horse, ID2 was completely protected from redevelopment of WNV 

encephalomyelitis after intrathecal challenge with no evidence of viremia post infection.  

Response to challenge in naïve horse ID1 reflected previous studies using the intrathecal model, 
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wherein evidence of viremia, development of encephalomyelitis, and histological lesions in the 

pons, medulla, and distal lumbar segments was found.  Further studies validating the long 

duration of immunity in non-naïve horses longer than one month are warranted.  

In this study, IgM antibodies to WNV were detected in horse ID2 during screening, but by 

the time of challenge, ID2 had undergone the expected conversion from IgM to IgG, shown to be 

less than three months post exposure in horses.  No IgM antibody was detected on the day of 

challenge but high levels of total IgG antibody (1:64,000) were detected.  High levels of isotype 

IgGb antibody (1:32,000) were present on D0 in ID2 and IgGa antibody was detected at D4 and 

increased to 1:16,000 by D10.  IgM and IgG antibodies were detected in ID1 on D10 after 

infection.  Neither IgGc nor IgGt isotypes were detected in either horse.  As been reported with 

other equine viral pathogens, IgGa and IgGb isotypes may play important roles with WNV 

infection.23,79,120,121  IgGa and IgGb isotypes are reported to fix complement and are associated 

with antibody-dependent cellular cytotoxicity, whereas IgGc and IgGt are not able to fix 

complement and can inhibit complement fixation by other IgG isotypes.89  A transient IgGa 

isotype antibody response also seen with other equine pathogens (EHV-4, Streptococcus 

equi),89,120,121 is suggested with the high levels of IgGb antibody present in ID2 at D 0 and with 

IgGa induced after infection.  Further studies are needed as IgGb isotype was not detected in ID1 

by D28, with only IgGa antibody detected at D10-D28.  It is not known whether IgGb antibody 

levels would have been detected at greater than 28 days in ID1 and if IgGa levels would have 

decreased in both ID1 and ID2. 

Preliminary data characterizing the ex vivo PBMC cytokine expression in ID1 and ID2 

using quantitative Real-Time PCR suggests that the protective immune response to WNV 

infection may be a Type 1 (TH1) T cell profile as seen in horse ID2 on D7 PI.  This is consistent 
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with evidence from murine studies wherein cell-mediated and CD4+ T cell responses have been 

shown to be protective and critical for clearance of WNV from the CNS.31,129  Furthermore with 

ID2, a notable decrease in TNF-α, a cytokine that has been implicated in mediating WNV entry 

into the CNS in murine studies was decreased on D4 and D7 PI.29,154   Additional inflammatory 

and acute phase cytokines (IL-1β, IFN-γ, IL-6, and IL-8), that are typically expressed during 

initial viral infection were also noted to be decreased in ID2 on D4 PI.  In ID1, despite an initial 

increase in IFN-γ and IL-12 expression levels on D4 PI that may be reflective of the induced 

innate immune response.31,70 by D7 PI increased levels of Type 2 cytokines (IL-4, IL-5, TGF-β) 

were noted, which are normally expressed by TH2 CD4+ T cells.   

The long-term effects of WNV infection and clearance from the CNS is becoming an area 

of interest as poliomyelitis and Guillain-Barre like syndromes have been described in WNV 

patients and also patients suffering from prolonged chronic WNV meningitis.119 Persistent 

infection and recovery of virus has been reported in hamsters.143  Interestingly horse ID1, despite 

resolution of clinical signs and neurological deficits by day 28 post infection had evidence of 

histologic lesions in the pons, medulla, and distal lumbar segments.  Unfortunately, neural 

samples were not quantified for presence of virus, but certainly the intrathecal model would be 

useful for looking at the long-term effects of the virus in the CNS. 

Additionally, clearance of an RNA virus with a neurotropism for neurons, requires the 

secretion of IFN-γ, long-term secretion of neutralizing antibody, and the presence of memory T 

and B cells.53  Evidence of T cells expressing memory markers has been found in mice 56 days 

post intracerebral WNV infection as well as murine studies that have shown CD8+ T cells and 

CD4+ T cells as critical in the clearance of WNV in the CNS and in the control of infection.123,129  

In this study, it could be argued that horse ID2 was protected from intrathecal challenge of WNV 
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by the presence of neutralizing antibody in the CSF, however, duration of IgG levels for WNV in 

the CSF have not been quantified in the horse104 and further characterization of the immune 

response in non-naïve horses looking at CNS cellular populations is needed. 

This study further validates the importance of the intrathecal model in which protective 

immunity to WNV can be induced in the horse.  The model confirms the paradigm that long-

term immunity after flavivirus infection does occur in the horse allowing for more rational use of 

post-encephalomyelitis prophylaxis.  Further development of this model of long-term immunity 

in the horse will allow investigation of the components of long-term protection in an outbred 

mammalian host.  Much work is still needed to characterize the protective immune response to 

WNV infection.  Further studies in terms of antigen specific responses, characterization of the 

lymphocyte populations in the periphery and CNS, and cytokine expression in the periphery and 

CNS are in development.  
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Table 3-1.  IgG isotype endpoint titers post-infection 
IgG total IgGa IgGb 

 ID1 ID2  ID1 ID2  ID1 ID2      

IFNγ b 

 

-10 NDc NDc NDc NDc 
7↑ ↑ 

 mRNA ex  from PB D4 a bFold increase fold decrease ↓ relative 
RNA e on from D0  expression. ot detected 

D0 <50 64,000  <50 <50  <50 32,000 

D1 <50 64,000  <50 <50  <50 16,000 

D4 <50 64,000  <50 200  <50 32,000 

D6 <50 16,000  <50 400  <50 8,000 

D7 <50 32,000  <50 8000  <50 32,000 

D10 400 64,000  400 16,000  <50 32,000 

D14 400 64,000  400 16,000  <50 32,000 

D21 400 64,000  400 16,000  <50 32,000 

D28 400 64,000  400 16,000  <50 32,000 

 
Table 3-2.  Summary of fold differences in mRNA cytokine expression in horses after WNV 

infection 
D4 PIa D7 PIa  
ID1 
2.3↑ 

ID2 
0.37↓ 

ID1 
0.75↑ 

ID2 
0.88↑ 

IL-12p40 1.18↑ 0.33↑ 1.18↑ 0.46↑ 
IL-1β 
IL-2 

1.8↓ 
1.75↓ 

3.63↓ 
2↓ 

7.9↓ 
2.3↑ 

1↑ 
0.17↑ 

IL-8 0.58↓ 4.84↓ 
9↓ 

5.03↓ 1.28↓
TNFα 
 

1.3↓ 
 

10.3
 

1.06↓ 
 

6.5↓ 
 

IL-4 5.93↓ 0 8.6↑ 0 
IL-5 
IL-6 

1.2↑ 
1.23↓ 

0.09↑ 
7.53↓ 

1.2↑ 
1.23↓ 

1.6↑ 
0.43↑ 

IL
TGFβ 
a

1.27↑ 
pression

1.4
MC

1.21↑ 
nd D7 PI.  

2.2
ex vivo

cytokine m
 collected on 

 baseline
↑ or 

xpressi  cND=n
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Figure 3-1.  Clinical course post infection Horse ID1



 

CHAPTER 4 
COMPARATIVE EFFICACIES OF THREE COMMERICALLY AVAILABLE VACCINES 
AGAINST WEST NILE VIRUS (WNV) IN A SHORT-DURATION CHALLENGE TRIAL 

INVOLVING AN EQUINE WNV ENCEPHALITIS MODEL 

Introduction 

West Nile Virus (WNV) is a mosquito-borne flavivirus of the Japanese Encephalitis virus 

(JEV) serogroup that causes central nervous system (CNS) infection in horses and humans.58  

Since its emergence into the United States in 1999 and subsequent spread throughout the 

country, WNV has caused clinical disease in 23,962 humans and 24,824 horses in the U.S.,1,2 

killing approximately 928 humans, over 6,000 horses, and an estimated hundreds of thousands of 

birds.  Although currently endemic throughout much of North America, WNV still is an 

important infectious pathogen with 4,085 clinical cases of disease reported in humans and 1,061 

encephalomyelitis cases reported in horses in 2006.1,2  

Early epidemiological studies in the horse indicated that vaccines were the best 

preventative strategy.100  Since then, four WNV vaccines have been licensed for use in the horse 

by the United States Department of Agriculture (USDA)  The first licensed vaccine (West Nile-

Innovator®, Fort Dodge, Fort Dodge, IA) for horses has been available since 2001 and is 

composed of formalin-inactivated (K-WN) whole virus with adjuvant.  A DNA plasmid vaccine 

was licensed in 2003, but has not been available commercially.149,160  In 2004, a recombinant 

vaccine was licensed and consists of a canarypox virus vector (CP-WN) with insertion and 

expression of the membrane (prM) and envelope (E) proteins of WNV genes (Recombitek® 

Equine WNV Vaccine, Merial Limited, Athens, GA).91  This preparation also contains an 

adjuvant.  Several epidemiological studies investigating the outbreaks throughout the United 

States have justified the use of these commercially available vaccines as a preventative 

strategy.27,46,110,117,155   
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The latest equine vaccine granted licensure in September 2006 is a single-dose, attenuated 

West Nile Virus, live flavivirus chimera (WN-FV) vaccine (PreveNile™, Intervet, DeSoto, KS) 

for horses and is marketed without an adjuvant.  This vaccine was based on the technology used 

to create an attenuated human vaccine for Japanese Encephalitis virus (Chimerivax-JE).55  The 

recombinant chimera expresses the envelope (E) and membrane (prM) of WNV in a Yellow 

Fever vector (YF17D).  The vaccine has been labeled for use in the horse for prevention of West 

Nile Virus viremia and as an aid in the prevention of WNV disease and encephalitis.   

Two previous WNV challenge models in horses (mosquito feeding and needle inoculation) 

were used to substantiate the primary efficacy studies and labeling claims of the K-WN and CP-

WN vaccines.  These two models mirror the field infection ratio of asymptomatic:symptomatic 

of 11:1 and both induce viremia, but neither are able to induce significant clinical signs of WNV 

in horses.20  Hence, protection in these models is defined as “prevention of viremia due to 

WNV.”  Development of a WNV challenge model of infection has been described where grave, 

reproducible encephalomyelitis occurred in all naïve horses when injected intrathecally with 

virulent WNV.13  This model was used to establish 28-day efficacy for the CP-WN and 12-

month duration-of-immunity for the WNV-FV vaccines.76,126  This current data reports the use of 

the model to investigate the comparative efficacy of the three commercially available equine 

vaccines in a short duration challenge trial.   

Materials and Methods 

Animals 

All work with animals was performed with approval and under the guidance of the 

University of Florida (Gainesville, FL) Institutional Animal Care and Use Committees (IACUC). 

Horses used were of mixed breed male and female horses, with no previous WNV exposure, as 

indicated by WNV neutralization titers of ≤ 5.  Standard practices for determination of health 
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status and preventative medicine (diet, parasite and infectious disease prevention, and podiatry) 

were performed under the guidance Animal Care Services, University of Florida.  Rectal 

temperature, heart and respiratory rates, appetite, and attitude were recorded on a daily basis 

prior to commencement of study protocols.  

Efficacy Trials 

Horses were placed into three randomized, blinded trial groups consisting of eight horses 

with two horses in each group receiving (1) the inactivated K-WN vaccine, (2) the canarypox 

virus vectored CP-WN, (3) the chimera WN-FV vaccine, or (4) a diluent.  For the K-WN and 

CP-WN, horses received an initial primary intramuscular (IM) injection with a 1mL volume of 

vaccine followed in 28 days with a second injection according to manufacturer’s label.  For the 

WN-FV, each horse received an initial injection of 1 mL diluent IM followed in 28 days by a 1 

mL IM injection of the vaccine.  All work with live virulent WNV was performed in accordance 

with Biosafety in Microbiological and Biomedical Laboratories guidelines (United States 

Department of Health and Human Services (HHS) Public Health Service/Centers for Disease 

Control and Prevention and National Institutes of Health 1999) under the approval and 

supervision of the University of Florida Environmental Health and Safety Office.   

Virulent Viral Challenge 

The challenge virus, designated WNV NY99 (4132), was originally isolated from the brain 

of an infected crow (CDC, Ft. Collins, CO).  This virus was passaged once in Vero cells, once in 

C6/36 mosquito cells, and was passaged an additional time in BHK-21 cells and cultured in 5% 

horse serum in order to avoid potential immune reactions to bovine serum proteins.  All virus 

stocks were then stored in 1 ml aliquots at -80°C until use. On the day of challenge, the stock 

virus was thawed on ice and virus was diluted to the desired concentration in PBS immediately 
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prior to intrathecal inoculation of horses.  The stock virus was prepared and aliquoted as stock in 

a single laboratory (Bowen) and all challenges utilized the same material. 

Horses were to be challenged with virulent virus greater than 28 days (or D56 of the study 

period) after the second vaccine injection according to the original study design.  The three trial 

efficacy groups (CE1, CE2, and CE3) were conducted from July 2004 through April 2005 during 

which Gainesville, FL was affected by three major hurricanes.  Due to these circumstances the 

actual day of challenge for each group were on D70, D56, and D70 accordingly.  Horses were 

anesthetized by administration of xylazine intravenously (1.0 mg/kg, IV) and, after 10 minutes, 

ketamine (2.2 mg/kg, IV) was administered for induction of anesthesia.  The atlanto-occipital 

space was penetrated with an 18 gauge, 20 cm spinal needle with aseptic technique and a 1 ml 

volume virus.   

Clinical Scoring  

Physical evaluations were performed from day -1, 0, and 1 to study completion on D21 

after challenge (D91, D77, D91 of the study for CE1, CE2, and CE3).  Daily parameters 

recorded included rectal temperature, pulse rate, and respiratory rate.  Temperature was further 

categorized as a score of 0 if rectal temperate was 37.5 to 38.3ºC (99.9 to 100.9º F), 1 if >38.3 to 

38.6ºC  (100.9 to 101.5º F), 2 if >38.6 to 38.8 ºC (101.5-101.9 ºF), Grade 3 >38.6 to 39.2 ºC  

(101.9-102.5ºF), and Grade 4 ≥ 39.2 ºC (≥102.5ºF).  Changes in attitude, feed intake hydration, 

and locomotion were scored as normal (0), mild (1), moderate (2), and severe (3).  Injection sites 

were monitored daily throughout the study period.  A full neurological examination was 

performed weekly after vaccination and daily after viral challenge until the end of the study.  

Signs of clinical neurologic disease consisting of changes in mentation, development of ataxia 

and weakness, and occurrence of fasciculations and cranial nerve paresis were scored in severity 
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as normal (0), mild (1), moderate (2), and severe (3).  Normal was defined as no change from 

baseline examinations.  Mild abnormalities were defined as only detectable with repeated 

movement or stimulation depending on the site tested.  Moderate abnormalities were defined as 

obvious with limited movement or stimulation. Severe abnormalities were those which occurred 

spontaneously without movement or stimulation.  Total daily clinical score was calculated with 

the sum of graded physical parameters and neurological signs. 

Postmortem Analysis 

At the end of the study (21 days post-challenge), an overdose of pentobarbital was 

administered to all remaining living horses to facilitate a full gross and histological post-mortem 

examination.  

A full gross postmortem evaluation was performed on all study horses.  Tissue samples of 

brain (cerebrum, thalamus, midbrain, pons, and medulla), cervical spinal cord, lumbar spinal 

cord, left ventricular and right atrial heart muscle, liver, lung, spleen, kidney, mesenteric lymph 

node, adrenal gland, thymus, and injection site muscle were fixed in 10% neutral buffered 

formalin and were stained with hematoxylin and eosin for histopathologic evaluation.   

