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A B S T R A C T   

Introduction: In 2020, the first Dutch West Nile virus (WNV) infected birds were detected through risk-targeted 
surveillance of songbirds. Retrospective testing of patients with unexplained neurological disease revealed 
human WNV infections in July and August 2020. Bird ringers are highly exposed to mosquito bites and possibly 
avian excrements during ringing activities. This study therefore investigates whether bird ringers are at higher 
risk of exposure to WNV and Usutu virus (USUV). 
Methods: Dutch bird ringers were asked to provide a single serum sample (May – September 2021) and to fill out 
a survey. Sera were screened by protein microarray for presence of specific IgG against WNV and USUV non- 
structural protein 1 (NS1), followed by focus reduction virus neutralization tests (FRNT). Healthcare workers 
(2009–2010), the national immunity cohort (2016–2017) and blood donors (2021) were used as control groups 
without this occupational exposure. 
Results: The majority of the 157 participating bird ringers was male (132/157, 84%) and the median age was 62 
years. Thirty-seven participants (37/157, 23.6%) showed WNV and USUV IgG microarray signals above back-
ground, compared to 6.4% (6/94) in the community cohort and 2.1% (2/96) in blood donors (p < 0.01). Two 
seroreactive bird ringers were confirmed WNV or USUV positive by FRNT. The majority of seroreactive bird 
ringers travelled to EU countries with reported WNV human cases (30/37, 81%) (p = 0.07). No difference was 
observed between bird ringers with and without previous yellow fever vaccination. 
Discussion: The higher frequency of WNV and/or USUV IgG reactive bird ringers indicates increased flavivirus 
exposure compared to the general population, suggesting that individuals with high-exposure professions may be 
considered to complement existing surveillance systems. However, the complexity of serological interpretation in 
relation to location-specific exposure (including travel), and antibody cross-reactivity, remain a challenge when 
performing surveillance of emerging flaviviruses in low-prevalence settings.   
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1. Introduction 

Emerging vector-borne viruses are rapidly increasing in incidence 
and geographic range, underlining the need for outbreak preparedness 
including targeted surveillance systems in regions at risk [1–3]. In 
August 2020, the first local detection of West Nile virus (WNV), in a 
common whitethroat (Curruca communis), was detected in the central 
region of the Netherlands [4]. A few months later this was followed by 
the first human WNV case without any recent travel history outside the 
country [5]. In addition, further investigation and retrospective analysis 
of cases with unknown neuroinvasive disease led to the detection of 
additional human WNV cases likely infected in the Netherlands already 
in July and August 2020 [6]. 

WNV infection is a zoonosis, and the flavivirus is transmitted in an 
enzootic cycle between Culex mosquitoes and birds. Following the bite 
of an infected mosquito, mammals can also become infected [7]. WNV 
was first isolated in Uganda in 1937 [8], and since then spread across the 
Northern Hemisphere in the past three decades [9,10]. WNV is now 
found on an annual basis in several European countries with the ma-
jority of cases reported in Southern-European countries. The majority of 
human infections (80%) remain asymptomatic while 20% of cases can 
develop symptoms such as headache and muscle pain i.e., West Nile 
fever (WNF). Although progression to severe neuroinvasive disease is 
rare (<1%), older and immunocompromised people have an increased 
risk of developing symptoms such as meningitis or encephalitis (West 
Nile neuroinvasive disease or WNND) [7,11]. Usutu virus (USUV) is a 
flavivirus closely related to WNV, and both belong to the Japanese en-
cephalitis virus (JEV) serocomplex [12]. USUV was originally isolated 
from South Africa in 1959 and since then has been widely detected in 
Africa among mosquitoes and birds, and occasionally in humans 
[13,14]. 1996, USUV was introduced in Europe [15] where around 25 
symptomatic human infections have been described in literature since 
2008 [16,17]. Of these, the majority were documented cases of USUV- 
related neuroinvasive infection [15]. Although clinical manifestations 
of WNV and USUV seem to be similar [18,19], the detection of USUV 
cases is far less common [20]. USUV has been circulating extensively in 
birds in the Netherlands at least since 2016 [21–23], and in 2018, USUV- 
RNA and antibodies were also found in blood donor screenings in the 
Netherlands [20]. 

Considering that <1% of human WNV infections results in neuro-
logical manifestations, the few WNND cases detected in the Netherlands 
in 2020, may imply that a larger proportion of the population was likely 
infected that year. This showed the need to further investigate the po-
tential human exposure in areas where positive WNV and/or USUV birds 
were found in order to assess the risk of human infection. This may 
strengthen our knowledge of local virus circulation, especially for vi-
ruses mainly characterized by mild or no disease including WNV and 
USUV. 

In the Netherlands, animal surveillance is performed in order to 
monitor the presence of diseases, including zoonoses [4,24]. In partic-
ular, combined with bird ringing activities, wild birds are caught and 
sampled to detect the possible introduction and spread of emerging vi-
ruses such as arboviruses [4]. Bird ringers involved in these activities are 
likely a high-risk group for exposure to arboviruses: bird catching ac-
tivities occur in the bird's natural habitat where the ringers are exten-
sively exposed to mosquito bites at the same time of day mosquitoes are 
active (i.e., dusk and down), increasing their risk of infection with 
mosquito-borne viruses. In addition, some of them are also actively 
involved in sampling of birds and are therefore in direct contact with 
blood and other avian fluids. Although mosquito bites are the most 
common route of viral transmission for flaviviruses, WNV infections 
following percutaneous inoculations have also been reported in litera-
ture [25,26]. 

