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1. Background and Objectives of the Doctoral
Dissertation

The Orthoflavivirus genus belongs to the Flaviviridae family
and comprises numerous pathogens of major importance in both
human and veterinary medicine. Currently, three
orthoflaviviruses capable of infecting horses are endemic in
Hungary: West Nile virus (WNV), Usutu virus (USUV), and
tick-borne encephalitis virus (TBEV). Over recent decades,
WNYV has become one of the most important mosquito-borne
neuroinvasive pathogens worldwide, causing viral encephalitis
in humans and animals. Owing to climate change and the
expanding distribution of vector populations, its public health
and veterinary significance continues to increase. In Hungary,
the first human case of WNV infection was reported in 2003,
while the first equine case was confirmed in 2007.
Concurrently, an increasing number of reports from
neighbouring countries have documented the occurrence of
USUV and TBEV infections in equine populations, whereas
their veterinary relevance in Hungary has remained largely

unexplored.

Due to the genetic and antigenic relatedness among

orthoflaviviruses, infections frequently induce cross-reactive
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antibodies that may substantially influence the results of
serological diagnostic assays. This represents a particular
challenge in regions where multiple orthoflaviviruses co-
circulate. Although the virus neutralization test (VNT) is
currently regarded as the most specific serological method
available, the possibility of serological cross-reactivity among
different orthoflaviviruses continues to complicate both

diagnosis and interpretation of test results.

According to the available literature, orthoflavivirus infections
induce long-lasting, and in some cases lifelong, protective
immunity in humans and birds. At present, pathogen-specific
neutralizing antibody titres are considered the most reliable
correlate of protection. However, recent advances in human
immunology have highlighted the critical role of memory T
cells in the establishment and maintenance of long-term
immunity. While substantial information is available regarding
the importance of cellular immune responses in humans and
experimental animal models, the durability of long-term
humoral immunity following WNYV infection, as well as the
characteristics and functional significance of the cellular

immune response in horses, remain largely unknown.

Based on these considerations, a comprehensive investigation

of the long-term immunological consequences of WNV



infection in horses was warranted. Particular emphasis was
placed on the persistence of virus-specific neutralizing
antibodies, the presence of memory T-cell responses, and the
diagnostic and clinical relevance of endemic USUV and TBEV

infections in Hungary.



Objectives:

e To investigate the persistence and dynamics of the
humoral immune response following natural,
asymptomatic West Nile virus infection in horses by
monitoring virus-specific neutralizing antibody titres

annually over a five-year period.

e To monitor the occurrence of co-circulating
orthoflaviviruses (USUV and TBEV) in horses through
the parallel application of USUV and TBEV virus
neutralization tests (VNTs) alongside WNV VNT.

e To evaluate serological cross-reactivity among
orthoflaviviruses endemic in Hungary, with particular
emphasis on its differential diagnostic significance in

equine orthoflavivirus infections.

e To assess the applicability of WNV IgG ELISA results
for evaluating the immune status of horses previously
exposed to asymptomatic WNV infection by analysing
the correlation between pathogen-specific neutralizing
antibody titres and ELISA inhibition percentage (IP)

values.



To detect and characterize the WNV-specific cellular
immune response in horses using an ex vivo IFNy
ELISpot assay following antigenic stimulation with a

peptide pool spanning the entire WNV capsid protein.

To investigate the relationship between the magnitude
of the pathogen-specific cellular immune response and
the clinical manifestations observed during the acute

phase of WNV infection, including disease severity.

To evaluate the relationship between humoral and
cellular immunity by analysing the association between
ELISpot responses and virus-specific neutralizing

antibody titres.

To formulate practical recommendations based on the
findings of the study for improving the diagnostic
approaches and control strategies of orthoflavivirus

infections occurring in Hungary.



2. Materials and methods
The doctoral research consisted of two complementary studies.
The first study aimed to characterize the long-term humoral
immune response following natural, subclinical West Nile virus
(WNV) infection. The second study evaluated the presence and
magnitude of the cellular immune response following naturally

acquired clinical WNYV infection.