Histopathological grading of neural tissue (cerebrum, thalamus, midbrain, pons, medulla, 

cervical cord, and lumbar cord) for evidence of viral encephalitis, quantified both gliosis and 

perivascular cuffing. Tissues were evaluated by two independent and blinded evaluators.  For 

scoring, ten random views were examined at 100X magnification for each location.  The number 

of glial nodules at each site was documented and averaged, each section was reexamined, and the 

percentage of vessels with perivascular cuffing (vessels with accumulations of inflammatory 

cells) was estimated and averaged per site.  Histopathologic scoring was based on methodology 

used by Monath et al.94  Grade 1 was defined as “minimal” changes characterized by one to three 
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small focal inflammatory infiltrates, a few glial nodules.  Grade 2 was defined as “moderate” 

changes with more extensive focal inflammatory infiltrates; glial nodules centered around one-

third of the neurons.  Grade 3 was defined as “severe” changes with glial nodules affecting 33 to 

90% of neurons and moderate focal or diffuse inflammatory changes.  Grade 4 was defined as 

“overwhelming” with more than 90% glial nodules and severe, widespread inflammatory 

infiltration. 

Case Criteria and Outcome 

The normal range of rectal temperature in the horse was defined as 37.5 to 38.3°C (99.5 to 

100.9ºC, but ≥ 39.2°C (102.5 ºC) was the criteria defined for CNS disease caused by WNV in 

this model.76  Failure of a protective response against clinical disease (encephalomyelitis) of 

WNV was defined as moderate or severe, a neurological score of ≥ 2 or signs of disease for 2 or 

more consecutive days with viremia, histopathologic changes consistent with encephalitis, and 

requirement for euthanasia.  Case outcome was defined as survival to the end of the study period 

or nonsurvival which was euthanasia or sudden death. As defined by IACUC protocols, horses 

were euthanized for humane reasons due to any overall severe health condition of the animal as a 

result of WNV infection; persistent or acute signs of West Nile disease coupled with recumbency 

and/or the inability to locomote without assistance.   

Virus Isolation 

One ml of plasma from heparinized blood was incubated per well in a 24-well plate format 

on Vero cells as described previously and incubated at 37°C in 5% CO2 for 5-7 days.76,116  The 

plates were observed daily for toxicity, bacterial contamination, and cytopathic effects CPE 

typical of WNV infection.   
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Antibody Testing—Virus Neutralization Testing 

A plaque reduction neutralization test (PRNT) was used to quantify neutralizing antibody 

titers in horse, as previously described.20  Any sample that neutralized the challenge virus dose at 

a level ≥ 70% was confirmed by testing in duplicate and titrated by serial twofold dilutions.  

Neutralization at a level of ≥ 90% was considered positive for each dilution.  Antibody titers 

were defined as the reciprocal of the highest dilution showing 90% neutralization, and a titer of 5 

or greater was considered positive for antibody to WNV.  

Back Titration of Virulent West Nile Virus 

For back titrations of material used to challenge horses, a plaque forming unit (PFU) assay 

was performed using sample aliquots of challenge virus stock prepared for intrathecal challenge 

frozen at -80ºC.  Samples included challenge virus frozen immediately after preparation and 

replicate aliquots of virus that were maintained on ice until after actual intrathecal challenge.   

For each back titration assay, 300 uL of 10-fold dilutions of sample challenge material was 

added in triplicate to 6-well cell plates containing Vero 76 monolayers.  Plates were incubated 

for 1 hour at 37ºC and 5% CO2 for virus adsorption.  The cells were overlaid with 3 mL per well 

of 0.5% agarose in MEM medium supplemented with 350 mg/L of sodium bicarbonate, 29.2 

mg/L of L-glutamine, 5% heat inactivated fetal bovine serum, and antibiotics.  After 48 hours of 

additional incubation, a second 3 mL 0.5% agarose overlay, containing 0.004% neutral red dye, 

was added for plaque visualization.  The plaques were scored on days 3, 4, and 5 of incubation.  

Dilution wells closest to 30 plaques per well were used to calculated the virus titer. Viral titer 

was calculated as PFU/mL=1/dilution x number of plaques x amount of inoculum/well.10  

Statistics 

Clinical data from all three trials were combined as 2x2 contingency tables and analyzed using 

χ2 and Fischer Exact test for case criteria, outcome, and viremia using MedCalc Software 
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(Version 8.1, Mariakerke, Belgium).  Level of significance was set at p<0.05.  Clinical scores 

and histological data were analyzed using Kruskal-Wallis One Way Analysis on Ranks with 

pairwise multiple comparison with Dunn’s Method.  Level of significance was set at p<0.05.  

Statistical analysis was performed by use of computer spreadsheet statistical-analysis package 

(Sigma Stat, V; Systat Software, Inc., Point Richmond, CA). 

Results 

Clinical Scoring 

Post-vaccination assessment 

No injection site reactions or systemic effects were observed in any of the horses post-

vaccination.  Four of five CP-WN horses had an increased rectal temperature ranging from 38.4 

to 38.9 ºC (101.2 to 102ºF) with duration of up to five days after the second vaccination booster.  

Three six K-WN horses had increased rectal temperature of 38.4ºC within five days after the 

second vaccination.   

Post-challenge assessment 

None of the WN-FV horses developed increased rectal temperature greater than 39.2ºC on 

any day post-challenge, while 3/6 of the control horses, 1/5 of the CP-WN, and 1/6 of the K-WN 

horses had increased rectal temperature.  The number of control horses with rectal temperature of 

>39.2ºC was significantly greater compared to all vaccinated horses (P<0.0001) with no 

significant difference detected between vaccinated horses (Figures 4-1, 4-2, 4-3, 4-4).  Mild 

elevations in rectal temperature between 38.4 and 38.8ºC were recorded for 2-5 days post-

challenge in 4/6 WN-FV horses, 3/5 CP-WN horses, one K-WN horse, and 3 control horses.  

Mild elevations in rectal temperature between 38.5 and 38.6ºC also occurred in two K-WN 

horses late in the challenge period on D17 and D18. One of the CP-WN horses also exhibited 

mild malaise and anorexia after challenge. 
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Post-challenge, all 6 control horses demonstrated moderate or severe (Grade 2 or 3) signs 

of WNV for at least one day and 5/6 horses demonstrated moderate to severe signs of WNV for 

two or more consecutive days (Figure 4-1).  None of 6 WN-FV horses developed neurological 

abnormalities post-challenge.  For the CP-WN vaccinates, 1/5 horses had consistent grade 1 

neurological signs in several categories.  Four of 6 K-WN horses developed mild to moderate 

(grade 1 to 2) neurologic signs that occurred late in the challenge period.  The WN-FV and CP-

WN horses had significantly fewer clinical signs than K-WN horses (p=0.035) or control animals 

(p<0.01) (Table 4-1). 

Histopathology 

All control horses had moderate to severe (Grade 3) microscopic changes in the midbrain, 

medulla, and thalamus which were significantly higher (p<0.05) than all of the vaccinated 

horses.  Changes consisted of glial nodules and perivascular cuffing throughout the grey matter 

of the brain and spinal cord, associated primarily with the large neuronal cell bodies of the 

midbrain, pons, medulla, and thalamus (Tables 4-2 and 4-3).  Mild inflammatory changes (Grade 

1) with little to no glial nodules were found in 1/6 of the WN-FV and 1/5 CP-WN horses 

although these horses did not exhibit any neurologic signs.  Four of six K-WN horses had mild 

inflammatory changes in the brain and spinal cord.  Two of these horses did not exhibit mild 

neurologic signs, 2 exhibited mild neurological signs late in the post challenge period and one 

horse had an elevated temperature of 38.7ºC on D4 without progression of clinical signs. 

Case Criteria/Case Outcome 

All vaccinated horses met the criteria for protection against WNV encephalitis.  In all 

groups irrespective of the vaccine product, this was significantly different than the control horses 

(p<0.0001).  All six control horses met the case criteria for WNV encephalitis of grade 2 or more 
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(moderate to severe), fever, viremia, histopathological evidence of encephalomyelitis, and all 

were humanely euthanized accordingly before the end of the study period (Table 4-1).  None of 

the vaccinated horses met the criteria for euthanasia and all survived to the end of the 

observation period.  The case outcome or survivorship was significantly higher in the vaccinated 

horses, irrespective of product, compared to the control horses (p<0.0001). 

Virology 

West Nile virus was not recovered from the plasma from any vaccinated horse post-

challenge and this was significantly different than the control horses (p <0.0001).  West Nile 

virus was recovered from all six control horses during D1 through D5 PC.  The median duration 

of viremia was 1.5 days and viremia ranged between 1 and 3 days. 

Serology 

All horses were screened prior to arrival at the high containment testing facility (University 

of Florida) for previous exposure to WNV based on negative IgM (<400) and neutralizing 

antibodies <5 to WNV using the IgM Capture (MAC)-ELISA and PRNT.  One horse in the 

canarypox vaccine (CP-WN) group was found to be negative for neutralizing antibody titer of <5 

at screening, but had a neutralizing antibody titer of >5 on study D0 and was dropped from the 

study.  

At the time of the second immunization low neutralizing titers were detected in the six K-

WN horses ranging from <5 to 20.  One of the five CP-WN horses had a titer of 10 and none of 

the six WN-FV horses had detectable neutralizing antibody at second injection.  At the time of 

challenge, the K-WN horses had a geometric mean titer (GMT) of 224 (range <5 to 320), the CP-

WN horses had a GMT of 26 (range <5 to 80), and the WN-FV horses had a GMT of 5 (range <5 

to 10).  All control horses remained negative for neutralizing antibody after vaccination and on 

the day of challenge (Table 4-4).   
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At 7 days after challenge, all 6 control horses developed low levels of neutralizing 

antibody to WNV (GMT 35, range 10 to 80).  The GMT of all six K-WN horses increased 

moderately to 320 and remained the same to the end of the study.  Four of 5 CP-WN horses had 

a slight increase in neutralizing antibody levels (GMT 66) and all 5 horses developed a mean 

titer of 258 by the second week post challenge.  All six WN-FV horses had rapidly and steadily 

increasing titers, increasing from a GMT of 122 at 7 days to 320 at 14 days and remaining at 293 

during the third week after challenge (Table 4-4 and Figures 4-1, 4-2, 4-3, 4-4).   

Virus Challenge Backtitration 

The challenge material had a back titration of 2 x 106, 1 x 105, and 3 x 105 PFU/mL for 

trial groups CE1, CE2, and CE3, respectively. 

Discussion 

This study supports the efficacy of all three commercially available equine WNV vaccines 

for the prevention of WNV induced encephalitis in horses.  Irrespective of the vaccine 

administered all were protective, resulting in 100% survivorship against a severe challenge 

model of WNV encephalomyelitis with 100% of the controls exhibiting clinical disease.  

Challenge of naïve horses by this model resulted in, fever, viremia, onset of grave neurological 

disease, with corresponding histopathologic lesions in the CNS with 100% mortality before the 

end of the study.   

Protection against WNV was achieved with one dose of WN-FV and a protective immune 

response was demonstrated as early as seven days post infection with the WN-FV vaccines with 

the rapid rise of neutralizing antibody, consistent with previous studies with this vaccine.76  A 

protective immune response was also seen in the CP-WN horses post-infection with a more 

gradual increase of neutralizing antibody by 14 days post-infection.  The CP-WN horses were 

vaccinated according to the manufacturer’s label of two immunizations in this study.  Whether 
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one dose of vaccine would induce protective immunity with the severe WNV challenge model is 

important to demonstrate.  One study has shown protection against viremia after one dose of this 

vaccine utilizing the mosquito challenge model.127  In a field study, a marked anamnestic 

response occurred in horses that were previously vaccinated with the K-WN and injected a year 

later with one dose of the CP-WN vaccine.54  As expected, a rapid increase in neutralizing 

antibody occurred after the second immunization in the K-WN horses in this study. 

In this study, the level of neutralizing antibody titer at the time of challenge is not 

predictive of protective immunity as evidenced by the range of GMT among the three vaccine 

groups on the day of challenge (226 (KP-WN) and 26 (CP-WN) and 5 (WN-FV)).  These results 

mirror comparative vaccine studies done in hamsters, wherein neutralizing antibody levels as 

low as 5 were found to protective against WNV challenge.142  Modified live vaccines, such as 

CP-WN and WN-FV, should be capable in the induction of cell-mediated immunity in addition 

to humoral immunity.  The importance of cell-mediated immunity  (T helper response and 

cytotoxic T cells) and memory T cells in the protection against WNV and other related 

flaviviruses have been demonstrated in experimental murine studies31,123 and in field studies 

characterizing endemic flavivirus (Japanese Encephalitis and Dengue Fever) populations.67,128  

Characterization of the protective immune response of equine WNV vaccines has not been 

studied in horses due to the limitations of the previous mosquito and needle inoculation 

challenge models combined with the limited availability of equine specific immunologic 

reagents.   

Information regarding the duration of immunity of vaccines against clinical disease is 

extremely important for Flavivirus vaccines especially in climates with year-long mosquito 

activity.  All three vaccines (K-WN, CP-WN, and WN-FV) are able to generate a protection 
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against WNV infection at 28 and 56 days post vaccination.  Duration of immunity of 12 months 

against clinical disease including encephalitis and prevention of viremia has been reported for 

the WN-FV.76 Duration of immunity of 12 months with development of neutralizing antibodies 

and prevention of viremia, but not against development of clinical WNV disease has been shown 

with the CP-WN and K-WN vaccines.91  Long-term immunity is not a feature of inactivated 

vaccines and the K-WN vaccinated horses in an epidemiological study of the Nebraska and 

Colorado outbreaks were found to have decreased neutralizing titers at five to seven months.27  

Recommendation for repeated vaccination throughout the year was the frequent conclusion made 

in several epidemiological studies when using the K-WN product, particularly in less temperate 

areas in North America with prolonged mosquito activity.27,155  Further studies of the efficacy of 

all three of these vaccines against WNV induced disease >56 days post-vaccination is warranted. 

The WN-FV is a novel vaccine developed from the technology used to create a live, 

attenuated Japanese Encephalitis human vaccine which has been studied in phase 2 clinical trials 

and a human West Nile vaccine currently in phase 1 clinical trials.93,95  The vaccine does not 

require an adjuvant and hence would be less likely to induce vaccine reaction compared to the 

adjuvanted vaccines.  By utilizing an attenuated flavivirus (YF-17D) genome backbone,93 the 

vaccine is essentially an attenuated modified live vaccine with enhanced immunogenicity and 

induction of cell mediated immune responses.  None of the six horses in the WN-FV had any 

reaction post-vaccination.  While no systemic or injection site reactions were noted in any of the 

other vaccine groups, mild increased rectal temperatures were noted in the first five days after 

the second vaccination in the other two groups and may be likely to be the result of adjuvant 

induced inflammatory cytokines (IL-1, IL-6, TNFα) and immune response.  These horses were 

obtained from farms that do not practice any immunoprophylaxis in their foals, thus there had 
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been no prior exposure to any vaccine components which also likely decreased their overall 

reaction rates. 

Mild elevations in rectal temperature were recorded in all four groups within the first five 

days post-challenge ranging from 101 to 102.5 ºF.  These changes are suspected to be a response 

to intrathecal injection into the CNS.  Whether from the actual trauma induced during the 

procedure, replication of the virus locally, and/or more likely infiltration of inflammatory 

immune mediators (cytokines and immune cells) has yet to be elucidated.  Interestingly, 4/6 

horses in the WN-FV had evidence of this mild elevation in temperature post-challenge and all 

six of these horses were completely protected from onset of WN disease and did not manifest 

any clinical signs during the study.  Murine studies have shown the role of WNV antigen specific 

CD8 and CD4 T cells in clearance of WNV from the CNS along with a interplay of cytokines 

such as IFN-γ, TNF-α, and IFN β.31,65,123  

Mild to moderate neurologic deficits grade 1 or 2 and less than two consecutive days 

duration were observed in a few of the horses in the K-WN and CP-WN groups post-challenge.  