For these reasons, in this study, we aim to investigate the possible 
occupational exposure risk of bird ringers to WNV and USUV compared 
to the general population, as well as exploring their potential role to 

supplement current arbovirus surveillance. We therefore carried-out a 
cross sectional serological screening of bird ringers to determine their 
possible exposure to WNV and USUV following the WNV outbreak in 
2020. Finally, this study may help raise awareness in risk groups and, if 
more at risk, enhance prevention measures. 

2. Methods & materials 

2.1. Study design, data collection and sample collection 

This cross-sectional observational study started in May 2021. Bird 
ringers, who carried out their activities in the Netherlands during spring, 
summer or early autumn 2020 (when the first WNV cases in the 
Netherlands were found), were invited to participate by the Netherlands 
Institute of Ecology (Centre for Avian Migration and Demography). 
After informed consent, a single blood sample of 4 mL was drawn at the 
local laboratory and sent to Leiden University Medical Center (LUMC) 
(Leiden, the Netherlands) for serum sample processing, followed by 
transport to the Erasmus Medical Center (EMC) (Rotterdam, the 
Netherlands) for laboratory testing. In addition, participants were asked 
to fill out a questionnaire to provide information on demographic data, 
exposure at the bird ringing sites, travel history, previous vaccinations 
against arboviruses such as tick-borne encephalitis virus (TBEV), yellow 
fever virus (YFV) and Japanese encephalitis virus (JEV), previous in-
fections with flaviviruses, and possible complaints compatible with WNF 
or WNND experienced between April and November 2020. Complaints 
compatible with WNF were defined as flu and fever with at least one of 
the following symptoms: headache, rash, muscle aches, vomiting or 
diarrhea (case definition 1). Complaints compatible with WNND were 
defined as inflammation of the brain or meninges or flaccid paralysis or 
other nervous system disorder diagnosed by a medical doctor (case 
definition 2). Definitions above were based on CDC (Centers for Disease 
Control and Prevention) description of WNV symptoms [11]. A sum-
mary of the questions and reply options from the survey is shown as 
supplemental information. 

This study (number P20.112) was approved by the Medical Research 
Ethics Committee of Leiden, The Hague, Delft in the Netherlands. 

Bird ringer serum samples were collected between June and 
September 2021. Date of serum sample arrival at LUMC has been used as 
a proxy for date of serum sample collection since the latter was not 
available for all participants. The date of sample collection used in the 
analysis was therefore 1 to 2 days after actual sampling (or unknown). 

3. External comparators 

Three external control groups were used as comparator: 
1) Healthy healthcare workers from two hospitals in the South of the 

Netherlands (N = 58) that participated in a longitudinal influenza 
vaccination study from November 2009 to June 2010 [27], when no 
WNV and/or USUV exposure was expected since the first Dutch USUV 
and WNV detections were detected in 2016 and 2020, respectively; 2) a 
population representative sample of participants from a national im-
mune surveillance study with sera collected in 2016–2017 (N = 94, 
PIENTER-3 study, National Institute of Public Health) [28]; 3) Dutch 
age- and sex-matched blood donors (Sanquin) with sera collected in 
September 2021 representative for all 12 provinces in the Netherlands 
(N = 96, 8 per province). 

Control group 1 was used as negative control and control groups 2 
and 3 were used to estimate WNV and USUV seroprevalence in the 
general Dutch population between 2016 and 2021. 

The healthcare worker influenza vaccination study was approved by 
the Medical Ethical Review Committee of the St. Elisabeth Hospital, 
Tilburg, the Netherlands and the Medical Ethical Review Committee of 
the University Medical Centre, Utrecht, the Netherlands [27]. The 
PIENTER-3 study was approved by the Medical Ethical Review Com-
mittee (METC), Noord-Holland, the Netherlands. Following Sanquin's 
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ethical guidelines, Sanquin provided anonymized donor samples, orig-
inating from donors who permitted the use of the samples for research 
purposes. 

4. Protein microarray 

Collected serum samples were tested in the Laboratory for Virology 
at Erasmus University Medical Center for the presence of WNV and 
USUV specific IgG antibodies using a protein microarray. Protein 
microarray was performed as previously described in detail with a few 
modifications [29,30]. Slides were printed with WNV (Sino Biological) 
and USUV non-structural proteins 1 (NS1) (The Native Antigen com-
pany) proteins as well as JEV and TBEV NS1 (Immune Technology) to 
assess flavivirus antibody cross-reactivity. NS1 is considered less cross- 
reactive and previously showed limited antibody cross-reactivity in 
this protein microarray [30]. The optimal antigen concentrations were 
determined by checkerboard titration using positive confirmed (PCR 
and/or neutralization test) control sera of WNV, USUV and TBEV and 
were standardized between different batches of slides [29]. Positive 
control sera (including WNV, USUV and TBEV) were also taken along 
each test slide to monitor and correct for possible slide to slide variation. 
As a positive test control, we included the nucleoprotein (NP) influenza 
A antigen (H7N9, 2013, anhui, Sino Biological) that is influenza virus 
antibody cross-reactive and therefore can detect antibodies against most 
influenza virus subtypes. Since previous Influenza exposures are ex-
pected in all Dutch individuals of 18 years and older, the H7N9 NP 
antigen signals can be used as a process control. Slides were incubated in 
Blocker™ Blotto blocking buffer in TBS (Thermo Scientific) to prevent 
non-specific binding. For IgG antibody detection, slides were incubated 
with four-fold serially diluted sera ranging from 1:20 to 1:1280. IgG 
binding was detected by incubation with Alexa Fluor® 647 conjugated 
goat anti-human IgG-Fcγ (Jackson Immunoresearch). Slides were 
washed with PBS 0.05% TWEEN® 20 washing buffer (Sigma Aldrich) 
between incubation steps and signals were measured using the Tecan 
PowerScanner™ (IgG; 647 nm). Fluorescent intensity of individual spots 
was analyzed using ScanArray® Express software and the mean in-
tensity of the fluorescent signals of two identical protein spots was 
calculated. For IgG, the fluorescent signals of the dilutions tested were 
used to calculate the half maximal effective concentration titers [29] 
using RStudio software, version 2022.12.0 [31]. Negative samples (<
titer 20) were set to a titer of 10 in all figures. The USUV and WNV NS1 
maximum titers of the negative control panel were used to determine the 
IgG reactive cut-off, which was set at a titer of ≥20. 