2.1.  Investigation of the Humoral Immune Response

Study Design and Sample Collection

Twenty-five naturally infected, non-vaccinated horses with
positive WNV IgG ELISA results and no previous history of
neurological disease were enrolled in the study. The animals
originated from six different locations in Hungary and were
followed for five consecutive years (2019-2023). Blood

samples were collected annually prior to the mosquito season.

WNV IgG ELISA

WNV-specific [gG antibodies were detected using a
commercially available blocking ELISA (INgezim® West Nile
Compac, Ingenaza, Madrid, Spain). The assay detects
antibodies directed against the WNV envelope (E) protein.
Results were interpreted according to the inhibition percentage

(IP) provided by the manufacturer.
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Virus neutralisation test

WNV-specific neutralizing antibodies were determined using a
micro-virus neutralization test (MW-NT) performed according
to the recommendations of the World Organisation for Animal
Health (WOAH). All neutralization assays were conducted in
the BSL-3 laboratory of the HUN-REN Veterinary Medical

Research Institute.

Vero cells were used for virus propagation and neutralization
assays. The following viral strains were included in the study:
WNV 578/10 (lineage 2), USUV Budapest-2005, and TBEV
KEM-1. Following heat inactivation at 56°C, serum samples
were subjected to twofold serial dilutions ranging from 1:2 to
1:2048. The diluted sera were incubated with virus suspension
containing 100 TCIDso/ml and subsequently transferred onto
Vero cell cultures. Neutralizing antibody titres were determined
on the fifth day of incubation based on the presence or absence

of cytopathic effect (CPE).

All samples were tested against WNV, USUV, and TBEV. In
accordance with the modified dilution system used in the study,

the positivity threshold was established at a titre of 1:8.
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Statistical analysis

Neutralizing antibody titres were analysed after log.
transformation. Temporal changes in antibody levels were
evaluated using linear mixed-effects models, with year included
as a fixed effect and individual horse as a random effect.
Statistical analyses were performed using R software (version

42.1).
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2.2.  Investigation of the cellular immune response

Study design

Fourteen horses with naturally acquired clinical WNYV infection
during the 2023 WNYV season in Hungary were enrolled in the
study. Inclusion criteria comprised a positive WNV IgM ELISA
result, the presence of WNV-associated neurological signs, and
the absence of prior WNV vaccination. Blood samples were
collected following recovery from infection and prior to the

2024 mosquito season.

Isolation of peripheral blood mononuclear cells (PBMC)

Peripheral blood mononuclear cells (PBMCs) were isolated
from EDTA-anticoagulated blood samples using haemolytic
resistance-based leukocyte separation. Samples containing >10°
cells/ml and exhibiting >90% viability were cryopreserved.
Prior to analysis, PBMCs were thawed, washed and rested, and

adjusted to a final concentration of 5 x 10° cells/ml.

Antigen-specific stimulation

For antigenic stimulation, a peptide pool spanning the entire
WNV capsid protein was used (PepMix™ West Nile Virus
Capsid Protein Ultra, JPT, Germany). The peptide library
consisted of 15-mer peptides overlapping by 11 amino acids.

The final peptide concentration was 1 pg/ml.
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IFNy ELISpot Assay

Virus-specific cellular immune responses were assessed using
an equine IFNy ELISpot assay (Mabtech AB, Sweden). PBMCs
were incubated in triplicate with antigen and control stimuli for
24 hours at 37°C in a humidified atmosphere containing 5%

CO..

Unstimulated cells served as negative controls, whereas cells
stimulated with 2 pg/ml phytohaemagglutinin (PHA) were used
as positive controls. Plates were developed according to the
manufacturer’s guidelines. Results were evaluated using a
MABTECH IRIS-2 ELISpot reader and expressed as spot-
forming units (SFU). Spot detection and quantification were
performed using Mabtech Apex™ software. Positive antigen-
specific responses were identified using distribution-free

resampling (DFR) analysis.