Interpretation of these findings should take into account whether or not the degree of clinical 

disease observed would correspond to field conditions.  The observations may have been biased 

toward detection of minimal clinical signs since the observers in this study were aware of the 

infection day and were presumably more able to detect neurological disease due to additional 

post-DVM specialty training.  In addition, horses in this study were evaluated very closely and 

several times per day post-challenge for clinical signs, allowing for detection of slight changes 

from original baseline values that would not have been detected by owners or field veterinarians 

not intimately associated with baseline values.  Epidemiological studies characterizing the 

outbreaks have reported a percentage of horses with appropriate vaccination history that 
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developed WNV disease.27,110  Although none of the vaccinated horses in this study fit the case 

criteria for WNE, the percentage of horses that developed mild clinical signs mirrors the findings 

of these outbreak studies.  None of the WN-FV vaccinates manifested any clinical signs in this 

study, but small sample size may be a factor as previous studies conducted by the investigators 

resulted in 1/20 horses vaccinated with WN-FV developing mild clinical signs post challenge at 

28 days.76   

All six control horses developed clinical signs of encephalitis had severe (Grade 3) 

pathological changes in the brain and spinal cord.  Complete agreement between severity of 

clinical signs and grading of histopathologic findings was not observed among the vaccinated 

horses.  This finding is not unexpected, as only representative samples of the brain spinal cord 

sections were taken from each horse and may not have included the affected tissue.  In each of 

the vaccine groups, a few horses had evidence of mild (Grade 1) lesions changes in the brain and 

spinal cord.  Similar residual mild focal inflammatory infiltrates were found at 30 days in the 

brains and spinal cords of immunized rhesus monkeys challenged intracerebrally with wild-type 

Japanese Encephalitis virus but were protected from clinical disease.94  Further investigation of 

the resolution of these inflammatory lesions at greater than 21 days post-infection is likely 

warranted.  

Several epidemiological outbreak studies have reported the justification for the use of 

vaccines as preventative strategy against WNV disease in horses.  Veterinarians and owners have 

the unique opportunity of selecting among three effective and commercially available equine 

WNV vaccines to implement a suitable and personalized preventative program. Further study 

can be performed to elucidate the most effective protocol for each vaccine and risk groups. 
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Figure 4-1.  Clinical course post-challenge controls 
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Figure 4-2.  Clinical course post-challenge WN-FV 
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Figure 4-3.  Clinical course post-challenge CP-WN 
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Figure 4-4.  Clinical course post-challenge K-WN 



 

 
Table 4-1.  Case criteria for vaccinated and control horses after intrathecal WNV challenge 
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Table 4-2.  Glial nodules in vaccinates and control horses 
 Thalamus Midbrain Pons Medulla Cervical Lumbar 

WN-FV 0.00±0 0.00±0 0.00±0 0.00±0 0.67±1.63 0.58±1.20 

CP-WN 0.00±0 0.00±0 0.00±0 0.00±0 0.10±0.22 0.10±0.22 

WN 3 

  * 

K- 0.00±0 0.00±0 1.17±1.8 0.00±0 0.00±0 0.00±0 

Control 4.67±1.86* 8.33±5.79* 4.17±3.49 12.00±2.76 1.67±1.89 1.08±2.18 

* P<0.05 
 
Table 4-3.  n

u
 Perivascular
Thalam s 

cuffs in vacci
Midbrain 

nates and co
Pons 

trol horses 
Medulla Cervical  Lumbar 

WN-FV 0.00±0 1.00±2.45 0.17±0.41 0.17±0.41 0.42±0.66 2.27±5.55 

CP-WN 0.10±0.22 0.00±0 2.40±5.37 0.00±0 0.10±0.22 0.20±0.45 

WN .8 

 

K- 1.00±2.00 0.50±0.84 10.3±24 0.33±0.82 0.92±2.25 1.42±3.01 

Control 59.4±23.3* 60±26.5* 47.8±28.6 67.7±14.9* 9.92±12.87 5.33±13.06 

* P<0.05 
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Table 4-4.  WNV neutralizing antibody (GMT) titers for vaccinated and control horses post-

vaccination and after WNV challenge 
 WN-FV CP-WN K-WN Controls 

1st Injection 
2nd Injection 

<5* 
<5 

<5 
2 

<5 
8 

<5* 
<5* 

PC D0 5 
122 

26 224 

* Ho d diluent onl

<5 
PC D7 
PC D14 

66 260 <5 
<5 320 258 320 

293 PC D21 258 320 35 
rses receive y 
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CHAPTER 5 
PROTECTIVE IMMUNE RESPONSES TO WEST NILE VIRUS (WNV) OF 28 DAY 

VACCINATED HORSESE 

Introduction 

West Nile Virus (WNV) is a member of Flaviviridae and similar to the other viruses in this 

RNA virus family, it is a highly neurotropic and a causative agent of potentially fatal encephalitis 

in humans and in horses.  Since its encroachment into the United States in 1999, the virus has 

caused clinical disease in 23,962 humans and 24,824 horses resulting in 928 human, over 6,000 

horse, and several hundred thousand bird fatalities.1,2  Despite its current endemic status, annual 

epidemics of WNV are still a concern.  In 2007 there were 3510 reported cases in humans and 

334 cases in horses.  With specific treatment options still unavailable, vaccines are still the best 

preventative strategy against WNV.    

Currently, human vaccines are still in development but, four equine WNV vaccines have 

been licensed by the USDA, with three commercially available. The first licensed vaccine (K-

WN; Innovator, Fort Dodge Animal Health, Overland Park, KS), available since 2001, is 

composed of an adjuvanted formalin-inactivated whole virion.  Licensed in 2004, a second 

vaccine was marketed featuring the expression of the WNV membrane (prM) and envelope (E) 

genes under control of the canarypox virus vector (CP-WN; Recombitek™, Merial, Duluth, GA) 

and packaged with an adjuvant.  Since 2006 a nonadjuvanted, single-dose, attenuated West Nile 

Virus, live flavivirus chimera (WN-FV) vaccine (PreveNile®, Intervet, DeSoto, KS) has been 

also available.  This vaccine is based on the technology used to create an attenuated human 

vaccine for Japanese Encephalitis virus (Chimerivax-JE).55  The recombinant chimera expresses 

the envelope (E) and membrane (prM) of WNV in a Yellow Fever vector (YF17D).  This last 
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vaccine has been shown experimentally in rodent and primate models to induce both humoral 

and cell mediated immunity (WNV specific T cell responses).90,95  

The efficacy of these equine WNV vaccines in terms of development of neutralizing 

antibody, prevention of viremia, and onset of clinical disease has been tested in numerous 

studies.76,90,91,127,118  In particular the K-WN and the CP-WN were tested for licensure with a 12 

month duration of protection in a viremia model using systemic challenge while the WN-FV was 

tested in an intrathecal challenge model that induced severe clinical disease. Most recently, we 

compared the efficacy of the three commercially available WNV vaccines utilizing a model of 

severe WNV encephalitis in the horse.  Irrespective of the vaccine treatment, vaccinated horses 

were significantly protected at 28 days post-challenge (PC) from onset of clinical disease when 

compared with control horses in terms of in terms of survivorship, protection from the onset of 

WN encephalitis and viremia..118  However there were significant differences between these 

vaccines in the complete prevention of clinical signs.  To date characterization of the 

components of protective immune responses induced with these vaccines have not been reported. 

Most of the knowledge of what constitutes the successful immune response to WNV has 

been derived from in-bred murine infection models and appears to rely on both on humoral and 

cell-mediated immunity (CMI).  Antibody plays a clear role in protection against WNV.  Passive 

transfer of WNV specific IgG was shown to protect mice if administered before or shortly after 

lethal challenge and, in another study, B cell deficient were protected from lethality by passive 

transfer of immune sera.5,30  However, recent work has also demonstrated the importance of CMI 

in the control and recovery from WNV infection.31,123,129  CD8+ T cells were shown to eliminate 

WNV infected cells via cytolytic mechanisms.  CD4+ T cells also have a critical role in 

94 



 

sustaining these WNV-specific effector CD8+ T cell responses in the CNS for viral clearance and 

for the production of antiviral IgG.129   

Little is still known yet of what determines secondary immunity to WNV, but is speculated 

to be a CD4+ T helper type 1 (TH1) biased response based on related flavivirus studies.  In one 

study, a CD4+ TH1 response was shown in immunized mice challenged with Yellow Fever virus 

to be critical for survival.73  A CD4+ TH1 response was present in the peripheral blood 

mononuclear cells (PBMC) in people subclinically infected with Dengue virus while those that 

developed clinical disease had a TH2 response.57,125   

This data reports our objective to characterize the immune responses in twenty-eight day 

vaccinated horses challenged intrathecally with virulent WNV.  Our hypothesis was that 

vaccinated horses have a WNV CD4+ TH1 response.  Lymphocyte subsets, lymphoproliferative 

responses of equine peripheral blood monocytes (PBMC), ex vivo and in vitro cytokine mRNA 

profiles, and immunoglobulin isotypes were studied to characterize the immune response. 

Materials and Methods 

Animals.   

All work with animals was performed with approval and under the guidance of the 

University of Florida (Gainesville, FL) Institutional Animal Care and Use Committees (IACUC). 

Horses used were of mixed breed male and female horses, with no previous WNV exposure, as 

indicated by WNV neutralization titers of ≤ 5.  Standard practices for determination of health 

status and preventative medicine (diet, parasite and infectious disease prevention, and podiatry) 

were performed under the guidance Animal Care Services, University of Florida.  Rectal 

temperature, heart and respiratory rates, appetite, and attitude were recorded on a daily basis 

prior to commencement of study protocols.  
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Challenge Trials.   

Horses were placed into three randomized, blinded trial groups consisting of eight horses 

with two horses in each group receiving (1) the inactivated K-WN vaccine, (2) the canarypox 

virus vectored CP-WN, (3) the chimera WN-FV vaccine, or (4) a diluent.  For the K-WN and 

CP-WN, horses received an initial primary intramuscular (IM) injection with a 1mL volume of 

vaccine followed in 28 days with a second injection according to manufacturer’s label.  For the 

WN-FV, each horse received an initial injection of 1 mL diluent IM followed in 28 days by a 1 

mL IM injection of the vaccine.  The challenge virus, designated WNV NY99 (4132), was 

prepared as describe previously.118 Horses were challenged intrathecal with WNV as previously 

described.118  In order to characterize the immune response after vaccination and after virulent 

challenge whole blood and serum was taken via venipuncture from horses at the start of the study 

period and day of the first vaccination (D0), day of the second vaccine injection (D28), and day 

of virulent challenge (D0PC).  After challenge, horses were bled on third (D3PC), seventh 

(D7PC) and tenth days (D10PC) and then weekly (D14PC and D21PC) until the end of the 

challenge period.  Collected PBMC were separated from whole blood collected in ACD by 

layering leukocyte rich plasma over histopaque (1.077, Sigma-Aldrich) and centrifuging.  PBMC 

were stored at -70°C in concentrations of at 1x 107 cells/mL in freezing media (10% DMSO in 

fetal bovine serum) until use.  Whole blood was also collected on these days in serum separator 

tubes, allowed to clot, separated and stored until use at -70 ºC 

Flow Cytometry for Lymphocyte Phenotyping.   

Immunophenotyping was performed on PBMC to determine lymphocyte subsets as 

previously described.59  Aliquots of 100uL containing 1 x 106 cells were stained for 30 minutes 

with murine monoclonal antibodies binding to equine T lymphocytes (HB19A;VMRD, Inc., 

Pullman, WA), CD4+ T lymphocytes (HB61A; VMRD), CD8+ T lymphocytes (MCA2385; 
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Serotec, Raleigh, NC), and B lymphocytes (B29A, VMRD).  A monoclonal antibody of the same 

isotype but not reactive with equine cells was used as the negative control (MCA928;Serotec).  

Analyses were performed with a FACSort flow cytometer equipped with Cell Quest software 

(BD Biosciences, Rockville, MD).  Data were collected from 10,000 events for each sample, 

with forward scatter and side scatter parameters used to gate the lymphocyte populations.  Data 

were expressed as percentages of each subset with the gated population. 

Lymphocyte Proliferation Assay.   

Immediately after thawing, PBMC were placed in Dulbecco’s modified Eagle’s medium 

supplemented with 10% FCS, 2mM glutamine, 25mM HEPES, and penicillin-streptomycin 

(100U and 100ug/mL, respectively).  More than 70% of the cells were viable based on trypan 

blue exclusion.  Proliferative responses were conducted in replicate wells of round-bottom 96-

well plates (Costar) for 5 days at 37ºC and 5% CO2.  PMBC (1x 106) were cultured for 5 days in 

duplicate wells with 10ug/mL phytohemagglutinin (PHA-P, Sigma-Aldrich, St. Louis, MO) 

(positive control), 10ug/mL ChimeraVax WNV antigen (Acambis, Int., Cambridge, MA), 

10ug/mL Vero-cell antigen (negative control).  The ChimeraVax WNV antigen was used 

because of its biosafety classification status.  The PBMC were radiolabeled for the last 18h of 

culture with 0.25uCi of 3[H] thymidine (DuPont, New England Nuclear) and harvested onto 

glass filters, and radionucleotide incorporation was determined using a Betaplate 1205 liquid 

scintillation counter (Wallac).  Results are presented as the stimulation index (SI)=mean cpm of 

the stimulated cells / mean cpm of cells with negative control. 

Ex vivo Cytokine mRNA Expression.   

The protocol for cytokine mRNA expression was based on previously described 

methods.47  Briefly, PBMC at concentration of 2x106 cells, were lysed in Trizol®., treated with 

DNAse I, and dissolved in DEPC water. cDNA from 1 ug of total RNA was synthesized with 
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Advantage® RT-for PCR kit according to manufacturer protocol.  Amplification of cDNA and 

Real-Time PCR was done using primers and probes established in the literature and based on 

sequences for equine cytokines IL1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p35, IL-12p40, IL-13, 

TNF-α, TGF-β, IFN-γ and glyceraldehyde-3-phosphate dehydrogenase (G3PDH).49  

Amplification of 2 μl of cDNA was performed in a 25 μl PCR reaction using a commercially 

available kit (TaqMan Universal PCR Mastermix, ABI, Foster City, CA) and performed with a 

commercial real-time PCR thermocycler (ABI 7500 Sequence Detection System, ABI).  All 

samples were assayed in triplicates.  The mean values used for comparison with all the results 

were normalized to G3PDH expression and relative quantitation between samples was achieved 

by the ΔΔCt Relative Comparative CT method using the ABI 7500 Fast Sequence Detection 

Software version 1.4.0.25.  Prior to using the comparative CT method amplification efficiencies 

of the target genes and housekeeping gene were validated.  Samples without cDNA were 

included in the amplification reactions to determine background fluorescence and check for 

contamination.  DNase-treated RNA samples were also subjected to PCR using the G3PDH 

primers to confirm the absence of genomic DNA contamination.  

In Vitro Cytokine mRNA expression in Antigen Stimulated PBMC.   

PBMC used for quantification of mRNA expression of cytokines that reflect TH cytokine 

responses were prepared exactly as described above with exception that the cells were stimulated 

with antigen for 48h.  The time selection was based on a time-response curve for IL-4 and IFN-γ 

mRNA expression.  Briefly, replicate wells of PBMC plated at a dilution of 1x 106 cells were 

cultured in duplicate with 10ug/mL phytohemagglutinin (PHA-P) (positive control), 10ug/mL 

ChimeraVax WNV antigen, 10ug/mL Vero-cell antigen (negative control).  At the end of 48 

hours, cells were removed and RNA and corresponding cDNA was prepared as described 
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previously.  For this assay IL-4 and IFN-γ were evaluated for detection of TH cytokine bias.  The 

macrophage derived cytokines IL-12 p35 and TNF-α were also measured to examine overall 

Type 1 and inflammatory cytokine status in stimulated PBMC. 