4.1. Focus reduction neutralization test (FRNT) 

To confirm protein array reactivity, serum samples from the bird 
ringer participants and blood donors (Sanquin) with signals for WNV 
and USUV NS1 were tested for the presence of neutralizing antibodies 
against WNV lineage 2 (B956, NCPV Porton Down #638, 2010) and 
USUV (Africa-3, Merula Turdus NL isolate) by FRNT as described with 
some modifications [32] As negative controls, 10 sera of IgG negative 
bird ringers with a YFV and/or TBEV vaccination history or without 
prior arbovirus vaccination, were also tested by FRNT. Briefly, sera were 
heat-inactivated for 30 min at 56 ◦C. sera were 2-fold serially diluted in 
Dulbecco modified Eagle medium (Lonza, LO BE12-733F) supplemented 
with NaHCO3 (Lonza, LO BE17-613E), HEPES buffer (Sartorius, 
BEBP17-737E), Penicillin/Streptomycin (Pen/Strep) (Capricorn, CA PS- 
B), L-glutamin (Capricorn, CA GLN-B), and 3% fetal bovine serum 
(Sigma Aldrich, F7524–500 mL) starting at a dilution of 1:10 in 60 μL. 
Thereafter, 60 μL of virus suspension (800 plaque forming units (FFU) 
(based on 24 h titrations) were added to each well. The end concen-
tration of each well is 400 FFU in 120 μL. Plates were incubated for 1 h at 
37 ◦C. Next, 100 μL of virus and serum mix was added to confluent 
monolayers of Vero cells (ATCC CCL-81) for USUV and WNV. USUV and 
WNV infected plates were incubated for 24 h at 37 ◦C before fixing in 4% 

paraformaldehyde (PFA) and permeabilizing in 70% ethanol. For 
staining, plates were treated with Triton X-100 in PBS (0,5% v/v, Merck, 
T8787-50ML) by adding 100 μL to the wells, and plates were incubated 
for 10 min at 37 ◦C. 100 μL of Blocker blotto in TBS (Life Technology, 
37530) was subsequently added to the wells and incubated for 30 min at 
37 ◦C. The cells were stained with polyclonal mouse anti-USUV NS1 
antibody (1:10000, MyBioscource, MBS569354_1mg) or anti-WNV NS1 
antibody (1:4000, IC12) (The Native Antigen Company, 
MAB12160–100) diluted in Blocker blotto, followed by secondary 
antibody staining with goat anti-mouse IgG(H + L) cross-adsorbed 
horseradish peroxidase (HRP) (1:6000, Invitrogen, A16072). After and 
in between primary and secondary antibody stainings, cells were incu-
bated for 1 h (37 ◦C, 5% CO2) and washed with PBS. 50 μL of TrueBlue 
Peroxidase Substrate (KPL TrueBlue, 5510–0030, Seracare) was added 
to the wells and incubated in the dark at room temperature for 5–10 min. 
Plates were washed with PBS, air-dried and scanned by the CTL 
Immunospot scanner (S6 Ultimate-V Analyzer, CTL Analyzers LCC). The 
FRNT titer was calculated based on a 70% or greater reduction in 
infected cells counts. A reciprocal titer of ≥1:80 and a ≥ 4-fold differ-
ence between the FRNT titers of USUV and WNV was considered as a 
positive result. This was based on validation with testing PCR confirmed 
WNV and USUV sera (Table S1 and S2) as well as confirmed (PCR, VNT 
and/or EIA) ZIKV, JEV, DENV and TBEV sera to assess cross-reactivity 
(specificity: 87% (WNV), 92% (USUV); sensitivity: 95% (WNV), 80% 
(USUV); calculations are based on using a reciprocal titer of ≥1:80 as 
cut-off to determine true positives, false positives, true negatives and 
false negatives). 

4.2. Serological interpretation 

Bird ringer participants were considered confirmed positive when 
detected IgG protein array signals above background (negative control 
group) were confirmed by a positive FRNT result (with negative results 
for or 4-fold difference with either USUV or WNV). Samples were 
considered as possibly exposed to WNV when FRNT results were 
negative, but protein array WNV NS1 IgG signals are detected above 
background with no cross-reaction to or 4-fold difference with either 
USUV, JEV or TBEV. In the same way, participants with USUV NS1 
protein array signals only were considered as possible exposure to 
USUV. Samples with cross-reactive protein array signals (< 4-fold dif-
ference) were given the possible flavivirus exposure interpretation. 