Serological testing

In addition to cellular immune response measurements, all
horses included in this part of the study were tested using WNV
IgG ELISA and virus neutralization tests against the three
orthoflaviviruses endemic in Hungary (WNV, USUV, and
TBEV).
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Statistical analysis

Associations between ELISpot results and clinical variables
were evaluated using linear mixed-effects models, Mann—
Whitney tests, and Spearman correlation analyses. The
relationship between humoral and cellular immune responses
was assessed by analysing correlations between virus
neutralization titres and ELISpot responses using Spearman’s

rank correlation.
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3. Results

3.1 Humoral immune response

A total of 25 naturally infected horses enrolled in the study.
During the five-year follow-up period, 125 serum samples were
collected and analysed. No clinical signs suggestive of
orthoflavivirus infection were observed in any of the animals
throughout the study period. At the beginning of the study, the
mean age of the horses was 11.48 = 3.92 years (range: 3-22

years).

WNV IgG ELISA

In 2019, all horses tested positive by WNV IgG ELISA (25/25;
100%). During the second year, one horse became seronegative
and remained negative for the remainder of the study. The
remaining animals (24/25; 96%) remained seropositive

throughout the entire five-year follow-up period.

WNV-neutralizing antibodies

WNV-specific neutralizing antibody titres showed a significant
decline over the study period (p < 0.001). The mean
neutralization titres were 260.64 + 336.74 in 2019, 114.32 +
107.36 in 2020, 95.38 £ 115.56 in 2021, 22.53 £ 25.71 in 2022,
and 6.31 £5.15 in 2023.
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All horses had positive WNV virus neutralization test (VNT)
results in the first year of the study. However, the proportion of
animals with titres below the positivity threshold (1:8)
increased progressively, reaching 4% in the second year, 12%
in the third year, 68% in the fourth year, and 88% in the fifth

year.

USUV-neutralizing antibodies

The mean USUV-specific neutralizing antibody titres were
16.56 +£34.04in2019,4.16 + 3.31 in 2020, 4.24 +£4.68 in 2021,
4.61 £4.10in 2022, and 8.71 £ 19.51 in 2023.

Positive USUV VNT results were detected in 5/25 horses (20%)
in 2019, 1/25 (4%) in 2020, 3/25 (12%) in 2021, 2/25 (8%) in
2022, and 4/25 (16%) in 2023.

During the first four years of the study, USUV-neutralizing
titres never exceeded the corresponding WNV titres. In the final
year, however, three horses (animals No. 7, 14, and 21)
exhibited marked increases in USUV-specific neutralizing
antibody titres. Titres reached 1:45, 1:64, and 1:64,
respectively, whereas all three horses had tested negative (<1:8)

in the previous year.
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TBEV-neutralizing antibodies

During the entire five-year study period, only one horse (animal
No. 6) exhibited a positive TBEV-neutralizing antibody titre. In
this animal, a TBEV titre of 1:128 was detected in 2019. In
subsequent years, however, no TBEV-specific neutralizing
antibodies were detectable. The remaining 24 horses remained

TBEV-seronegative throughout the study period.

Correlation between WNV IeG ELISA and VNT results

Neither ELISA optical density (OD) values nor inhibition
percentage (IP) values showed a statistically significant

correlation with WNV-neutralizing antibody titres.
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3.2 Cellular immune response

Fourteen horses that had recovered from clinically apparent
WNV infection were enrolled in the study. All animals had
tested positive by WNV IgM ELISA during the acute phase of
infection. Blood samples were collected at a mean of 290 + 62.5
days following the first positive IgM result. Two samples were
excluded because PBMC viability was below 90%. All
remaining twelve samples demonstrated cell viabilities

exceeding 90%.

Clinical signs

All horses included in the final analysis (12/12; 100%)
exhibited ataxia during the acute phase of infection. Based on
the modified Mayhew grading system, four horses (33.3%)
were classified as having severe ataxia, while eight horses

(66.7%) were categorized as having mild ataxia.

Muscle weakness was documented in 5/12 horses (41.6%),
fever in 8/12 horses (66.7%), altered mentation in 2/12 horses
(16.7%), cranial nerve deficits in 1/12 horses (8.3%), and colic-
like signs in 2/12 horses (16.7%). No horse showed persistent

neurological deficits during the follow-up period.
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IFNy ELISpot results

According to the distribution-free resampling (DFR) analysis,
significant WNV-specific IFNy production was detected in 10
of the 12 horses (83%). The median background activity of the
entire dataset was 4 spot-forming units (SFU) per 10° PBMCs.