Capture Isotype ELISA   

The isotype ELISA was based on the IgM capture for use in horses. Briefly, microtiter 

plate wells were coated overnight at 4°C with either 100 μl goat anti-equine IgG total (heavy and 

light chain, H+L), IgGa, IgGb, or IgGc (Bethyl Labs, Montgomery, AL) diluted at 1:400 in 

carbonate/bicarbonate buffer, pH 9.6.  After incubation and washing, the plates were blocked 

with 0.5% Tween-20 diluted in PBS (PBST) with 5% milk for 2 hr at room temperature.  Each 

serum sample was first screened at dilution of 1:400 (in PBST) to 1:128,000.  Positive samples 

were diluted in PBST from 1:400 to 128,000 and negative were diluted from 1:10 to 1:400 and 

added in triplicate to wells and incubated for 1 hr at 37ºC.  After incubation and washing, bound 

equine IgG was reacted with WNV antigen and incubated for 1 hr at RT.  After incubation and 

washing, a flavivirus-specific horseradish peroxidase antibody conjugate (CDC, Fort Collins, 

CO) was added and incubated for 1 hour at 37°C.  Bound conjugate was detected after washing 

by incubation for 10 minutes with 3,3',5,5'-tetramethylbenzidinec (SureBlue™ TMB Microwell 

Peroxidase Substrate, KPL, Gaithersburg, MD) in an acidic buffer and H2O2.  For control, each 

sample was also reacted with negative antigen.  Every plate had control wells consisting serum 

from a positive horse (National Veterinary Services Laboratory, Ames, IA) and 2 non-infected 

non vaccinated horses.  The reactions were stopped at 10 min with 0.5 M HCl and the 

absorbances was read at 450 nm and were compared against a well in which no serum was added 

(blank).  All values with an OD >0.1 were considered positive.  A sample had a positive titer if it 

was at least 2-fold over its OD when reacted against the control antigen.  End-point titer was 
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defined as the highest dilution of serum that gave an OD450 value that was 2-fold greater than 

the signal of the horse’s pre-immune serum at the same dilution.22   

Statistical Analysis   

Statistical analysis was performed using SigmaStat® version 3.0 (SPSS, CA) software.  A 

one-way analysis of variance (ANOVA) was used to compare the lymphoproliferative responses, 

cytokine mRNA expression, antibody concentrations, and percentages of lymphocyte subsets 

between experimental groups.  Data that did not meet the assumptions for parametric testing 

were analyzed with Kruskal-Wallis ANOVA on ranks with multiple pairwise comparisons with 

Dunn’s Method or Holm-Sidak method when appropriate.  A two-way ANOVA for repeated 

measures was used to determine the effects of time (post-vaccination and post-challenge), the 

vaccination treatment group, and the interaction between time and group on lymphoproliferative 

responses, cytokine mRNA expression, antibody concentrations, and percentages of lymphocyte 

subsets.  Variables did not meet the assumptions of the ANOVA were rank transformed prior to 

analysis.  Multiple pairwise comparisons were done with Dunnet’s test, when appropriate.  For 

each test, significance was set at a P value of <0.05. 

Results 

The clinical results of these horses have been previously reported and are abstracted in this 

paper for context.  Challenge in horses at 28 days post primary vaccination of any of the vaccines 

resulted in 100% survivorship, protection from the onset of WN encephalitis and viremia.  

Horses vaccinated with WN-FV showed significantly fewer clinical signs than horses vaccinated 

with K-WN (p≤ 0.035) and the control horses (p≤ 0.01).  Mild residual inflammatory lesions 

were seen in a few horses from all of the vaccine groups. Challenge by this model caused grave 

neurological signs, viremia, moderate to severe histopathologic lesions in the brain and spinal 

cord, and an outcome of 0% survivorship in all six control horses.118  
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PBMC Lymphocyte Subsets   

Immunophenotyping to determine the subsets of PBMC was performed on cells collected 

prior to immunization at the start of the study (D0) and after immunization (D0PC) and after 

virulent WNV challenge at D3PC and D21PC.  After immunization at D0PC, K-WN and WN-

FV vaccinated horses had a significantly higher percentage of CD4+ T cells than either the CP-

WN vaccinated or control horses (Figure 5-1).  A significant decrease in the percentage of B 

lymphocytes cells was also noted in the K-WN and WN-FV vaccinates compared with the 

control horses.   

At D3PC, K-WN and CP-WN vaccinates were significantly decreased in CD4+ T 

lymphocyte percentage from values on D0 and D0PC (Figure 5-1).  An apparent but not 

statistically significant increase in the percentage of CD8+ T lymphocytes was also measured in 

the K-WN vaccinated horses on D3PC compared to the other vaccine groups on this day.  At the 

end of the study on D21PC, the percentage of CD4+ T lymphocytes in the K-WN group was 

significantly increased compare to their values before and on D3PC (Figure 5-1).  On D21PC, 

the T cell population and CD4+ T lymphocytes percentages in the WN-FV vaccinates was 

increased but not statistically significant compared to the other days of measurement.  

WNV Antigen Specific Lymphocyte Proliferation Responses   

Post-vaccination responses.  WNV antigen specific proliferative responses and stimulated 

cytokine profiles were evaluated in PBMC collected prior to immunization, D0 and after 

immunization, D0PC.  On D0, there was no significant difference in the levels of proliferation 

between the control and vaccinated horses (Figure 5-2).  After immunization and prior to 

challenge, D0PC, only the CP-WN had a significantly increased proliferative response to WNV 

antigen.  
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Post-challenge responses.  At D3PC, no significant proliferative response to WNV antigen was 

measured in any of the vaccinated horses.  At D21 PC, PBMC collected from K-WN and WN-

FV horses proliferated in response to WNV antigen, and these responses were significantly 

greater than responses compared to their indices for D0, D0PC, and D3PC.  The WNV antigen 

responses for these groups on D21PC were also significantly higher their respective PHA 

mitogen indices.  The PBMC from all horses and samples proliferated when stimulated with 

mitogen and there was no proliferative response of PBMC to stimulation with Vero cell antigen 

(negative control; data not shown). 

Ex vivo mRNA Cytokine Expression of Equine PBMC.   

The regulation of cytokine responses were measured ex vivo to examine the status of 

overall innate and adaptive responses in horses undergoing virulent WNV challenge.  Tumor 

necrosis factor-α  (TNF-α) was elevated in the control horses an average of 15-fold over that of 

pre-infection values in all horses and the vaccinated horses on D3PC and D7PC (p≤0.01) (Figure 

5-3).  IL-5 demonstrated consistent increases on D3PC and D7PC in the vaccinated horses with 

significant increases on D3PC in the K-WN and WN-FV (p≤0.01) and on D7PC for the WN-FV 

(p≤0.01)  Interferon-γ (IFN-γ) was significantly increased on D3PC in both the K-WN and WN-

FV horses.  Responses for all of the remaining cytokines were variable.  Specifically, the K-WN 

horses had significant elevations in IL-6, TGF-β, IL-12 and IL-2 on D3PC and IL-12 on D7PC.   

In vitro Cytokine mRNA Expression in Antigen Stimulated PBMC   

Regulation WNV-antigen-specific IL-4 (TH2) and IFN-γ (TH1) expression was measured to 

confirm antigen specificity of the immune response.  To detect any additional biasing of T cells 

responses in PBMC, IL-12p35 and TNF-α expression were also measured. 
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After immunization on D0PC the K-WN and CP-WN horses had significantly higher IL-4 

mRNA expression in response to in vitro stimulation with WNV antigen than control or WN-FV 

horses. (Figure 4a)  After challenge expression of both IL-4 and IFN-γ mRNA in stimulated 

PBMC collected from K-WN vaccinates on D3PC and D21PC were significantly higher than in 

any of the other vaccinated groups (Figure5-4).  Stimulated PBMC from control horses collected 

on D3PC also had a significant expression of IFN-γ compared to all other groups.  Expression of 

IL-4 and IFN-γ in response to in vitro stimulation was notably decreased from levels on D0 and 

D0PC in PMBC from CP-WN and WN-FV.   

Groups were compared as a ratio of TH1 cytokine (IFN-γ) to TH2 cytokine (IL-4) response 

with results summarized in Table 5-1.  On D3PC the IFN-γ/IL-4 ratio was significantly higher in 

the control horses when compared to the other groups.  The ratio was also increased in the K-

WN horses (0.83) compared to the CP-WN and WN-FV groups.  On D21PC, however, although 

not statistically significant, the mean IFN-γ/IL-4 ratio of WN-FV (1.67) horses was higher than 

K-WN (0.53) or CP-WN groups (0.09).   

Similar to the trend seen ex vivo in PBMC with TNF-α, WNV antigen stimulated PBMC 

collected on D3PC from control horses had a 3 fold significant increase in the mRNA expression 

when compared with the CP-WN and WN-FV horses (Figure 5-4).  Stimulated PBMC collected 

on D3PC from K-WN horses also had a significant elevation in TNF-α expression compared 

with the other vaccinates.  Additionally CP-WN and WN-FV groups had significant decreases in 

TNF-α expression in stimulated PBMC collected on D3PC compared to levels on other days.  . 

Interleukin 12p35 expression in response to in vitro stimulation of PBMC collected from 

control horses was increased on D0PC and significantly increased on D3PC when compared to 
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other groups.  Expression of IL-12p35 was decreased in response to stimulation in PBMC 

collected from the other vaccinated horse (data not shown). 

WNV IgG Isotype Antibody Profiles   

Antigen specific IgG isotypes were tested as an in vivo measurement of cytokine bias of 

TH1 or TH2 profile as cytokines regulate isotype switching. 

Post-vaccination responses.  The kinetics of the WNV total IgG antibody titers mirrored the 

virus neutralizing titers previously reported.  On the day of the second immunization (D28), low 

to moderate anti-WNV total IgG titers, ranging from <50 to 1000 were detected in the all six K-

WN horses (Table 5-2). Anti-WNV total IgG was not detected in the CP-WN horses with one 

dose of vaccine and, as expected the WN-FV horses were negative having only received diluent.  

At the time of the second immunization, all six K-WN horses had low levels of WNV IgGa 

antibody (ranging from 50 to 1,000), but anti-WNV IgGb antibody was not detected.  Anti-WNV 

IgGa and IgGb were not detected in any of the CP-WN or WN-FV horses after immunization.  

All control horses remained negative for anti-WNV total IgG, isotypes IgGa and IgGb after 

vaccination and on the day of challenge (D0PC) (Tables 5-2 and 5-3). 

On D0PC, the K-WN horses had the highest mean endpoint titer (MET) of anti-WNV total 

IgG (ranging from 1000 to 64,000) (Table 5-3).  Four out of five CP-WN horses had WNV total 

IgG ranging from ≤ 50 to 200, and all six WN-FV horses had a low total titer of 50.  On D0PC, 

the K-WN horses had a mean endpoint anti-WNV IgGa titer of 20,000 (range, 400 to 64,000) 

and five out of six horses had measurable WNV IgGb antibody (MET of 11,000) (Table 5-3).  

One out the five CP-WN horses had a low WNV IgGa antibody titer of 400 but three out of the 

five had WNV IgGb antibody titers (MET of 260).  Low levels of WNV IgGa antibody (MET of 

50) but not WNV IgGb were detected in the six WN-FV horses at the time of challenge.   
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Post-challenge responses.  After challenge total IgG levels rose in the K-WN stayed level 

throughout infection.  Similarly, the CP-WN horses rose after infection with titers ranging 

between 16,000 and 128,000.  Although the WN-FV vaccinates had initially the lowest levels, 

WNV total IgG titers rose the most rapidly after challenge (ranging between 16,000 and 

128,000).   

After challenge and similar to the WNV total IgG, the IgGa isotype expanded in the K-WN 

horses, ranging from 400 to 64,000.  WNV IgGb antibody in the K-WN horses rose slower but 

were 48,000 (range 16,000 to 128,000) by the second week postchallenge.  After challenge, 

WNV IgGa and IgGb antibody titers rose rapidly in the CP-WN horses.  In the WN-FV 

vaccinates, rapid increases in WNV IgGa and IgGb antibody response was measured by D7PC, 

peaking at 91,000 and 97,000 respectively by the second week.   

On D7PC, all six control horses developed low levels of total IgG to WNV (MET of 683, 

range 50 to 1,600) (Table 5-3).  Only one out the six control horses had a detectable WNV IgGa 

antibody titer of 400 and no WNV IgGb antibody was detected in any of the control horses. 

WNV IgG c and IgG (T) antibodies were not detected in any of the horses.  Using various 

WNV antigens (inactivated whole virus, expression vector derived WNV E protein from Focus 

Diagnostics (Cypress, CA), ChimeraVax WNV antigen) IgGc and IgG(T) antibodies in was not 

detected (data not shown).  A direct IgG (T) ELISA was developed using tetanus toxoid (Fort 

Dodge, Overland Park, KS) as the antigen at 1:400.  IgG (T) antibodies (mean titer of 400) were 

detected with this method in samples obtained from horses with a known history of tetanus 

vaccination (data not shown).  Anti-tetanus IgG (T) antibodies were not detected in any of the 

horses that were in the comparative West Nile Virus vaccine study using the direct IgG 

(T)ELISA.  
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Discussion 

This is the first study examining the basic immunology of WNV in a primary host which 

develops encephalitis.  Since licensed vaccines against WNV are available for horses, this host 

also can provide important data regarding what constitutes a protective immune response. To 

date, several vaccine studies have demonstrated the efficacy of the three commercially available 

equine WNV vaccines in the protection against onset of viremia, and neutralizing antibody 

response.  In a previous study we demonstrated that these vaccines were all significantly 

protective against clinical disease when WNV was given intrathecally at 28 days after primary 

vaccination.  Here, we have further characterized the antigen specific humoral and cell-mediated 

immune responses to WNV infection in vaccinated horses in this study. 

The killed West Nile vaccine consists of a formalin-inactivated whole virion and is 

formulated with MetaStim™  (a lipidic, non-aluminum, dual phase adjuvant).90  Inactivated virus 

vaccines induce antibodies but induce poor cell-mediated and mucosal immunity as they present 

antigen exogenously and through a MHC class II pathway.  Lipidic based adjuvants mainly 

stimulate antibody responses and may induce TH2 responses and few cytotoxic T-lymphocyte 

(CTL) responses.138  In this study, the humoral immune response in the K-WN was the 

predominant response with the earliest development of WNV antigen specific IgG, and isotypes 

IgGa and IgGb.  In the K-WN, total IgG and IgGa were detected starting on D28 with isotype 

IgGb appearing shortly thereafter.  K-WN had increased WNV antigen specific lymphocyte 

proliferative responses in PBMC collected after immunization on D0PC with significant increase 

in stimulated IL-4 (TH2) expression and a correlating significant increased CD4+T cell subset.  A 

TH2 profile was also present ex vivo in the PBMC at D3PC with the increased expression of IL-4, 

IL-5, and IL-10.  With WNV challenge, a shift from TH2 to TH1 profile is suggested with the 
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increased ex vivo expression of IFN-γ and IL-12 in PBMC collected on D3PC and D7PC 

respectively.  Furthermore on D21PC, K-WN vaccinates had significant WNV proliferative 

lymphocyte responses with an increased IFN-γ/IL-4 (TH1) ratio in stimulated PBMC.  A 

significant increase in the CD4+ T cell subset was also seen in the K-WN horses on D21PC.   

The CP-WNV vaccine is a recombinant DNA vaccine consisting of the cDNA segments of 

the prM and E WNV genes inserted so that expression of the proteins are under control of the 

canarypox virus vector.  It is expected that the immune response to this construct would be 

similar to that of a live attenuated vaccine.  The WNV E and M antigens should be presented via 

the MHC class I restricted pathway to T cells, allowing for induction of cell mediated immunity 

as well as neutralizing antibody.  The CP-WN vaccine is also formulated with Carbopol™(a 

proprietary polymer based adjuvant) that stimulates humoral and T cell responses.90  In this 

study, low levels of IgG and isotypes of IgGa and IgGb were detected after immunization 

(D0PC) with induction of humoral response after WNV challenge.  Total IgG and IgG isotype 

levels rose rapidly by the second week after challenge.  After WNV challenge, cell-mediated 

immune responses were expected but significant T cell responses were not measured in the CP-

WN horses in terms of WNV lymphoproliferative responses, stimulated in vitro cytokine 

expression, or lymphocyte subset populations. Explanation for the diminished T cell response is 

unclear.  One possibility may be that the viability of the PBMC for the CP-WN was decreased, 

but viability of PBMC was reflective of other vaccinate groups on corresponding days of 

collection (>70% viability by trypan blue exclusion).  The CP-WN PBMC proliferated in the 

presence of mitogen also indicating viability.   