4.3. Statistical and descriptive analysis 

Descriptive statistics were used to summarize the characteristics of 
bird ringers and the serology results. Age, sex and USUV and/or WNV 
IgG signal results were compared to those of the different control groups 
using chi-square test and t-test for categorical and continuous variables, 
respectively. 

Among bird ringers, we further assessed the rate of confirmed posi-
tive (by PRNT) or possibly exposed (to WNV, USUV or other flaviviruses) 
in relation to the microarray reactivity results. In addition, we explored 
time-bound antibody patterns using descriptive analysis. 

Next, we explored risk factors for antibody reactivity and confirmed 
positive for WNV or USUV among bird ringers. Exposure included both 
local bird ringer activities and possible travel related exposure. Possible 
travel related exposure was based on visited countries and country 
specific information from ECDC reports [33] on locally-acquired WNV 
human infections. In order to assess differential exposure between bird 
ringers with positive and negative microarray signals, we used t-test for 
continuous variables and chi-square or Fisher's exact test, as appro-
priate, for categorical variables. Due to the small size of the different 
serological interpretation groups (WNV, USUV, flavivirus), only 
descriptive analysis was performed. 

Analyses were performed using SPSS statistics version 25. All figures 
were made using RStudio [31] (version 2022.12.0, packages: ggpubr, 
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ggplot2, reshape2, sp, sf, rgdal, dplyr, tidyr, raster) or QGIS mapping 
software. 

5. Results 

5.1. Study characteristics 

From 28 May 2021 to 30 June 2021, Dutch bird ringers with an 
active license in 2020 (n = 580) were informed about the study, and 163 
were interested in participating. Of the 163 bird ringers, one was 
excluded since inclusion criteria were not met. Out of 162 participants, 
157 provided a serum sample and filled out the questionnaire (Fig. S1). 

Of the 157 bird ringers, 151 (96.2%) fully completed the survey, five 
(3.2%) filled out 97% of the questions and one 39%. Between March and 
November 2021, the months with the highest proportion of active bird 
ringers were May, June and July, when 87.9%, 91.1% and 82.8% of 
participants reported to have performed ringing activities, respectively 
(Table S3). The majority (70%) reported to spend ≥4 h outdoors per day 
when engaging in bird ringing activities (Table 1 and S4). Out of 157 
participants, 42 (26.8%) were involved in blood sampling of birds. 
Regarding mosquito bite preventive measures, 63.7% reported to never 
use mosquito repellent while ringing, but more than half (51.6%) re-
ported to use other preventive measures, such as long sleeves always or 
most of the times. Previous vaccination against TBEV, JEV and YFV was 
reported by 8, 3 and 54 bird ringers, respectively. In total 124 reported 
to have travelled outside the Netherlands in the previous 5 years (79%) 
(Table 1 and S4). In particular, 108 bird ringers reported to have visited 
EU countries with reported locally-acquired WNV human infections 
(Table 1) [33]. Fifteen bird ringers reported to have experienced 
symptoms compatible with the case definition 1 between April and 
November 2020. However, three of them reported SARS-CoV-2 in-
fections and two had different diagnoses unrelated to possible arboviral 
infection. 

The majority of the study population was male (84%) and the median 
age was 62 years (range 25–84 years) (Table 1). The mean age of bird 
ringers was higher compared to the general population representative 
and healthcare worker control groups (Table 2). 

5.2. WNV and USUV seroprevalence 

Out of 157 bird ringers, 37 participants (24%) showed USUV and/or 
WNV IgG signals above background (negative panel) on the protein 
array (Fig. 1A and B), of which the majority had specific-antibodies 
binding either USUV NS1 (12/37, 32.4%) or WNV NS1 (21/37, 
56.8%) (Fig. S2). Three out of 37 participants had antibodies binding to 
two or three different flavivirus NS1 proteins, with the highest titer for 
USUV (1.9 to 2.9-fold difference) compared to the other signals (Fig. S2). 
One participant had cross-reactive antibodies binding almost equally to 
JEV and USUV NS1 (Fig. S2). The observed range of titers of USUV and/ 
or WNV reactive bird ringers is similar to protein array WNV and USUV 
NS1 titers seen in sera of PCR confirmed blood donors, especially in 
blood donor sera approximately 200 days or more after infection 
(Table S1 and S2). 

Bird ringers had USUV and WNV binding IgG signals (37/157, 
23.6%) more often compared to controls from the national immune 
surveillance PIENTER survey (6/94, 6.4%; p < 0.01) as well as the age- 
and sex-matched blood donor controls (2/96, 2.1%; p < 0.01) (Fig. 1A, C 
and D and Table 2). Of the 6 IgG signals found in the controls from the 
PIENTER surveillance survey, four were solely reactive with WNV NS1, 
and two showed binding to both WNV NS1 and USUV NS1 (Fig. 1C and 
Table 2). In blood donors, two IgG signals were reactive with either 
WNV NS1 or USUV NS1, although both signals were just above cut-off 
(Fig. 2D and Table 2). 

Two protein array reactive bird ringers had USUV or WNV neutral-
izing antibodies and therefore were confirmed positive for USUV or 
WNV infection, respectively (Fig. S2). A set of IgG negative bird ringer 

Table 1 
Characteristics of the bird ringers included in the study (N = 157).  

