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Executive Summary

The Horizon2020 project MOnitoring Outbreak events for disease surveillance in a data science context (MOOD) aims
to develop innovative tools and services for the early detection, assessment, and monitoring of current and potential
infectious disease threats in Europe in the context of global change. Within the MOOD project, a list of prototype
infectious diseases including influenza A, tulaeremia, leptospirosis, chikungunya, dengue, Zika, West Nile, Usutu virus
infection, tick-borne encephalitis, Lyme borreliosis and Crimea-Congo Hemorrhagic Fever was defined. Moreover,
antimicrobial resistance and a so called “Disease X”, an unknown but potentially pandemic infection, were included.
. A comprehensive literature search was performed for each disease following the PRISMA scoping reviews protocol.
The selected articles, complemented with general reviews for descriptive information, were extracted to provide a
complete and thorough description of the pathogen and the disease, including environmental and social covariates,
epidemiological trends, diagnostics, and prevention tools available. The resulting profiles are available for
epidemiologists, risk assessors, and public health officers to support them in understanding and implementing risk
assessment and early warning actions.

Disclaimer: The views and opinions of the authors expressed herein do not necessarily state or reflect those of
European Centre for Disease Prevention and Control (ECDC) and World Organization for Animal Health (WOAH). The
accuracy of the authors’ statistical analysis and the findings they report are not the responsibility of ECDC and WOAH.
ECDC and WOAH are not responsible for conclusions or opinions drawn from the data provided. ECDC and WOAH are
not responsible for the correctness of the data and for data management, data merging and data collation after
provision of the data. ECDC and WOAH shall not be held liable for improper or incorrect use of the data.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under
grant agreement No 874850 and is catalogued as MOODQ094. The contents of this publication are the sole
responsibility of the authors and don't necessarily reflect the views of the European Commission.
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INTRODUCTION

Claudia Cataldo, Luca Busani
Centro di Riferimento per la Medicina di Genere, Istituto Superiore di Sanita, Rome

The Horizon 2020 project “MOnitoring Outbreak events for disease surveillance in a data
science context” (MOOD), financed by the European Commission (Grant Agreement MOOD N°
874850), aims at the development of innovative tools and services for the early detection,
assessment, and monitoring of current and potential infectious diseases threats in Europe in a
context of global change. Data processing methods and spatial or mechanistic modeling within
the MOOD project will integrate epidemiological and genetic data with environmental and
socio-economic covariates in an inter-sectorial, interdisciplinary, One health approach. This
project will be attentive to any link between the risk of disease emergence and
biological/sociological characteristics of both women and men.

The disease intelligence within the MOOD project is working to provide indicators, proxies
and define “signals” of disease emergence. It will also provide data favoring open/accessible
data sources to improve indicator and event-based surveillance and early detection of emerging
infectious threats. It will ensure that outputs are realistic, pertinent, and valuable about the
state of knowledge on diseases by creating a community of disease experts. Disease profiles and
indicators are set for significant air-borne, vector-borne, food and water-borne infectious
diseases, including an unknown disease (disease X) and antimicrobial resistance of interest to
Europe.

The starting point for disease profile production has been searching for scientific and
technical information for significant diseases. A multi-step approach has been followed in
addressing the search: (1) description of specific objectives for each profile; (2) use of
appropriate bibliographic databases, (3) definition of a common standard protocol for the
bibliographic search.

A specific focus has been on social roles and behaviors potentially associated with specific
disease risks, considering the gender-based differences identified from the literature.

The list of prototype significant infectious diseases that are considered in the MOOD project
includes influenza A for airborne pathogens, tularaemia and leptospirosis as models of neglected
endemic pathogens with multiple transmission routes and reservoirs, chikungunya, dengue and
zika viruses as models of exotic pathogens transmitted by invasive mosquito species, West Nile
virus and Usutu virus infection as examples of exotic pathogens transmitted by endemic vectors
and tick-borne encephalitis and Lyme borreliosis as models of endemic pathogens transmitted
by endemic vectors. Moreover, antimicrobial resistance and a so called “Disease X”, an unknown
but potentially pandemic infection, were included.

Each prototype disease was profiled based on information collected from a literature review
and expert input. A broad approach based on the “Scoping reviews” scheme was adopted to
collect and synthesize the available knowledge.

This document collects the disease profiles produced within the MOOD framework,
summarizing the available knowledge on several specific topics for each disease or pathogen
defined.
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(c) Centro Ricerca e Innovazione, Fondazione Edmund Mach, San Michele all’Adige, Trento

To reach a comprehensive understanding of the factors affecting the ecology, distribution,
and trend in Europe of the prototype infectious diseases included in MOQOD, information from
the available literature was collected, To perform a wide and thorough literature search, a
methodology was developed and standardized to ensure quality and repeatability of the process
following the reference provided by Tricco et al. (1).

The key questions were harmonized, and a list of relevant keywords organized in a
standardized search strategy was arranged and launched across the following databases:
MEDLINE, EMBASE, BIOSIS, SCISEARCH, CABA , SCOPUS.

Inclusion and exclusion criteria were defined considering study design, language (English or
other EU languages), time frame (10 years for epidemiological and pathogen data, 30 years for
environmental data), geographical location (Europe), and publication type. Studies without data
or with non-original or duplicated data (reviews, editorials, letters, modeling studies with no
data), lacking denominators or reference populations, unavailable full-texts, referring to data
older than 2000 or gathered outside Europe, were excluded.