The WN-FV is a non-adjuvanted, single dose modified live Chimeric vaccine.  This 

vaccine was based on the technology used to create an attenuated human vaccine for Japanese 
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Encephalitis virus (Chimerivax-JE).93 The recombinant chimera expresses the envelope (E) and 

membrane (prM) of WNV in a Yellow Fever vector (YF17D).  This last vaccine has been shown 

experimentally in rodent and primate models to induce both humoral and cell mediated immunity 

(WNV specific T cell responses).55,94  Additionally in a human clinical trial, high levels of 

neutralizing antibody and WNV responsive CD4+ and CD8+ T cells and IFN-γ secreting 

responsive T cells were developed in human WN ChimeraVax vaccinates.95  In this study, the 

WN-FV had little to no detectable IgG antibodies at the time of challenge.  Significant 

production of total IgG and IgGa and IgGb isotype antibodies were induced rapidly after WNV 

challenge.  After vaccination on D0PC, WN-FV vaccinated horses had a significantly higher 

percentage of CD4+T cells than control or CP-WN horses.  On D7PC ex vivo expression of IL-5 

was significantly increased in WN-FV and may reflect the marked induction of IgG antibody 

production (via stimulation of B cell growth and immunoglobulin secretion).  On D21PC, WN-

FV horses had PBMC that had significant WNV proliferative responses with an increased IFN-

γ/IL-4 (TH1) ratio and correlative increase in the CD4+ T cell populations.   

In this study, a primary immune response to WNV infection was seen in the naïve, non-

immunized control horses.  IgG total, IgGa, and IgGb antibodies were not detected in the control 

horses until Day 7PC and at a low endpoint titer.  WNV antigen proliferative responses were not 

detected in PBMC from the control horses.  Tumor necrosis factor-α expression was markedly 

increased in these susceptible horses while, although present, was limited in the protected horses.  

There was also increased ex vivo expression of IFN-γ and IL-12 on D3PC and D7PC in 

susceptible horses but this response was similar to the protected horses.  Although TNF-α is a 

potent anti-viral cytokine, increased levels of TNF-α in murine studies have also been implicated 

in the breakdown of the blood-brain-barrier (BBB) and increased entry of WNV into the 
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CNS.29,154  This study may be the first to confirm the important of TNF-α in the pathogenesis of 

WNV disease in a natural host.  There was also a nonsignificant increased TGF-β (data not 

shown) and this has been associated hepatocyte apoptosis in humans infected with Yellow Fever 

Virus.106  

The induction of antibody and IL-5 seen in the K-WN and WN-FV vaccinated horses were 

similar in vivo immune responses reported in a recent murine study for a candidate human WNV 

vaccine.  The adjuvanted recombinant WNV subunit vaccine contains a truncated WNV 

envelope (80E) protein and WNV non-structural protein (NS1).  The vaccine was found to 

induce high levels of neutralizing antibody as well as significant induction of antigen specific 

cytokine expression of IFN-γ, IL-4, IL-5, and IL-10 in splenocytes collected from immunized 

mice.72  Based on these results researchers speculated that a successful WNV vaccine would 

elicit high levels of specific viral neutralizing antibodies and cellular immune responses 

produced from a “balanced” TH1/TH2 immune response. 

Subisotype IgGa and IgGb titers followed the IgG total responses in the vaccinated horses.  

As has been reported with other equine viral pathogens, IgGa and IgGb isotypes likely are 

important in generating neutralizing antibody in WNV infection.  IgGa and IgGb isotypes are 

reported to fix complement and are associated with antibody-dependent cellular cytotoxicity, 

whereas subisotypes IgGc and IgG(T) are not able to fix complement and can inhibit 

complement fixation by other IgG isotypes.101 

As previously reported with WNV intrathecal challenge, virus is detected in the peripheral 

blood of the naïve controls by D3PC.  This event is associated immunologically with (1) 

decreased levels of WNV proliferative response of PBMC collected in all groups. (2) decreases 

in CD4+ T cell subsets in the vaccinated horses and an increase in CD8+ T cell subset in the K-
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WN. (3) differing ex vivo expressions of inflammatory cytokines (such as TNF-α, IFN-γ, IL-6, 

IL-1β) in the control, K-WN, and WN-FV horses.  Decreased WNV proliferative PBMC and 

alterations in the CD4+ and CD8+ subsets may be due to trafficking of T cells to infected cells 

(intrathecal endothelial cells).  In the non-primed animal, this response is not successful in 

control infection, while in the primed animal, viremia (and encephalitis) is prevented.  In 

naturally infected immunologically naïve horses, lymphopenia is a common finding in horses 

with encephalitis.105 In murine studies, WNV specific CD8+ and CD4+ T cells into the CNS were 

critical for the clearance and recovery from WNV infection.123,129  Further studies of the immune 

response in the CNS and CSF in vaccinated horses are warranted. 

In summary, protective recall responses were seen in vaccinated horses with WNV 

challenge and data was supportive of the hypothesis that vaccinated horses have WNV antigen 

specific TH1 CD4+ T cell response.  WNV proliferative responses were most significantly 

increased in the K-WN and WN-FV vaccinates at 21 days after challenge, with an increased 

IFN-γ/IL-4 ratio and both groups had increased CD4+ T cell populations.  Although Type 1 

cytokines are present, a protective response is also characterized by the rapid induction of an 

antibody response mediated at least in two of the vaccines by IL-5.  WNV antibodies for IgG 

total, IgGa, IgGb were detected after vaccination in the K-WN and CP-WN horses and there 

were marked increases in antibodies in the CP-WN and WN-FV horses by D14PC.  The third 

component of a successful response also appears to be correlated with low expression levels of 

TNF-α.  In contrast, naïve control horses had significant expression of TNF-α after virulent 

challenge and developed a primary immune response to WNV infection characterized by 

detectable IgG total, IgGa, IgGb at D7, and no WNV antigen specific lymphocyte proliferation.  

Definitive confirmation that the protective immune response in vaccinated horses as WNV 
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antigen specific CD 4+ TH1 would require: (1) measurement of T cell responses in PBMC 

samples depleted of T cells or T cell subsets with immunomagnetic sorting or intracellular 

cytokine staining for IL-4 and IFNγ of lymphocytes, and (2) demonstration of the protective 

response of WNV specific cells to naïve recipients  
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FIGURE 5-1.  PBMC lymphocyte subsets of vaccinated horse and controls after WNV 
challenge.  Bars represent mean % of cells with SD.  Differences in letters and 
numbers are significant (P<0.05) between group and between days of challenge 
respectively. 
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FIGURE 5-2.  WNV antigen specific lymphocyte proliferation responses of equine PBMC from 
vaccinated and control horses.  Stimulation Index (SI) expressed in means, bars are 
SD, groups with different letters are significant (P<0.05). 
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FIGURE 5-3.  Ex Vivo mRNA Cytokine expression of equine PBMC D3 and D7 post-challenge.  
Results are shown as mean Relative Quantitation (RQ) with error bars indicating 
standard deviation (SD). a and b, P<0.05, groups with different letters are 
significantly different. 
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Figure5-4.  In vitro relative quantitative cytokine mRNA expression of WNV antigen stimulated 

PBMC.  Results are shown as mean Relative Quantitation (RQ) with error bars 
indicating standard deviation (SD).  a and b, P<0.05, groups with different letters are 
significantly different. 
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Table 5-1. Mean IFNγ/IL-4 ratio of WNV antigen stimulated PBMC 
Groups D0PC D3PC D21PC 
K-WN 0.17 0.83 0.53 
CP-WN 0.22 0.20 0.09 
WN-FV 0.43 0.28 1.67 
Controls 0.35 3.17* ND 
*P<0.05 
 
Table 5-2. Post-vaccination WNV IgG isotypes mean endpoint titers of vaccinated horses and 

 

 

s recei t only, Mean

sotypes mean endpoint titers of vaccinated horses and 

 

ls 

s 

hal

controls 
IgG total K-WN CP-WN WN-FV Controls 

<50±0 D0  

D28  

<50±0 

<50±0 

<50±0* 

<50±0 

<50±0* 

<50±0* 250 ± 371

IgGa K-WN CP-WN WN-FV Controls 

D0  <50±0 <50±0 <50±0* <50±0* 

D28  292 ± 374 <50±0 <50±0 <50±0* 

IgGb K-WN CP-WN WN-FV Controls 

D0  <50±0 <50±0 <50±0* <50±0* 

D28  <50±0 <50±0 <50±0 <50±0* 

* Horse
 

ved diluen  ± SD. 

Table 5-3. Post-challenge WNV IgG i
controls 

IgG total K-WN CP-WN WN-FV Controls 

26K± 30K D0PC 

D7PC 

150 ± 71 

6K± 14K  

50±0 

11K± 26K  

<50±0 

683 ± 727 16K± 14K 

D14PC 60K± 40K 54K± 21K 117K± 26K NA 

D21PC 56K± 40K 96K± 45K 99K± 48K NA 

IgGa K-WN CP-WN WN-FV Contro

D0PC 20K ± 25K 120 ± 157 50±0 <50±0 

108 ± 143 D7PC 17K± 24K  

28K± 28K 

7K± 8K  10K± 12K  

D14PC 52K± 53K 91K± 43K 

71K± 49K 

NA 

D21PC 36K± 31K 45K± 53K NA 

IgGb K-WN CP-WN WN-FV Control

D0PC 11K ± 8K 260 ± 192 <50±0 <50±0 

<50±0 D7PC 26K± 24K  

48K± 43K 

12K± 14K  1K± 3K  

D14PC 67K± 40K 97K± 51K NA 

D21PC 48K± 42K 72K± 55K 78K± 58K NA 

PC= Post-c
 

lenge 

 



 

CHAPTER 6 
SUMMARY AND CONCLUSION 

In the first part of this dissertation, the model of equine WNV encephalitis was further 

developed to examine whether it could be used to characterize the protective immune response to 

WNV infection.  In a pilot study, a naturally exposed horse was completely protected from 

clinical disease in the face of intrathecal rechallenge with virulent WN virus.  WNV IgM 

antibodies were not detected at the time of challenge but WNV IgG antibody was present.  WNV 

IgG total antibody and IgGa and IgGb isotype antibody endpoint titer levels of 1:64,000 were 

measured.  This study demonstrated the first data to support of long-term immunity to WNV in 

naturally exposed horses.   

The data presented in the second part of this dissertation compared the efficacy of three 

commercially available equine WNV vaccines at 28days using the model of equine WNV 

encephalitis.  Irrespective of the vaccine treatment, all vaccinated horses were significantly 

protected from onset of WN encephalitis when compared to naïve, unvaccinated horses.  Some 

of the horses vaccinated with the killed and recombinant canarypox WNV vaccines had some 

mild clinical signs after viral challenge, whereas the horses vaccinated with the chimera WNV 

vaccine did not manifest any clinical signs.   

Further characterization of the immune responses of the vaccinated horses was presented in 

the third and final part of this dissertation.  A protective recall response was seen in the 

vaccinated horses with WNV challenge.  Horses vaccinated with killed and chimera WNV 

vaccines had significant WNV proliferative responses at 21 days after challenge that were 

increased in CD4+ T cell population and TH1 cytokine profile.  Rapid antibody response of total 

IgG, IgGa, and IgGb isotypes was also induced after viral challenge and in the killed and 

chimera horses associated with increased IL-5 cytokine levels.  Vaccinated horses had 
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significantly decreased expression of inflammatory cytokine, TNF-α, compared with the non-

vaccinated control horses. 

In conclusion, the findings of the present studies supports the hypothesis that a protective 

immune response consists of a WNV antigen specific TH1 CD4+ T cell response in horses, but 

furthermore relies on an a robust humoral antibody response.  The significant difference of TNF-

α levels between the naïve horses versus the vaccinated horses, suggests that the protective 

immune response relies also on the innate immune response and is likely to be a complex and 

balanced interplay of the innate and adaptive immune responses.  Characterization of the 

protective immune response of these vaccinated horses in the CNS is also needed.  Non-

vaccinated horses had significant degree of severe histopathologic lesions due to WN 

encephalitis compared to the vaccinated horses.  WN virus at 102 PFU and viral RNA was 

recovered from CNS tissues (thalamus, midbrain, hindbrain, cerebrum, spinal cord) from the 

non-vaccinated horses, but no virus or viral RNA was obtained in any of vaccinated CNS tissues 

(data not shown).  Preliminary cytokine expression profiles of CNS tissues using Real-Time PCR 

showed increased levels of IFNγ and TNFα expression in the chimera and killed vaccinated 

horses, but not in the recombinant canarypox vaccinates and nor in the control horses.  Further 

work is required to elucidate this unexpected finding as it implies that our understanding of the 

CNS immune response to WN infection is far from complete. 

 



 

LIST OF REFERENCES 

 1.  Animal and Plant Health Inspection Service.  USDA animal health monitoring and 
surveillance:  Equine West Nile virus surveillance data.  Animal and Plant Health 
Inspection Service, U.S. Department of Agriculture, Washington, DC. 
www.aphis.usda.gov/vs/nahss/equine/wnv/ Accessed 7 March 2007.   

 2.  Centers for Disease Control and Prevention.  West Nile virus:  Statistics, surveillance, 
and control.  Centers for Disease Control and Prevention, Atlanta, GA. 
www.cdc.gov/ncidod/dvbid/westnile/surv&controlCaseCount06_detailed.htm  Accessed 
6 March 2007.  

 3.  Allen, J. R., D. D. Barbee, C. R. Boulton, M. D. Major, M. V. Crisman, and R. D. 
Murnane. 1987. Brain abscess in a horse: diagnosis by computed tomography and 
successful surgical treatment. Equine Vet J. 19:552-555. 

 4.  Allison, A. B., D. G. Mead, S. E. Gibbs, D. M. Hoffman, and D. E. Stallknecht. 2004. 
West Nile virus viremia in wild rock pigeons. Emerg. Infect. Dis. 10:2252-2255. 

 5.  Anderson, R. C., K. B. Horn, M. P. Hoang, E. Gottlieb, and B. Bennin. 2004. 
Punctate exanthem of West Nile Virus infection: report of 3 cases. J. Am. Acad. 
Dermatol. 51:820-823. 

 6.  Andrews, F. M., D. R. Geiser, C. S. Sommardahl, E. M. Green, and M. Provenza. 
1994. Albumin quotient, IgG concentration, and IgG index determinations in 
cerebrospinal fluid of neonatal foals. Am. J. Vet Res. 55:741-745. 

 7.  Audigie, F., J. Tapprest, C. George, D. Didierlaurent, N. Foucher, F. Faurie, M. 
Houssin, and J. M. Denoix. 2004. Magnetic resonance imaging of a brain abscess in a 
10-month-old filly. Vet Radiol. Ultrasound 45:210-215. 

 8.  Autorino, G. L., A. Battisti, V. Deubel, G. Ferrari, R. Forletta, A. Giovannini, R. 
Lelli, S. Murri, and M. T. Scicluna. 2002. West Nile virus epidemic in horses, Tuscany 
region, Italy. Emerg. Infect. Dis. 8:1372-1378. 

 9.  Beasley, D. W., M. C. Whiteman, S. Zhang, C. Y. Huang, B. S. Schneider, D. R. 
Smith, G. D. Gromowski, S. Higgs, R. M. Kinney, and A. D. Barrett. 2005. Envelope 
protein glycosylation status influences mouse neuroinvasion phenotype of genetic lineage 
1 West Nile virus strains. J. Virol. 79:8339-8347. 