Bird ringers (N = 157) Frequency 
157 

Percentage 
100 

Socio-demographics   
Men 132 84.1 
Women 25 5.9 
Median age in years (min-max) 62 (25–84)  

Activities 
Frequency 
156 

Percentage 
100 

Hours spent for bird ringing activities each time   
1–2 h 12 7.7 
2–3 h 35 22.4 
>4 h 109 69.9 

Blood sampling 
Frequency 
157 

Percentage 
100 

Yes 42 26.8 
No 115 73.2 

Visiting Utrecht province for bird ringing 
activities and/or outdoor activities   

Yes 50 31.8 
No 107 68.2 

Mosquito nuisance and mosquito bite preventive 
measures   

Use of mosquito repellent   
Always/Most of the times 9 5.7 
Sometimes 25 15.9 
Rarely/Never 123 78.3 

Use of other mosquito bite preventive measures (e. 
g. long sleeves)   

Always/Most of the times 81 51.6 
Sometimes 19 12.1 
Rarely/Never 57 36.3 

High mosquito nuisance experienced while 
ringing 

Frequency 
156 

Percentage 
100 

Yes 33 21.2 
No 123 78.8 

Vaccination status 
Frequency 
156 

Percentage 
100 

Tickborne encephalitis vaccination   
Yes 8 5.1 
No 146 93.6 
I do not remember 2 1.3 

Japanese encephalitis vaccination   
Yes 3 1.9 
No 150 96.2 
I do not remember 3 1.9 

Yellow fever vaccination   
Yes 54 34.6 
No 96 61.5 
I do not remember 6 3.8  

Travelling outside the Netherlands in the previous 
5 years 

Frequency 
156 

Percentage 
100 

Yes 124 79.5 
No 32 20.5 

Travel history   
Europe 114 73.1 

European countries with reported locally- 
acquired WNV human infections 108 69.2 

United States 18 11.5 
South America 10 6.4 
Central America and the Caribbean 12 7.7 
North and West Africa 15 9.6 
East Africa 8 5.1 
South Africa 19 12.2 
West Asia 10 6.4 
East Asia and South East Asia 16 10.3 
South Asia 8 5.1 
Australia 4 2.6 
Pacific Islands 4 2.6  
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sera (negative controls), with or without prior arbovirus vaccination, 
were all FRNT negative or below cut-off (Table S5). The remaining 35 
bird ringers with IgG protein array signals but negative or below cut-off 
in neutralization assays, were considered as possibly exposed to a 
specific flavivirus, or – in case of reactivity to more than one antigen (<
4-fold difference) – flavivirus in general (Fig. S2, for details see 
Methods). The USUV IgG reactive blood donor was confirmed positive 
for USUV by FRNT (Table S6). 

WNV as well as USUV and flavivirus possible or confirmed exposures 
were found throughout the study period (Fig. S4). Among the partici-
pants seroreactive to WNV (WNV possible or confirmed exposure 

group), 61.9% (13/21) were sampled before mid-July and 38.1% (8/21) 
were sampled from the second half of July to September. This can also be 
seen in Fig. S5, showing a left-sided distribution and a median in the first 
half of July. Concerning USUV possible or confirmed exposures, only a 
few were found from June to the first half of July (3/12 25%), and 9 
were found after this period (9/12, 75%) (Fig. S4 and 5). Both the 
confirmed WNV and USUV cases were found at the end of July (Fig. S4 
and 5). 

Table 2 
Characteristics of the control groups, i.e., Sanquin blood donors, general population (PIENTER) and negative healthcare worker panel.  

POPULATION BIRD RINGERS SANQUIN 
blood donors  

PIENTER  HEALTHCARE 
WORKERS   

N (%) N (%) P Value N (%) P Value N (%) P Value 

Men 132 (84.1) 80 (83.3) 0.88 49 (52.1) <0.01* – – 
Age (mean) 59.8 57.7 0.22 44.7 <0.01* 41.1 <0.01* 
USUV and/or WNV IgG signal 37 (23.6) 2 (2.1) <0.01* 6 (6.4) <0.01* 0 (0) <0.01* 
Total 157 96  94  58   

* = statistically significant results; p-values have been rounded to two decimal places. 

Fig. 1. .IgG protein microarray signals of bird ringers and control groups. 
WNV and USUV NS1 protein microarray IgG titers (log2 scale) for A) Bird ringers (N = 157, 2021), B) Health care workers (negative panel, N = 58, 2009–2010), C) 
Dutch general population survey (PIENTER, N = 94, 2016–2017), * and ◦ symbols indicate the same participants, and D) Dutch blood donors (Sanquin, N =
96, 2021). 
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Fig. 2. .Locations of bird ringing activities in the Netherlands. 
The color gradient (yellow) shows the number of active bird ringers per municipality of each exposure group and lines connect active bird ringing locations per bird 
ringer in the Netherlands, shown for A) All included participants (N = 157, grey), B) Possible (red) and confirmed (red with dark red encircled) WNV exposed bird 
ringers (N = 21), C) Possible (blue) or confirmed (blue with dark blue encircled) USUV exposed bird ringers (N = 13) and D) Possible flavivirus exposed bird ringers 
(N = 3, turquoise). 
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5.3. Possible risk factors and descriptive analysis of ringing locations and 
travel history 

No significant differences in risk factor exposure between IgG posi-
tive and negative bird ringers have been found (Table 3). This included 
no observed difference between the percentage of vaccinated bird 
ringers against TBEV and YFV among the negative bird ringers (TBEV: 
5.9%, YFV: 35.3%) compared to those with WNV and/or USUV IgG 
signals (TBEV: 2.7%, YFV: 32.4%) (Table 3). Comparing the travel his-
tory of bird ringers with and without possible or confirmed arbovirus 
exposure, a higher proportion of reactive bird ringers (30/37, 81%) 
travelled to EU countries with reported WNV human cases compared to 
the USUV and WNV negative bird ringers (78/119, 65.5%) although this 
was not statistically significant (p = 0.07) (Table 3). 