Relationship Between Clinical Signs and ELISpot Responses

No statistically significant association was identified between
ELISpot responses and the presence of fever or muscle tremors.
Likewise, no significant difference was observed between
horses with mild and severe ataxia. Age and sex were not

correlated with ELISpot response intensity.

Correlation of the humoral and cellular immune repsonses

All horses were positive by WNV IgG ELISA. WNV-specific
neutralizing antibodies were detected in every animal, whereas
no positive USUV or TBEV VNT results were observed. WNV-
neutralizing antibody titres ranged from 1:64 to 1:1024.

No statistically significant correlation was identified between

WNV-neutralizing antibody titres and IFNy ELISpot responses.
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4. Discussion and conclusions
Orthoflavivirus infections are known to induce long-lasting,
and in some cases lifelong, humoral immunity in humans and
birds. In contrast, the findings of the present study suggest that
the durability of humoral immunity following subclinical WNV
infection in horses is limited. Based on these results, annual
monitoring of antibody responses in horses naturally exposed to
WNV is recommended. Given the absence of correlation
between WNV IgG ELISA inhibition percentages (IP) and virus
neutralization titres, the assessment of protective immunity
based solely on WNV IgG ELISA results should be
reconsidered. Instead, determination of pathogen-specific
neutralizing antibody titres is recommended. In horses
exhibiting suboptimal humoral immunity, vaccination should

be considered.

Despite the decline in humoral immunity, clinically apparent
secondary WNV infections have so far been reported only in
immunocompromised humans suffering from severe
underlying diseases. This observation may be explained by the
protective role of pathogen-specific memory T-cell responses.
The second part of our study provides the first evidence that a
virus-specific T-cell response can be detected by ex vivo IFNy

ELISpot assay in horses within one year following natural
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WNV infection. The magnitude of IFNy production was
independent of pathogen-specific neutralizing antibody titres,
supporting the potential protective role of effector memory T
cells even in the presence of low or declining antibody levels.
The lack of correlation between humoral and cellular immune
responses further highlights the importance of incorporating
cellular immune assays into the evaluation of long-term

immunity.

The apparent absence of secondary clinically manifest WNV
infections may also be partly attributable to the limitations of
currently available serological diagnostic methods, particularly
in regions where multiple orthoflaviviruses co-circulate. The
results of our study illustrate this challenge. Although the virus
neutralization test is considered the serological gold standard
for the diagnosis of orthoflavivirus infections, cross-reactive
antibody responses were observed both between viruses
belonging to the same serocomplex (WNV and USUV) and, in
one case, between viruses classified into different
serocomplexes (WNV and TBEV). These findings emphasize
the need for careful interpretation of serological results.
Consequently, in endemic regions, parallel virus neutralization
testing against all co-circulating orthoflaviviruses is

recommended.
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Furthermore, our results highlight the potential applicability of
the ELISpot assay in the differential diagnosis of equine
orthoflavivirus infections. The use of the capsid protein, one of
the least conserved proteins among orthoflaviviruses, as the
antigenic stimulus may further enhance the specificity of the

method.
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5. Novel scientific findings

5.1.

5.2.

5.3.

54.

This study is the first to investigate the long-term
dynamics of pathogen-specific antibody responses
in horses following natural, subclinical West Nile
virus infection. We are the first to demonstrate a
significant post-infection decline of WNV-
neutralizing antibody titres to levels presumed to be

below the protective threshold in horses.

This study provides the first description of
serological cross-reactivity between West Nile
virus and Usutu virus in virus neutralization tests
performed on equine samples. Furthermore, it
identifies limitations of the currently accepted
serological gold standard when applied in regions

where multiple orthoflaviviruses co-circulate.

We are the first to demonstrate evidence of equine

Usutu virus infection in Hungary.

This study provides the first description of a WNV-
specific T-cell response in horses following natural
WNYV infection. Furthermore, it represents the first
application of an equine ex vivo IFNy ELISpot
assay for the assessment of WNV-specific cellular

immunity and demonstrates that pathogen-specific
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5.5.

cellular immune responses remain detectable for up

to one year following clinically apparent infection.

This study is the first to demonstrate the absence of
correlation between WNV-specific neutralizing
antibody titres and pathogen-specific cellular

immune responses in horses.
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