 10.  Beaty, B. J., Calisher, C. H., and Shope, R. E. Diagnostic procedures for viral, 
rickettsial, and chlamydial infections. Schmidt, N. H. and Emmons, R. W. 6th, 797-856. 
1989. Washington, American Public Health Association. Arboviruses.  

 
 11.  Beerntsen, B. T., A. A. James, and B. M. Christensen. 2000. Genetics of mosquito 

vector competence. Microbiol. Mol. Biol. Rev. 64:115-137. 

119 



 

 12.  Blythe, L. L. 1987. Neurologic examination of the horse, p. 255-264. Saunders, 
Philadelphia. 

 13.  Bowen, RA, Gordy, P., Mellencamp, MW, and Baker, D. Efficacy of a live attenuated 
chimeric West Nile Virus vaccine in horses against clinical disease following challenge 
with virulent West Nile virus. Abstr. In Supplemental Proceedings 53rd Annual Meeting 
of the American Society of Tropical Medicine and Hygiene, Miama Beach, FL, Abstract 
#2096. Am.J.Trop.Med.Hyg.  11-7-2004.  

 
 14.  Bowen, R. A. and N. M. Nemeth. 2007. Experimental infections with West Nile virus. 

Current Opinion in Infectious Diseases 20:293-297. 

 15.  Boy, M. G., D. T. Galligan, and T. J. Divers. 1990. Protozoal encephalomyelitis in 
horses: 82 cases (1972-1986). J. Am. Vet Med Assoc. 196:632-634. 

 16.  Briese, T., A. Rambaut, M. Pathmajeyan, J. Bishara, M. Weinberger, S. Pitlik, and 
W. I. Lipkin. 2002. Phylogenetic analysis of a human isolate from the 2000 Israel West 
Nile virus epidemic. Emerg. Infect. Dis. 8:528-531. 

 17.  Brinton, M. A. 2001. Host factors involved in West Nile virus replication. Ann. N. Y 
Acad. Sci. 951:207-219. 

 18.  Brinton, M. A. 2002. The molecular biology of West Nile Virus: a new invader of the 
western hemisphere. Annu. Rev. Microbiol. 56:371-402. 

 19.  Bullock, P., T. R. Ames, and G. R. Johnston. 1995. What is your diagnosis? Blindness 
and ataxia in a foal caused by an abscess with gas-forming bacteria. J. Am. Vet Med 
Assoc. 207:853-854. 

 20.  Bunning, M. L., R. A. Bowen, C. B. Cropp, K. G. Sullivan, B. S. Davis, N. Komar, 
M. S. Godsey, D. Baker, D. L. Hettler, D. A. Holmes, B. J. Biggerstaff, and C. J. 
Mitchell. 2002. Experimental infection of horses with West Nile virus. Emerg. Infect. 
Dis. 8:380-386. 

 21.  Cantile, C., P. F. Del, G. G. Di, and M. Arispici. 2001. Pathologic and 
immunohistochemical findings in naturally occuring West Nile virus infection in horses. 
Vet. Pathol. 38:414-421. 

 22.  Cornelisse, C. J., H. C. Schott, C. T. Lowrie, and D. S. Rosenstein. 2001. Successful 
treatment of intracranial abscesses in 2 horses. J. Vet Intern. Med 15:494-500. 

 23.  Cunha, C. W., T. C. McGuire, L. S. Kappmeyer, S. A. Hines, A. M. Lopez, O. A. 
Dellagostin, and D. P. Knowles. 2006. Development of specific immunoglobulin Ga 
(IgGa) and IgGb antibodies correlates with control of parasitemia in Babesia equi 
Infection. Clin. Vaccine Immunol. 13:297-300. 

 

120 



 

 24.  D'Agostino, J. J. and R. Isaza. 2004. Clinical signs and results of specific diagnostic 
testing among captive birds housed at zoological institutions and infected with West Nile 
virus. J. Am. Vet. Med. Assoc. 224:1640-3, 1606. 

 25.  Darien, B. J., J. Belknap, and J. Nietfeld. 1988. Cerebrospinal fluid changes in two 
horses with central nervous system nematodiasis (Micronema deletrix). J. Vet Intern. 
Med 2:201-205. 

 26.  Darman, J., S. Backovic, S. Dike, N. J. Maragakis, C. Krishnan, J. D. Rothstein, D. 
N. Irani, and D. A. Kerr. 2004. Viral-induced spinal motor neuron death is non-cell-
autonomous and involves glutamate excitotoxicity. J. Neurosci. 24:7566-7575. 

 27.  Davidson, A. H., J. L. Traub-Dargatz, R. M. Rodeheaver, E. N. Ostlund, D. D. 
Pedersen, R. G. Moorhead, J. B. Stricklin, R. D. Dewell, S. D. Roach, R. E. Long, S. 
J. Albers, R. J. Callan, and M. D. Salman. 2005. Immunologic responses to West Nile 
virus in vaccinated and clinically affected horses. J. Am. Vet. Med. Assoc. 226:240-245. 

 28.  Debiasi, R. L. and K. L. Tyler. 2004. Molecular methods for diagnosis of viral 
encephalitis. Clin. Microbiol. Rev. 17:903-25, table. 

 29.  Diamond, M. S. and R. S. Klein. 2004. West Nile virus: crossing the blood-brain 
barrier. Nat. Med. 10:1294-1295. 

 30.  Diamond, M. S., B. Shrestha, A. Marri, D. Mahan, and M. Engle. 2003. B cells and 
antibody play critical roles in the immediate defense of disseminated infection by West 
Nile encephalitis virus. J. Virol. 77:2578-2586. 

 31.  Diamond, M. S., B. Shrestha, E. Mehlhop, E. Sitati, and M. Engle. 2003. Innate and 
adaptive immune responses determine protection against disseminated infection by West 
Nile encephalitis virus. Viral Immunol. 16:259-278. 

 32.  Donaldson, M. T. and C. R. Sweeney. 1997. Equine hersvirus myeloencphalopathy. 
Compendium of Continuing Education 1997:864. 

 33.  Dowling, P. M., R. C. Wilson, J. W. Tyler, and S. H. Duran. 1995. Pharmacokinetics 
of ciprofloxacin in ponies. J. Vet Pharmacol. Ther. 18:7-12. 

 34.  Drevets, D. A., P. J. Leenen, and R. A. Greenfield. 2004. Invasion of the central 
nervous system by intracellular bacteria. Clin. Microbiol. Rev. 17:323-347. 

 35.  Elghonemy, S., W. G. Davis, and M. A. Brinton. 2005. The majority of the nucleotides 
in the top loop of the genomic 3' terminal stem loop structure are cis-acting in a West 
Nile virus infectious clone. Virology 331:238-246. 

 36.  Engle, M. J. and M. S. Diamond. 2003. Antibody prophylaxis and therapy against West 
Nile virus infection in wild-type and immunodeficient mice. J. Virol. 77:12941-12949. 

121 



 

 37.  Fenner, W. R. 2005. Central nervous system infections In C. Green (ed.), Infectious 
Diseases of the Dog and Cat. Saunders (Elsevier), Philadelphia, PA. 

 38.  Foreman, J. H., P. D. Constable, A. L. Waggoner, M. Levy, R. M. Eppley, G. W. 
Smith, M. E. Tumbleson, and W. M. Haschek. 2004. Neurologic abnormalities and 
cerebrospinal fluid changes in horses administered fumonisin B1 intravenously. J. Vet 
Intern. Med 18:223-230. 

 39.  Fratkin, J. D., A. A. Leis, D. S. Stokic, S. A. Slavinski, and R. W. Geiss. 2004. Spinal 
cord neuropathology in human West Nile virus infection. Arch. Pathol. Lab Med. 
128:533-537. 

 40.  Frih-Ayed, M., A. Boughammoura-Bouatay, R. F. Ben, S. Chebel, M. Chakroun, 
and N. Bouzouia. 2005. Acute flaccid paralysis of the upper limbs associated with West 
Nile virus infection. Eur. Neurol. 54:159-160. 

 41.  Furr, M., W. R. Chickering, and J. Robertson. 1997. High resolution protein 
electrophoresis of equine cerebrospinal fluid. Am. J. Vet Res. 58:939-941. 

 42.  Furr, M., R. MacKay, D. Granstrom, H. Schott, and F. Andrews. 2002. Clinical 
diagnosis of equine protozoal myeloencephalitis (EPM). J. Vet Intern. Med 16:618-621. 

 43.  Furr, M. O. and H. Bender. 1994. Cerebrospinal fluid variables in clinically normal 
foals from birth to 42 days of age. Am. J. Vet Res. 55:781-784. 

 44.  Furr, M. O. and R. D. Tyler. 1990. Cerebrospinal fluid creatine kinase activity in horses 
with central nervous system disease: 69 cases (1984-1989). J. Am. Vet Med Assoc. 
197:245-248. 

 45.  Gancz, A. Y., D. G. Campbell, I. K. Barker, R. Lindsay, and B. Hunter. 2004. 
Detecting West Nile virus in owls and raptors by an antigen-capture assay. Emerg. Infect. 
Dis. 10:2204-2206. 

 46.  Gardner, I. A., S. J. Wong, G. L. Ferraro, U. B. Balasuriya, P. J. Hullinger, W. D. 
Wilson, P. Y. Shi, and N. J. MacLachlan. 2007. Incidence and effects of West Nile 
virus infection in vaccinated and unvaccinated horses in California. Vet. Res. 38:109-
116. 

 47.  Garton, N. J., M. Gilleron, T. Brando, H. H. Dan, S. Giguere, G. Puzo, J. F. 
Prescott, and I. C. Sutcliffe. 2002. A novel lipoarabinomannan from the equine 
pathogen Rhodococcus equi. Structure and effect on macrophage cytokine production. J. 
Biol. Chem. 277:31722-31733. 

 48.  George LW. 2001. Diseases of the nervous system In Smith BP (ed.), Large Animal 
Internal Medicine. Mosby, St. Louis, MO. 

122 



 

 49.  Giguere, S. and J. F. Prescott. 1999. Quantitation of equine cytokine mRNA expression 
by reverse transcription-competitive polymerase chain reaction. Vet. Immunol. 
Immunopathol. 67:1-15. 

 50.  Gould, L. H. and E. Fikrig. 2004. West Nile virus: a growing concern? J. Clin. Invest 
113:1102-1107. 

 51.  Greenlee JE. 1995. Anatomic considerations in central nervous system infections In B. J. 
D. R. Mandell GL (ed.), Volume 1 Mandell, Douglas, and Bennett's Principles and 
Practice of Infectious Diseases. Churchill Livingstone, New York, NY. 

 52.  Griffin, D. E. 1995. Encephalitis, myelitis, and neuritis In G. L. Mandell, J. E. Bennett, 
and R. Dolin (eds.), Volume1: Mandell, Douglas, and Bennett's Principles and practice of 
infectious diseases. Churchill Livingstone, New York, NY. 

 53.  Griffin, D. E. 2003. Immune responses to RNA-virus infections of the CNS. Nat. Rev. 
Immunol. 3:493-502. 

 54.  Grosenbaugh, D. A., C. S. Backus, K. Karaca, J. M. Minke, and R. M. Nordgren. 
2004. The anamnestic serologic response to vaccination with a canarypox virus-vectored 
recombinant West Nile virus (WNV) vaccine in horses previously vaccinated with an 
inactivated WNV vaccine. Vet. Ther. 5:251-257. 

 55.  Guirakhoo, F., Z. X. Zhang, T. J. Chambers, S. Delagrave, J. Arroyo, A. D. Barrett, 
and T. P. Monath. 1999. Immunogenicity, genetic stability, and protective efficacy of a 
recombinant, chimeric yellow fever-Japanese encephalitis virus (ChimeriVax-JE) as a 
live, attenuated vaccine candidate against Japanese encephalitis. Virology 257:363-372. 

 56.  Guo, J. T., J. Hayashi, and C. Seeger. 2005. West Nile virus inhibits the signal 
transduction pathway of alpha interferon. J. Virol. 79:1343-1350. 

 57.  Gwinn, W., W. Sun, B. L. Innis, J. Caudill, and A. D. King. 2003. Serotype-specific 
T(H)1 responses in recipients of two doses of candidate live-attenuated dengue virus 
vaccines. Am. J. Trop. Med. Hyg. 69:39-47. 

 58.  Hayes, E. B. 2005. Virology, pathology, and clinical manifestations of West Nile virus 
disease. Emerg. Infect. Dis. 11:1174-1179. 

 59.  Jacks, S., S. Giguere, P. C. Crawford, and W. L. Castleman. 2007. Experimental 
infection of neonatal foals with Rhodococcus equi triggers adult-like gamma interferon 
induction. Clin. Vaccine Immunol. 14:669-677. 

 60.  Jackson, C., L. A. de, T. Divers, and D. Ainsworth. 1996. The diagnostic utility of 
cerebrospinal fluid creatine kinase activity in the horse. J. Vet Intern. Med 10:246-251. 

 61.  Johnson, P. J. and G. M. Constantinescu. 2000. Collection of cerebrospinal fluid in 
horses. Equine Vet Educ 12:7. 

123 



 

 62.  Karaca, M., E. Kilic, B. Yazici, S. Demir, and J. C. de la Torre. 2002. Ischemic stroke 
in elderly patients treated with a free radical scavenger-glycolytic intermediate solution: a 
preliminary pilot trial. Neurol. Res. 24:73-80. 

 63.  Kelley, T. W., R. A. Prayson, A. I. Ruiz, C. M. Isada, and S. M. Gordon. 2003. The 
neuropathology of West Nile virus meningoencephalitis. A report of two cases and 
review of the literature. Am. J. Clin. Pathol. 119:749-753. 

 64.  King, N. J., B. Shrestha, and A. M. Kesson. 2003. Immune modulation by flaviviruses. 
Adv. Virus Res. 60:121-155. 

 65.  Klein, R. S., E. Lin, B. Zhang, A. D. Luster, J. Tollett, M. A. Samuel, M. Engle, and 
M. S. Diamond. 2005. Neuronal CXCL10 directs CD8+ T-cell recruitment and control 
of West Nile virus encephalitis. J. Virol. 79:11457-11466. 

 66.  Komar, N., S. Langevin, S. Hinten, N. Nemeth, E. Edwards, D. Hettler, B. Davis, R. 
Bowen, and M. Bunning. 2003. Experimental infection of North American birds with 
the New York 1999 strain of West Nile virus. Emerg. Infect. Dis. 9:311-322. 

 67.  Kumar, P., P. D. Uchil, P. Sulochana, G. Nirmala, R. Chandrashekar, M. 
Haridattatreya, and V. Satchidanandam. 2003. Screening for T cell-eliciting proteins 
of Japanese encephalitis virus in a healthy JE-endemic human cohort using recombinant 
baculovirus-infected insect cell preparations. Arch. Virol. 148:1569-1591. 

 68.  Lacombe, V. A., M. Podell, M. Furr, S. M. Reed, M. J. Oglesbee, K. W. Hinchcliff, 
and C. W. Kohn. 2001. Diagnostic validity of electroencephalography in equine 
intracranial disorders. J. Vet Intern. Med 15:385-393. 

 69.  Lanciotti, R. S., A. J. Kerst, R. S. Nasci, M. S. Godsey, C. J. Mitchell, H. M. Savage, 
N. Komar, N. A. Panella, B. C. Allen, K. E. Volpe, B. S. Davis, and J. T. Roehrig. 
2000. Rapid detection of west nile virus from human clinical specimens, field-collected 
mosquitoes, and avian samples by a TaqMan reverse transcriptase-PCR assay. J. Clin. 
Microbiol. 38:4066-4071. 

 70.  Lefkovits, I. and A. T. Vella. 2001. Innate Immunity, p. 35-91. In C. A. Janeway, P. 
Travers, M. Walport, and M. Shlomchik (eds.), Immunobiology: the immune system in 
health and disease. Garland Publishing, New York. 

 71.  Li, W. and M. A. Brinton. 2001. The 3' stem loop of the West Nile virus genomic RNA 
can suppress translation of chimeric mRNAs. Virology 287:49-61. 