Descriptive analysis shows that out of all municipalities, most bird 
ringers engaged in bird ringing in the Northern and central part of the 
Netherlands with the highest number of active bird ringers in the 
Utrecht municipality (N = 22) where WNV was found in 2020, whereas 
regions in the south are less well represented (Fig. 2A). Comparison of 
the geographical distribution of possibly and confirmed versus negative 
bird ringers did not specifically highlight a certain area at risk (Fig. 2B- 
D). However, due to the fact that each individual bird ringer is often 
active across the Netherlands, assessing information regarding specific 
areas at risk is not possible. Though, the municipalities Utrecht (N = 3, 
Utrecht), Schiermonnikoog (N = 3, Friesland) and Bronckhorst (N = 3, 
Gelderland) for the WNV possible or confirmed exposure group, and 
Dinkelland (N = 2, Overijssel) and Bronckhorst (N = 2, Gelderland) for 
the USUV possible or confirmed exposure group were most frequently 
visited (Fig. 2B-D). In total, almost 24% (5/21) of the possible or 
confirmed WNV exposed bird ringers visited the Utrecht province for 
ringing or outdoor activities (Table S7). The confirmed WNV infected 
bird ringer visited several regions for bird ringing activities, including 
Utrecht (Haarzuilens), Gelderland (Wageningen), Zuid-Holland, Zee-
land and Friesland (Fig. 2B). Only several nearby locations within 
Limburg were visited for bird ringing by the USUV confirmed partici-
pant (Fig. 2C). 

Analysis of the travel history of bird ringers shows that the group that 
travelled to EU countries with WNV circulation also includes the WNV 
confirmed case (Fig. 3). In addition, descriptive analysis shows a higher 
proportion of bird ringers with possible WNV, USUV or flavivirus 
exposure (6/37, 16.2%) reported to have travelled to the US compared 
to the negative participants (12/119, 10.1%) (Fig. 3). More specifically, 
most of the reactive bird ringers that travelled to the US [6] belonged to 
the possible WNV exposure group [4], accounting for 19% of the WNV 
exposure group (4/21, 19%) (Fig. 3). Interestingly, other regions more 
frequently visited compared to the USUV and WNV negative group, were 
South Africa (3/13, 23.1%) for the possible USUV exposure group as 
well as North and West Africa (1/3, 33.3%) for the possible flavivirus 
exposed group (Fig. 3). The USUV confirmed bird ringer did not travel to 
any countries abroad in the past five years (Fig. 3). Out of the six WNV 
and/or USUV reactive participants of the Dutch seroepidemiological 
PIENTER-3 study (2016–2017), four reported prior travelling abroad to 
the Americas (N = 2) and Asia (N = 2), whereas two reported never 
having travelled abroad (Table S8). 

6. Discussion 

Since the detection of USUV in 2016 and WNV in 2020 in the 
Netherlands, several studies have been done to estimate the prevalence 
and spread of these viruses in the country to some extent [4,6,20,21]. 
However, the extent of the introduction and the actual risk of exposure 
to USUV or WNV in the Dutch human population is currently unknown. 
In particular, certain individuals, such as bird ringers, might be at higher 
risk of arbovirus infections due to elevated time spent outdoor in 
mosquito-rich areas, and therefore potentially experience a higher 
exposure to mosquito bites. Therefore, in this study, we assessed the 

Table 3 
Comparison between IgG positive and negative participants.   

WNV and/or 
USUV IgG 
positive 
N (%) 
37 (23.6) 

WNV and/or 
USUV IgG 
negative 
N (%) 
120 (76.4) 

P 
value 

Socio-demographics    
Men 32 (86.5) 100 (83.3) 0.65 
Age (mean) 58 60.3 0.30 

Activities N (%) N (%) 0.36  
37 (23.7) 119 (76.3) 

Hours spent for bird ringing 
activities each time   

1–2 h 1 (2.7) 11 (9.2) 
2–3 h 10 (27) 25 (21) 
>4 h 26 (70.3) 83 (69.7) 

Blood sampling N (%) N (%) 0.37  
37 (23.6) 120 (76.4) 

Yes 12 (32.4) 30 (25) 
No 25 (67.6) 90 (75) 

Visiting Utrecht province for bird 
ringing activities and/or outdoor 
activities   

0.92 

Yes 11 (29.7) 39 (32.5) 
No 26 (70.3) 81 (67.5) 

Beginners in 2020 1 (2.7) 
N (%) 
31 (21.2) 

5 (4.2) 
N (%) 
115 (78.8) 

1.00 

Ringing since   
1957–1967 1 (3.2) 7 (6.1) 
1969–1979 2 (6.5) 8 (7.0) 
1980–1990 7 (22.6) 15 (13.0) 
1992–2002 2 (6.5) 26 (22.6) 
2004–2014 10 (32.3) 30 (26.1) 
2015–2019 9 (29) 29 (25.2)  

Mosquito nuisance and mosquito 
bite preventive measures   

0.94 

High mosquito nuisance 
experienced while ringing   

Yes 8 (21.6) 25 (21) 
No 29 (78.4) 94 (79) 