 72.  Lieberman, M. M., D. E. Clements, S. Ogata, G. Wang, G. Corpuz, T. Wong, T. 
Martyak, L. Gilson, B. A. Coller, J. Leung, D. M. Watts, R. B. Tesh, M. Siirin, d. R. 
Travassos, T. Humphreys, and C. Weeks-Levy. 2007. Preparation and immunogenic 
properties of a recombinant West Nile subunit vaccine. Vaccine 25:414-423. 

124 



 

 73.  Liu, T. and T. J. Chambers. 2001. Yellow fever virus encephalitis: properties of the 
brain-associated T-cell response during virus clearance in normal and gamma interferon-
deficient mice and requirement for CD4+ lymphocytes. J. Virol. 75:2107-2118. 

 74.  Lo, M. K., M. Tilgner, K. A. Bernard, and P. Y. Shi. 2003. Functional analysis of 
mosquito-borne flavivirus conserved sequence elements within 3' untranslated region of 
West Nile virus by use of a reporting replicon that differentiates between viral translation 
and RNA replication. J. Virol. 77:10004-10014. 

 75.  Long, M. T. 2007. Flavivirus Infections, p. 198-206. In D. C. Sellon and M. T. Long 
(eds.), Equine Infectious Diseases. Elsevier, St. Louis, MO. 

 76.  Long, M. T., E. P. J. Gibbs, M. W. Mellencamp, R. A. Bowen, K. K. Seino, S. Zhang, 
S. E. Beachboard, and P. P. Humphrey. 2007. Efficacy, duration, and onset of 
immunogenicity of a West Nile virus vaccine, live Flavivirus chimera, in horses with a 
clinical disease challenge model. Equine Veterinary Journal 39:491-497. 

 77.  Long, M., E. Gibbs, M. Mellencamp, S. Zhang, D. Barnett, K. Seino, S. Beachboard, 
and P. Humphrey. 2007. Safety of an Attenuated West Nile Virus Vaccine, Live 
Flavivirus Chimera in Horses. Equine Vet. J. 

 78.  Ludwig, H. and P. Thein. 1977. Demonstration of specific antibodies in the central 
nervous system of horses naturally infected with Borna disease virus. Med Microbiol. 
Immunol. (Berl) 163:215-226. 

 79.  Lunn, D. P., G. Soboll, B. R. Schram, J. Quass, M. W. McGregor, R. J. Drape, M. D. 
Macklin, D. E. McCabe, W. F. Swain, and C. W. Olsen. 1999. Antibody responses to 
DNA vaccination of horses using the influenza virus hemagglutinin gene. Vaccine 
17:2245-2258. 

 
 80.  MacKay, R. J., D. E. Granstrom, W. J. Saville, and S. M. Reed. 2000. Equine 

protozoal myeloencephalitis. Vet Clin. North Am. Equine Pract. 16:405-425. 

 81.  Mackenzie, J. S., D. J. Gubler, and L. R. Petersen. 2004. Emerging flaviviruses: the 
spread and resurgence of Japanese encephalitis, West Nile and dengue viruses. Nat. Med. 
10:S98-109. 

 82.  Mashimo, T., M. Lucas, D. Simon-Chazottes, M. P. Frenkiel, X. Montagutelli, P. E. 
Ceccaldi, V. Deubel, J. L. Guenet, and P. Despres. 2002. A nonsense mutation in the 
gene encoding 2'-5'-oligoadenylate synthetase/L1 isoform is associated with West Nile 
virus susceptibility in laboratory mice. Proc. Natl. Acad. Sci. U. S. A 99:11311-11316. 

 83.  Mayhew, I. G. 1975. Collection of cerebrospinal fluid from the horse. Cornell Vet 
65:500-511. 

 84.  Mayhew, I. G. 1982. Observations on vascular accidents in the central nervous system of 
neonatal foals. J. Reprod. Fertil. Suppl 32:569-575. 

125 



 

 85.  Mayhew, I. G. 1989. Large Animal Neurology. Lea & Febiger, Philadelphia, PA. 

 86.  Mayhew, I. G., A. deLahunta, R. H. Whitlock, L. Krook, and J. B. Tasker. 1978. 
Spinal cord disease in the horse. Cornell Vet 68 Suppl 6:1-207. 

 87.  Mayhew, I. G., R. H. Whitlock, and J. B. Tasker. 1977. Equine cerebrospinal fluid: 
reference values of normal horses. Am. J. Vet. Res. 38:1271-1274. 

 88.  Mehlhop, E., C. Ansarah-Sobrinho, S. Johnson, M. Engle, D. H. Fremont, T. C. 
Pierson, and M. S. Diamond. 2007. Complement protein C1q inhibits antibody-
dependent enhancement of flavivirus infection in an IgG subclass-specific manner. Cell 
Host & Microbe 2:417-426. 

 89.  McGuire, T. C., T. B. Crawford, and J. B. Henson. 1972. The isolation, 
characterization, and functional properties of equine immunoglobulin classes and 
subclasses., p. 364-381. In J. T. Bryans and H. Gerber (eds.), Proceedings of the 3rd 
International Conference on Equine Infectious Diseases, Paris. Paris, Karger, Basel. 

 90.  Minke, J. M., J. C. Audonnet, and L. Fischer. 2004. Equine viral vaccines: the past, 
present and future. Vet. Res. 35:425-443. 

 91.  Minke, J. M., L. Siger, K. Karaca, L. Austgen, P. Gordy, R. Bowen, R. W. Renshaw, 
S. Loosmore, J. C. Audonnet, and B. Nordgren. 2004. Recombinant canarypoxvirus 
vaccine carrying the prM/E genes of West Nile virus protects horses against a West Nile 
virus-mosquito challenge. Arch. Virol. Suppl221-230. 

 92.  Mizukoshi, F., K. Maeda, M. Hamano, H. Iwata, T. Matsumura, T. Kondo, and T. 
Sugiura. 2002. IgG antibody subclass response against equine herpesvirus type 4 in 
horses. Vet. Immunol. Immunopathol. 88:97-101. 

 
 93.  Monath, T. P., F. Guirakhoo, R. Nichols, S. Yoksan, R. Schrader, C. Murphy, P. 

Blum, S. Woodward, K. McCarthy, D. Mathis, C. Johnson, and P. Bedford. 2003. 
Chimeric live, attenuated vaccine against Japanese encephalitis (ChimeriVax-JE): phase 
2 clinical trials for safety and immunogenicity, effect of vaccine dose and schedule, and 
memory response to challenge with inactivated Japanese encephalitis antigen. J. Infect. 
Dis. 188:1213-1230. 

 94.  Monath, T. P., I. Levenbook, K. Soike, Z. X. Zhang, M. Ratterree, K. Draper, A. D. 
Barrett, R. Nichols, R. Weltzin, J. Arroyo, and F. Guirakhoo. 2000. Chimeric yellow 
fever virus 17D-Japanese encephalitis virus vaccine: dose-response effectiveness and 
extended safety testing in rhesus monkeys. J. Virol. 74:1742-1751. 

 95.  Monath, T. P., J. Liu, N. Kanesa-Thasan, G. A. Myers, R. Nichols, A. Deary, K. 
McCarthy, C. Johnson, T. Ermak, S. Shin, J. Arroyo, F. Guirakhoo, J. S. Kennedy, 
F. A. Ennis, S. Green, and P. Bedford. 2006. A live, attenuated recombinant West Nile 
virus vaccine. Proc. Natl. Acad. Sci. U. S. A 103:6694-6699. 

126 



 

 96.  Morrey, J. D., A. L. Olsen, V. Siddharthan, N. E. Motter, H. Wang, B. S. Taro, D. 
Chen, D. Ruffner, and J. O. Hall. 2008. Increased blood-brain barrier permeability is 
not a primary determinant for lethality of West Nile virus infection in rodents. Journal of 
General Virology 89:467-473. 

 97.  Nass, P. H., K. L. Elkins, and J. P. Weir. 1998. Antibody response and protective 
capacity of plasmid vaccines expressing three different herpes simplex virus 
glycoproteins. J. Infect. Dis. 178:611-617. 

 98.  Ng, T., D. Hathaway, N. Jennings, D. Champ, Y. W. Chiang, and H. J. Chu. 2003. 
Equine vaccine for West Nile virus. Dev. Biol. (Basel) 114:221-227. 

 99.  Olchowy, T. W. 1994. Vertebral body osteomyelitis due to Rhodococcus equi in two 
Arabian foals. Equine Vet. J. 26:79-82. 

 100.  Ostlund, E. N., R. L. Crom, D. D. Pedersen, D. J. Johnson, W. O. Williams, and B. J. 
Schmitt. 2001. Equine West Nile encephalitis, United States. Emerg. Infect. Dis. 7:665-
669. 

 101.  Paillot, R., D. Hannant, J. H. Kydd, and J. M. Daly. 2006. Vaccination against equine 
influenza: quid novi?. Vaccine 24:4047-4061. 

 
 102.  Parquet, M. C., A. Kumatori, F. Hasebe, K. Morita, and A. Igarashi. 2001. West Nile 

virus-induced bax-dependent apoptosis. FEBS Lett. 500:17-24. 

 103.  Petersen, L. R. and A. A. Marfin. 2002. West Nile virus: a primer for the clinician. 
Ann. Intern. Med. 137:173-179. 

 104.  Porter, M. B., M. Long, D. G. Gosche, H. M. Schott, M. T. Hines, M. Rossano, and 
D. C. Sellon. 2004. Immunoglobulin M-capture enzyme-linked immunosorbent assay 
testing of cerebrospinal fluid and serum from horses exposed to west nile virus by 
vaccination or natural infection. J. Vet. Intern. Med. 18:866-870. 

 105.  Porter, M. B., M. T. Long, L. M. Getman, S. Giguere, R. J. MacKay, G. D. Lester, 
A. R. Alleman, H. L. Wamsley, R. P. Franklin, S. Jacks, C. D. Buergelt, and C. J. 
Detrisac. 2003. West Nile virus encephalomyelitis in horses: 46 cases (2001). J. Am. Vet 
Med Assoc. 222:1241-1247. 

 106.  Quaresma, J. A., V. L. Barros, C. Pagliari, E. R. Fernandes, F. Guedes, C. F. 
Takakura, H. F. Andrade, Jr., P. F. Vasconcelos, and M. I. Duarte. 2006. Revisiting 
the liver in human yellow fever: virus-induced apoptosis in hepatocytes associated with 
TGF-beta, TNF-alpha and NK cells activity. Virology 345:22-30. 

 
 107.  Reed, S. M. and F. M. Andrews. 2004. Disorders of the Neurologic System, p. 533-666. 

In S. M. Reed, W. M. Bayly, and D. C. Sellon (eds.), Equine Internal Medicine. Saunders 
Elsevier, St. Louis. 

127 



 

 108.  Rock, R. B., G. Gekker, S. Hu, W. S. Sheng, M. Cheeran, J. R. Lokensgard, and P. 
K. Peterson. 2004. Role of microglia in central nervous system infections. Clin. 
Microbiol. Rev. 17:942-64, table. 

 109.  Rooney, J. R. 1972. Etiology of the wobbler syndrome. Mod. Vet Pract. 53:42. 

 110.  Salazar, P., J. L. Traub-Dargatz, P. S. Morley, D. D. Wilmot, D. J. Steffen, W. E. 
Cunningham, and M. D. Salman. 2004. Outcome of equids with clinical signs of West 
Nile virus infection and factors associated with death. J. Am. Vet. Med. Assoc. 225:267-
274. 

 111.  Samuel, M. A. and M. S. Diamond. 2005. Alpha/beta interferon protects against lethal 
West Nile virus infection by restricting cellular tropism and enhancing neuronal survival. 
J. Virol. 79:13350-13361. 

 112.  Samuel, M. A. and M. S. Diamond. 2006. Pathogenesis of West Nile Virus infection: a 
balance between virulence, innate and adaptive immunity, and viral evasion. J. Virol. 
80:9349-9360. 

 113.  Samuel, M. A., J. D. Morrey, and M. S. Diamond. 2007. Caspase 3-dependent cell 
death of neurons contributes to the pathogenesis of West Nile virus encephalitis. J. Virol. 
81:2614-2623. 

 114.  Samuel, M. A., H. Wang, V. Siddharthan, J. D. Morrey, and M. S. Diamond. 2007. 
Axonal transport mediates West Nile virus entry into the central nervous system and 
induces acute flaccid paralysis. Proceedings of the National Academy of Sciences of the 
United States of America 104:17140-17145. 

 115.  Santos, N. C., Figueira-Coelho, J., Martins-Silva, J., and Saldanha, C. 
Multidisciplinary utilization of dimethyl sulfoxide:pharmacological, cellular, adn 
molecular aspects. Biochemical Pharmacology 65, 1035-1041. 2003.  

 
 116.  Savage, H. M., C. Ceianu, G. Nicolescu, N. Karabatsos, R. Lanciotti, A. 

Vladimirescu, L. Laiv, A. Ungureanu, C. Romanca, and T. F. Tsai. 1999. 
Entomologic and avian investigations of an epidemic of West Nile fever in Romania in 
1996, with serologic and molecular characterization of a virus isolate from mosquitoes. 
Am. J. Trop. Med. Hyg. 61:600-611. 

 117.  Schuler, L. A., M. L. Khaitsa, N. W. Dyer, and C. L. Stoltenow. 2004. Evaluation of 
an outbreak of West Nile virus infection in horses: 569 cases (2002). J. Am. Vet. Med. 
Assoc. 225:1084-1089. 

 118.  Seino, K. K., M. T. Long, E. P. Gibbs, R. A. Bowen, S. E. Beachboard, P. P. 
Humphrey, M. A. Dixon, and M. A. Bourgeois. 2007. Comparative efficacies of three 
commercially available vaccines against West Nile Virus (WNV) in a short-duration 
challenge trial involving an equine WNV encephalitis model. Clin. Vaccine Immunol. 
14:1465-1471. 

128 



 

 119.  Sejvar, J. J., A. V. Bode, A. A. Marfin, G. L. Campbell, D. Ewing, M. Mazowiecki, 
P. V. Pavot, J. Schmitt, J. Pape, B. J. Biggerstaff, and L. R. Petersen. 2005. West 
Nile virus-associated flaccid paralysis. Emerg. Infect. Dis. 11:1021-1027. 

 120.  Sheoran, A. S., S. Artiushin, and J. F. Timoney. 2002. Nasal mucosal immunogenicity 
for the horse of a SeM peptide of Streptococcus equi genetically coupled to cholera toxin. 
Vaccine 20:1653-1659. 

 
 121.  Sheoran, A. S., B. T. Sponseller, M. A. Holmes, and J. F. Timoney. 1997. Serum and 

mucosal antibody isotype responses to M-like protein (SeM) of Streptococcus equi in 
convalescent and vaccinated horses. Vet. Immunol. Immunopathol. 59:239-251. 

 
 122.  Shieh, W. J., J. Guarner, M. Layton, A. Fine, J. Miller, D. Nash, G. L. Campbell, J. 

T. Roehrig, D. J. Gubler, and S. R. Zaki. 2000. The role of pathology in an 
investigation of an outbreak of West Nile encephalitis in New York, 1999. Emerg. Infect. 
Dis. 6:370-372. 

 123.  Shrestha, B. and M. S. Diamond. 2004. Role of CD8+ T cells in control of West Nile 
virus infection. J. Virol. 78:8312-8321. 

 124.  Shrestha, B., D. Gottlieb, and M. S. Diamond. 2003. Infection and injury of neurons by 
West Nile encephalitis virus. J. Virol. 77:13203-13213. 

 125.  Sierra, B., G. Garcia, A. B. Perez, L. Morier, R. Rodriguez, M. Alvarez, and M. G. 
Guzman. 2002. Long-term memory cellular immune response to dengue virus after a 
natural primary infection. Int. J. Infect. Dis. 6:125-128. 

 126.  Siger, L., R. Bowen, K. Karaca, M. Murray, S. Jagannatha, B. Echols, R. Nordgren, 
and J. M. Minke. 2006. Evaluation of the efficacy provided by a Recombinant 
Canarypox-Vectored Equine West Nile Virus vaccine against an experimental West Nile 
Virus intrathecal challenge in horses. Vet. Ther. 7:249-256. 

 127.  Siger, L., R. A. Bowen, K. Karaca, M. J. Murray, P. W. Gordy, S. M. Loosmore, J. 
C. Audonnet, R. M. Nordgren, and J. M. Minke. 2004. Assessment of the efficacy of a 
single dose of a recombinant vaccine against West Nile virus in response to natural 
challenge with West Nile virus-infected mosquitoes in horses. Am. J. Vet. Res. 65:1459-
1462. 

 128.  Simmons, C. P., T. Dong, N. V. Chau, N. T. Dung, T. N. Chau, T. T. Thao le, N. T. 
Dung, T. T. Hien, S. Rowland-Jones, and J. Farrar. 2005. Early T-cell responses to 
dengue virus epitopes in Vietnamese adults with secondary dengue virus infections. J. 
Virol. 79:5665-5675. 

 129.  Sitati, E. M. and M. S. Diamond. 2006. CD4+ T-cell responses are required for 
clearance of West Nile virus from the central nervous system. J. Virol. 80:12060-12069. 

 130.  Slesingr, L. and C. L. Hrazdira. 1970. [Cerebrospinal fluid studies in dogs and horses]. 
Zentralbl. Veterinarmed. A 17:338-350. 

129 



 

 131.  Smith, J. J., P. J. Provost, and M. R. Paradis. 2004. Bacterial meningitis and brain 
abscesses secondary to infectious disease processes involving the head in horses: seven 
cases (1980-2001). J. Am. Vet Med Assoc. 224:739-742. 

 132.  Snook, C. S., S. S. Hyman, P. F. Del, J. E. Palmer, E. N. Ostlund, B. S. Barr, A. M. 
Desrochers, and L. K. Reilly. 2001. West Nile virus encephalomyelitis in eight horses. 
J. Am. Vet. Med. Assoc. 218:1576-1579. 

 133.  Solomon, T. 2003. Recent advances in Japanese encephalitis. J. Neurovirol. 9:274-283. 

 134.  Solomon, T., A. F. Fisher, D. W. Beasley, P. Mandava, B. P. Granwehr, H. 
Langsjoen, A. P. Travassos Da Rosa, A. D. Barrett, and R. B. Tesh. 2003. Natural and 
nosocomial infection in a patient with West Nile encephalitis and extrapyramidal 
movement disorders. Clin. Infect. Dis. 36:E140-E145. 

 135.  Solomon, T., M. H. Ooi, D. W. Beasley, and M. Mallewa. 2003. West Nile 
encephalitis. BMJ 326:865-869. 

 136.  Solomon, T. and H. Willison. 2003. Infectious causes of acute flaccid paralysis. Curr. 
Opin. Infect. Dis. 16:375-381. 

 137.  Speth, C., M. P. Dierich, and P. Gasque. 2002. Neuroinvasion by pathogens: a key role 
of the complement system. Mol. Immunol. 38:669-679. 

 138.  Spickler, A. R. and J. A. Roth. 2003. Adjuvants in veterinary vaccines: modes of action 
and adverse effects. J. Vet. Intern. Med. 17:273-281. 

 
 139.  Spinelli, J., T. Holliday, and J. Homer. 1968. Collection of large samples of 

cerebrospinal fluid from horses. Lab Anim Care 18:565-567. 

 140.  Spoormakers, T. J., J. M. Ensink, L. S. Goehring, J. P. Koeman, B. F. Ter, van der 
Vlugt-Meijer RH, and A. J. van den Belt. 2003. Brain abscesses as a metastatic 
manifestation of strangles: symptomatology and the use of magnetic resonance imaging 
as a diagnostic aid. Equine Vet J. 35:146-151. 

 141.  Swartz, M. N. 2004. Bacterial meningitis--a view of the past 90 years. N. Engl. J. Med. 
351:1826-1828. 

 142.  Tesh, R. B., J. Arroyo, A. P. Travassos da Rosa, H. Guzman, S. Y. Xiao, and T. P. 
Monath. 2002. Efficacy of killed virus vaccine, live attenuated chimeric virus vaccine, 
and passive immunization for prevention of West Nile virus encephalitis in hamster 
model. Emerg. Infect. Dis. 8:1392-1397. 

 143.  Tesh, R. B., M. Siirin, H. Guzman, A. P. Travassos da Rosa, X. Wu, T. Duan, H. Lei, 
M. R. Nunes, and S. Y. Xiao. 2005. Persistent West Nile virus infection in the golden 
hamster: studies on its mechanism and possible implications for other flavivirus 
infections. J. Infect. Dis. 192:287-295. 

130 



 

 144.  Tewari, D., H. Kim, W. Feria, B. Russo, and H. Acland. 2004. Detection of West Nile 
virus using formalin fixed paraffin embedded tissues in crows and horses: quantification 
of viral transcripts by real-time RT-PCR. J. Clin. Virol. 30:320-325. 

 145.  Thirion-Delalande, C., J. Guillot, H. E. Jensen, F. L. Crespeau, and F. Bernex. 2005. 
Disseminated acute concomitant aspergillosis and mucormycosis in a pony. J. Vet Med A 
Physiol Pathol. Clin. Med 52:121-124. 

 146.  Tunkel, A. R. and W. M. Scheld. 1995. Acute bacterial meningitis. Lancet 346:1675-
1680. 

 147.  Tunkel, A. R. and W. M. Scheld. 1996. Acute bacterial meningitis in adults. Curr. Clin. 
Top. Infect. Dis. 16:215-239. 

 148.  Tunkel, A. R. and W. M. Scheld. 2002. Treatment of Bacterial Meningitis. Curr. Infect. 
Dis. Rep. 4:7-16. 

 149.  Turell, M. J., M. Bunning, G. V. Ludwig, B. Ortman, J. Chang, T. Speaker, A. 
Spielman, R. McLean, N. Komar, R. Gates, T. McNamara, T. Creekmore, L. Farley, 
and C. J. Mitchell. 2003. DNA vaccine for West Nile virus infection in fish crows 
(Corvus ossifragus). Emerg. Infect. Dis. 9:1077-1081. 

 150.  Tyler, C. M., R. E. Davis, A. P. Begg, D. R. Hutchins, and D. R. Hodgson. 1993. A 
survey of neurological diseases in horses. Aust. Vet. J. 70:445-449. 

 151.  van, M. C., Sloet van Oldruitenborgh-Oosterbaan MM, E. A. Damen, and A. G. 
Derksen. 2001. Neurological disease associated with EHV-1-infection in a riding school: 
clinical and virological characteristics. Equine Vet J. 33:191-196. 

 152.  Wadei, H., G. J. Alangaden, D. H. Sillix, J. M. El Amm, S. A. Gruber, M. S. West, 
D. K. Granger, J. Garnick, P. Chandrasekar, S. D. Migdal, and A. Haririan. 2004. 
West Nile virus encephalitis: an emerging disease in renal transplant recipients. Clin. 
Transplant 18:753-758. 

 153.  Wamsley, H. L., A. R. Alleman, M. B. Porter, and M. T. Long. 2002. Findings in 
cerebrospinal fluids of horses infected with West Nile virus: 30 cases (2001). J. Am. Vet 
Med Assoc. 221:1303-1305. 

 154.  Wang, T., T. Town, L. Alexopoulou, J. F. Anderson, E. Fikrig, and R. A. Flavell. 
2004. Toll-like receptor 3 mediates West Nile virus entry into the brain causing lethal 
encephalitis. Nat. Med. 10:1366-1373. 

 155.  Ward, M. P., M. Levy, H. L. Thacker, M. Ash, S. K. Norman, G. E. Moore, and P. 
W. Webb. 2004. Investigation of an outbreak of encephalomyelitis caused by West Nile 
virus in 136 horses. J. Am. Vet Med Assoc. 225:84-89. 

 156.  Weingartl, H. M., M. A. Drebot, Z. Hubalek, J. Halouzka, M. Andonova, A. 
Dibernardo, C. Cottam-Birt, J. Larence, and P. Marszal. 2003. Comparison of assays 

131 



 

132 

for the detection of West Nile virus antibodies in chicken serum. Can. J. Vet. Res. 
67:128-132. 

 157.  Winter, P. M., N. M. Dung, H. T. Loan, R. Kneen, B. Wills, l. T. Thu, D. House, N. 
J. White, J. J. Farrar, C. A. Hart, and T. Solomon. 2004. Proinflammatory cytokines 
and chemokines in humans with Japanese encephalitis. J. Infect. Dis. 190:1618-1626. 

 158.  Wispelwey, B. and W. M. Scheld. 1995. Brain abscess In G. L. Mandell, J. E. Bennett, 
and R. Dolin (eds.), Principles and practice of infectious diseases. Churchill Livingstone, 
New York. 

 159.  Yang, J. S., J. J. Kim, D. Hwang, A. Y. Choo, K. Dang, H. Maguire, S. Kudchodkar, 
M. P. Ramanathan, and D. B. Weiner. 2001. Induction of potent Th1-type immune 
responses from a novel DNA vaccine for West Nile virus New York isolate (WNV-
NY1999). J. Infect. Dis. 184:809-816. 

 160.  Yang, J. S., J. J. Kim, D. Hwang, A. Y. Choo, K. Dang, H. Maguire, S. Kudchodkar, 
M. P. Ramanathan, and D. B. Weiner. 2001. Induction of potent Th1-type immune 
responses from a novel DNA vaccine for West Nile virus New York isolate (WNV-
NY1999). J. Infect. Dis. 184:809-816. 

 161.  Yang, J. S., M. P. Ramanathan, K. Muthumani, A. Y. Choo, S. H. Jin, Q. C. Yu, D. 
S. Hwang, D. K. Choo, M. D. Lee, K. Dang, W. Tang, J. J. Kim, and D. B. Weiner. 
2002. Induction of inflammation by West Nile virus capsid through the caspase-9 
apoptotic pathway. Emerg. Infect. Dis. 8:1379-1384. 

 162.  Yvorchuk-St.Jean, K. 1987. Neuritis of the cauda equina In S. M. Reed (ed.), Saunders, 
Philadelphia, PA. 

 



 

BIOGRAPHICAL SKETCH 

Kathy Seino obtained a Bachelor of Arts degree from Northwestern University in 1994 and 

was awarded a Doctor of Veterinary Medicine degree from the University of Illinois at Urbana-

Champaign in 1998.  She completed an internship in Equine Medicine and Surgery at the 

University of Illinois.  She continued on at the University of Illinois to complete a residency in 

Equine Internal Medicine in 2002 and Master of Science in Veterinary Medical Sciences.  She 

was awarded an Alumni Fellowship at the University of Florida to study infectious disease as a 

PhD student in 2002. 

 

 
 
 
 

133 


	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	INTRODUCTION
	LITERATURE REVIEW
	Central Nervous System Infections in Horses
	Neuroanatomy and Disease
	Brain and meninges
	Cranial nerves
	Spinal cord
	Vascularization
	Blood brain barrier and cerebrospinal fluid

	Pathogenesis
	Entry of pathogens
	Immune response of the CNS

	Cerebospinal Fluid Characteristics
	Collection techniques
	Analysis
	Appearance
	Cellular evaluation
	Protein
	Biochemical parameters
	Immunologic testing and molecular diagnostics

	General Therapeutic Considerations
	Antimicrobials 
	Glucocorticoids, osmotic agents, diuretics
	Supportive Therapy


	West Nile Virus
	Morphology and Molecular Biology
	History
	Clinical Disease
	West Nile infection in humans and horses
	West Nile infection in birds
	Neurological manifestations of CNS lesions
	Virus load and localization

	Pathogenesis
	Immune Response to WNV infection
	Diagnosis
	Testing modalities
	Clinical diagnosis in horses and humans
	Diagnosis of West Nile in birds 

	Treatment
	WNV Vaccines


	Table 2-1.  Equine CNS pathogens
	IMMUNOLOGY OF THE INTRATHECAL MODEL OF WEST NILE VIRUS
	Introduction
	Materials and Methods
	Clinical Disease
	Virulent WNV Challenge and Sample Collection  
	WNV IgM Capture ELISA  
	Plaque Reduction Neutralization Test
	Capture Isotype ELISA
	Cytokine mRNA Expression

	Results
	Clinical Disease
	Serology

	Discussion

	Table 3-1.  IgG isotype endpoint titers post-infection
	Table 3-2.  Summary of fold differences in mRNA cytokine expression in horses after WNV infection
	Figure 3-1.  Clinical course post infection Horse ID1
	COMPARATIVE EFFICACIES OF THREE COMMERICALLY AVAILABLE VACCINES AGAINST WEST NILE VIRUS (WNV) IN A SHORT-DURATION CHALLENGE TRIAL INVOLVING AN EQUINE WNV ENCEPHALITIS MODEL
	Introduction
	Materials and Methods
	Animals
	Efficacy Trials
	Case Criteria and Outcome
	Antibody Testing—Virus Neutralization Testing
	Back Titration of Virulent West Nile Virus
	Statistics

	Results
	Clinical Scoring
	Virology
	Serology

	Discussion

	Figure 4-1.  Clinical course post-challenge controls
	Figure 4-2.  Clinical course post-challenge WN-FV
	Figure 4-3.  Clinical course post-challenge CP-WN
	Figure 4-4.  Clinical course post-challenge K-WN
	Table 4-1.  Case criteria for vaccinated and control horses after intrathecal WNV challenge
	Table 4-2.  Glial nodules in vaccinates and control horses
	Table 4-3.  Perivascular cuffs in vaccinates and control horses
	Table 4-4.  WNV neutralizing antibody (GMT) titers for vaccinated and control horses post-vaccination and after WNV challenge
	PROTECTIVE IMMUNE RESPONSES TO WEST NILE VIRUS (WNV) OF 28 DAY VACCINATED HORSESE
	Introduction
	Materials and Methods
	Animals.  
	Challenge Trials.  
	Flow Cytometry for Lymphocyte Phenotyping.  
	Lymphocyte Proliferation Assay.  
	Ex vivo Cytokine mRNA Expression.  
	In Vitro Cytokine mRNA expression in Antigen Stimulated PBMC.  
	Capture Isotype ELISA  
	Statistical Analysis  

	Results
	PBMC Lymphocyte Subsets  
	WNV Antigen Specific Lymphocyte Proliferation Responses  
	WNV IgG Isotype Antibody Profiles  

	Discussion

	FIGURE 5-1.  PBMC lymphocyte subsets of vaccinated horse and controls after WNV challenge.  Bars represent mean % of cells with SD.  Differences in letters and numbers are significant (P<0.05) between group and between days of challenge respectively.
	FIGURE 5-2.  WNV antigen specific lymphocyte proliferation responses of equine PBMC from vaccinated and control horses.  Stimulation Index (SI) expressed in means, bars are SD, groups with different letters are significant (P<0.05).
	FIGURE 5-3.  Ex Vivo mRNA Cytokine expression of equine PBMC D3 and D7 post-challenge.  Results are shown as mean Relative Quantitation (RQ) with error bars indicating standard deviation (SD). a and b, P<0.05, groups with different letters are significantly different.
	Figure5-4.  In vitro relative quantitative cytokine mRNA expression of WNV antigen stimulated PBMC.  Results are shown as mean Relative Quantitation (RQ) with error bars indicating standard deviation (SD).  a and b, P<0.05, groups with different letters are significantly different.
	Table 5-1. Mean IFN(/IL-4 ratio of WNV antigen stimulated PBMC
	Table 5-2. Post-vaccination WNV IgG isotypes mean endpoint titers of vaccinated horses and controls
	Table 5-3. Post-challenge WNV IgG isotypes mean endpoint titers of vaccinated horses and controls
	SUMMARY AND CONCLUSION
	LIST OF REFERENCES
	BIOGRAPHICAL SKETCH