Use of mosquito repellent   0.21 
Always 0 (0) 1 (0.8) 
Most of the times 1 (2.7) 7 (5.8) 
Sometimes 8 (21.6) 17 (14.2) 
Rarely 2 (5.4) 21 (17.5) 
Never 26 (70.3) 74 (61.7) 

Use of other mosquito bite 
preventive measures 
(e.g. long sleeves) 

N (%) 
37 (23.6) 

N (%) 
120 (76.4) 

0.47 

Always 13 (35.1) 33 (27.5) 
Most of the times 8 (21.6) 27 (22.5) 
Sometimes 6 (16.2) 13 (10.8) 
Rarely 2 (5.4) 19 (15.8) 
Never 8 (21.6) 28 (23.3) 

Vaccination status N (%) 
37 (23.7) 

N (%) 
119 (76.3) 

0.82 

Tickborne encephalitis 
vaccination   
Years from vaccination   
Yes 1 (2.7) 7 (5.9) 

<1 year  3 (42.9) 
1–4 years  2 (28.5) 
5–9 years  1 (14.3) 
>10 years 1 (100) 1 (14.3) 
No 36 (97.3) 110 (92.4) 
I do not remember 0 2 (1.7) 

Japanese encephalitis vaccination   0.26 
Years from vaccinationYears from 

vaccination   
Yes 2 (5.4) 1 (0.8) 

>10 yeare 2 (100) 1 (100) 
No 35 (94.6) 115 (96.6) 
I do not remember 0 3 (2.5) 

(continued on next page) 
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USUV and WNV seroprevalence among bird ringers considered as a 
possible high-risk group. 

Using a multiplex protein microarray, we found low level USUV and/ 
or WNV IgG signals in 23.6% of the 157 included participants with 
minimal antibody cross-reactivity (4/37, 10.8%). Although all IgG titers 
were above background compared to a group of healthcare workers 
sampled prior to the first USUV and WNV detection in the Netherlands, 
titers were relatively low [30], but comparable to the protein microarray 
titers found in PCR confirmed USUV and WNV reference sera, especially 
those from late timepoints of approximately 200 days or more after 
confirmed infection. These low IgG titers might be explained by anti-
body waning following a flavivirus exposure in the past, and/or 
asymptomatic infection which might have led to more rapid antibody 
waning or lower induced antibody titers at the start of infection [34–36]. 
The frequency of WNV and USUV IgG signals found in the bird ringers 
(37/157, 23.6%) was higher compared to both the population repre-
sentative controls of 2016–2017 (6/94, 6.4%) as well as age-matched 
blood donor controls from September 2021 (2/96, 2.1%), suggesting 
increased (asymptomatic) exposure in bird ringers compared to the 
general population. Although the timing of sample collection was 
slightly different between the bird ringers and blood donors (i.e., 
June–September 2021 and September 2021, respectively), the differ-
ence in USUV and WNV IgG signal frequency is likely not explained by 
antibody waning in the blood donor control group considering that 
arbovirus IgG antibodies can typically persist for years [37]. This sug-
gests that antibodies in September 2021 would likely have been 
detectable in the event of a past infection among the blood donor group. 
Four of the six persons with WNV and/or USUV IgG signals from the 

Table 3 (continued )  

WNV and/or 
USUV IgG 
positive 
N (%) 
37 (23.6) 

WNV and/or 
USUV IgG 
negative 
N (%) 
120 (76.4) 

P 
value 

Yellow fever vaccination   0.79 
Years from vaccination 12 (32.4) 42 (35.3) 

Yes   
1–4 years 2 (16.6) 6 (14.3) 
5–9 years 1 (8.4) 15 (35.7) 
>10 years 9 (75) 21 (50) 
No 23 (62.2) 73 (61.3) 
I do not remember 2 (5.4) 4 (3.4) 

Travel history in the previous five 
years 

N (%) 
37 (23.7) 

N (%) 
119 (76.3)  

Europe 30 (81.1) 84 (70.6) 0.21 
European countries with reported 
locally-acquired WNV human 
infections 

30 (81.1) 78 (65.5) 0.07 

United States 6 (16.2) 12 (10.1) 0.38 
South America 2 (5.4) 8 (6.7) 1.00 
Central America and the 
Caribbean 

1 (2.7) 11 (9.2) 0.30 

North and West Africa 2 (5.4) 13 (10.9) 0.52 
East Africa 1 (2.7) 7 (5.9) 0.68 
South Africa 3 (8.1) 16 (13.4) 0.57 
West Asia 1 (2.7) 9 (7.6) 0.45 
East Asia and South East Asia 2 (5.4) 14 (11.8) 0.36 
South Asia 1 (2.7) 7 (5.9) 0.68 
Australia 1 (2.7) 3 (2.5) 1.00 
Pacific Islands 0 (0) 4 (3.4) 0.57  

Fig. 3. Detailed exploration of the travel locations of bird ringer interpretation groups 
All reported travel locations of the past five years are summarized per area for each possible (P) or confirmed (C) exposure interpretation group. For Europe, the 
number of visited countries that reported human locally-acquired WNV circulation between 2011 and 2021 based on ECDC reports, are shown as a separate bar. One 
participant did not fill in the questionnaire regarding travel history and is therefore not showed in this figure. * Indicates the percentages of which the confirmed 
WNV or USUV exposed individuals belong to. 
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community cohort reported travelling abroad to the Americas or Asia, 
but two subjects reported no previous travel abroad and therefore sug-
gests possible flavivirus exposure in the Netherlands in 2017 or earlier. 

Only a small fraction of reactive sera had neutralizing functional 
antibodies. One explanation for this might be the usually observed lower 
sensitivity of virus neutralization assays compared to enzyme-linked 
immunosorbent assays (ELISA) including the protein microarray 
[30,38,39]. Also, functional and binding antibodies may wane at 
different rates, which could result in a group of protein microarray 
positive individuals that do not have detectable neutralizing antibodies 
anymore [40–45]. Another possible explanation is that the protein 
microarray measures binding antibodies induced by exposure to other 
flaviviruses than tested here (USUV, WNV, JEV, TBEV), since flavivirus 
anti-NS1 cross-reactivity has been demonstrated to some extent, for 
instance between WNV and Dengue virus (DENV) NS1 [30,46]. This is 
not explained by vaccination: only 3 out of 37 (8.1%) IgG reactive bird 
ringers were vaccinated with either TBEV or JEV, and the vaccines used 
in the Netherlands are both inactivated vaccines meaning NS1-targeted 
antibodies are not expected to be produced after vaccination [47–50], 
although this is not entirely clear [51]. In addition, no cross-reactivity in 
the protein array has been observed previously in YFV vaccinated in-
dividuals even though YFV is a live-attenuated vaccine, and therefore 
NS1 antibodies are elicited upon vaccination [30], Furthermore, the 
percentages of YFV vaccinated individuals in the IgG reactive bird ringer 
group and the negative group are not significantly different, indicating 
YFV vaccination is unlikely causing the USUV and/or WNV IgG signals 
seen. 

Possible and confirmed WNV, USUV and flavivirus exposures were 
found across the Netherlands. However, since each bird ringer often 
rings birds at different locations and regions in the Netherlands, it was 
not possible to assess whether bird ringers in certain areas were more at 
risk of flavivirus exposure. Also, the majority of them had history of 
travel to known WNV endemic regions, such as the US, Africa and 
certain European countries [9,14,52–57]. Furthermore, bird ringers are 
likely to get involved in bird watching and/or outdoor activities in 
nature-rich areas when travelling abroad, likely not only increasing their 
chances of exposure to mosquitos and the viruses they may carry, but 
also challenging defining the place and time of exposure. Only the 
confirmed USUV positive bird ringer appears confirmed to have been 
exposed in the Netherlands, as the person did not travel abroad in the 
past five years, suggesting local infection. 

Despite the challenges in defining the possible place and time of 
arbovirus infection, this study suggests that bird ringers might be at 
higher risk of arbovirus exposure compared to the general population. 
For this reason, targeted surveillance of this group could be considered 
in order to detect early signals of arbovirus circulation. So far, human 
surveillance of arboviruses such as USUV or WNV mainly relies on the 
detection of neuroinvasive disease cases [6]. However, considering that 
the majority of USUV and WNV infections are asymptomatic and only 
<1% of infections causes neuroinvasive manifestations, syndromic sur-
veillance would only detect human cases when the virus has already 
been circulating in the population for a longer period. Blood donor 
screening may also be used for surveillance purposes, however, this 
would be challenging in areas with a low-prevalence of the virus since 
blood donors are not considered a high-risk group for USUV or WNV 
exposure. 

In the control of vector-borne diseases, the development of tools and 
strategies to promote early warning surveillance and rapid response has 
been recognized as key to prevent current and future further spread of 
emerging or re-emerging viruses [1]. Sentinel systems using chickens or 
wild bird screening have proven its utility to detect (newly) emerging 
viruses [4,58,59]. However, to enhance early warning systems, a com-
bination of efforts would be beneficial; preferably also including a 
human sentinel – which is not yet in place – aiming at covering both the 
human and animal side [60]. The addition of a human sentinel in early 
warning surveillance is valuable since it also provides information about 

the current risk of human exposure to (re-)emerging viruses. Integrated 
sentinel surveillance would allow early detection of emerging viruses 
and implementation of control measures such as blood safety in-
terventions, enhanced vector and mosquito-bite prevention measures. 

Considering that bird ringers are often active across the Netherlands 
and frequently travel abroad, they might not be the best sentinels - on 
their own - for location specific risk-assessment of WNV and USUV cir-
culation. However, combined active surveillance of high-risk in-
dividuals such as bird ringers, along with wild bird, poultry and 
mosquito surveillance would enhance the current framework for early 
flavivirus detection and spread in the Netherlands based on a One 
Health approach [61]. 

Overall, this study underlines the complexity of interpreting seroe-
pidemiological data in a low prevalence setting, where chances of false 
positive (reactive) results proportionally increase when the prevalence 
is low [62,63]. We show that bird ringers in the Netherlands likely are at 
higher risk of WNV and USUV infection, however, from the current 
cross-sectional design, we could not determine if and where (possible) 
exposure occurred in the Netherlands. This requires a longitudinal 
approach with repeated measurements among bird ringers, for instance 
just before, during and immediately after the Dutch arbovirus season in 
the Netherlands. Furthermore, for monitoring and early detection of 
localized flavivirus circulation in the Netherlands, this should be com-
bined with other localized surveillance activities focusing on birds and 
mosquitos. In summary, with regards to early detection of emerging 
viruses, our findings suggest that individuals with high-exposure pro-
fessions may be considered to complement existing surveillance systems. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.onehlt.2023.100533. 
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