The results of the literature searches for each prototype pathogen were uploaded in Rayyan
(2) to select and label the articles according to the main topics of interest (human,
environmental, animal, vector, and reservoirs covariates). The articles of interest were selected
screening titles and abstracts. Those relevant were then retrieved full text, and data were
extracted using a data extraction sheet based on the Cochrane Consumers and Communication
Review Group’s data extraction template. The data extraction results were analysed, providing
basic statistics (numbers and frequencies) for each covariate identified.

The selected articles were summarized in disease profiles, complementing the literature
search if needed with specific bibliography, in particular for the general information about the
pathogens. Each profile is structured as follows:

e Biological, ecological and molecular features of the causative agent;

e Natural history of disease in humans and vectors, including symptoms, morbidity and
mortality;

e Availability of preventive, therapeutic and control measures, including licensed or
pipelined vaccines;

e Epidemiological situation at different spatial scales: past and current trends;

e Sociological and demographical dimension affecting susceptibility and exposure,
including gender;

e Diagnostic procedures and notification systems used at local, national and European
scale;

e Infrastructure capacity to identify pathogens for each member state;

e Estimated influence of environmental change on the disease future trends.
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The original maps and figures were produced using official data provided by the ECDC and
WOAH.
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Priority level for EU

Antimicrobial resistance (AMR) in bacterial species is a significant public health challenge
requiring continuous surveillance efforts globally, as well as in the European Union (EU) and the
European Economic Area (EEA). AMR is responsible for Over 35,000 deaths every year in the
EU/EEA (1). Twenty-nine EU/EEA countries report cases of pathogens with AMR to the European
Antimicrobial Resistance Surveillance Network (EARS-Net), which has collated this data since the
late 1990s, and over the previous decade coordinated by the ECDC via TESSy, a web-based
platform for data submission and storage (1,2).

In the 29 EU/EEA countries, a joint report from the OECD and ECDC reported a shift in the
overall antibiotic consumption in Europe since 2014, with the average consumption of
antibiotics in humans now higher than in food-producing animals, after adjusting for biomass
(3).1n 2018, 4,264 tonnes of antibiotics were used in humans corresponding to a mean antibiotic
consumption of 133 mg of active substance per kg estimated biomass, whereas 6,358 tonnes of
antibiotics were used in food-producing animals corresponding to a mean antibiotic
consumption of 105 mg per kg estimated biomass. Overall, consumption was lower in food-
producing animals than in humans in 19 of 29 EU/EEA countries. This change in paradigm
highlights the efficacy of the measures to reduce the use of antibiotics in food producing animals
taken at country-level. The recent ESVAC report reported that in 2022, sales of antibiotic
veterinary medicinal products (VMPs) used for food-producing animals represented 98.4% of
total sales in tonnes (Figure 1) and ranged from 2.1 mg/PCU to 254.7 mg/PCU in the 31
participating countries (Figure 2) (4). The total aggregated sales across all reporting countries
were 73.9 mg/PCU.
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Figure 1. Distribution of overall sales, in tonnes, of antibiotic VMPs for food-producing animals in 31 European
countries in 2022,
adapted from the recent ESVAC report (4).
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Figure 2. Distribution of overall sales, in mg/PCU, of antibiotic VMPs for food-producing animals in 31 European
countries in 2022,
adapted from the recent ESVAC report (4).

The report also demonstrates that in 2020, community consumption of broad-spectrum
antibiotics averaged across EU/EEA countries was 3.5 times higher than consumption of narrow-
spectrum antibiotics, which should generally be the first-line therapy (3). Between 2011 and
2020, an increasing trend was observed in this ratio for the EU/EEA overall and for nine
individual countries including Bulgaria, Croatia, Estonia, Hungary, Italy, Latvia, Lithuania,
Slovaka, and Slovenia. While in eight of the 29 EU/EEA countries including Austria, Belgium,
Denmark, Finland, France, Germany, Ireland, and Norway, narrow-spectrum antibiotics
consumption was higher in comparison across the same period. In 2021, the EU/EEA population-
weighted mean consumption of antibacterials for systemic use in the community was 15 defined
daily doses (DDD) per 1000 inhabitants per day, ranging from 7.2 in Austria to 24.3 in Romania
(Figure 3).
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Figure 3. Community consumption of antibacterials for systemic use among the EU/EEA countries in 2021
(expressed as DDD per 1000 inhabitants per day),
adapted from the Antimicrobial consumption in the EU/EEA — AER 2021 report (5).

The large variability in AMR percentages particularly in the Southern and eastern countries
of the EU/EEA remain a cause for concern (6). In 2017, 7.2% of Klebsiella pneumoniae isolates
were identified as resistant to carbapenems, with a large variation across EU/EEA from 0% in
several countries, such as Croatia, Estonia, Iceland, Luxembourg, Norway, and Slovenia, to 64.7%
in Greece. While 14.9% of Escherichia coli isolates were identified as resistant to third-
generation cephalosporins, ranging from 5.9% in Norway to 41.3% in Bulgaria. Methicillin-
resistant Staphylococcus aureus (MRSA) invasive isolates reached a proportion of 16.9%, with
variations across Europe (1.0% in Norway to 44.4% in Romania). Moreover, the increase of
vancomycin resistance from 9% in 2014 to 17% in 2020 in Enterococcus faecium, rise of
resistance carbapenems from 8% in 2014 to 10% in 2020 in Klebsiella pneumoniae (3). Recent
research has also reported an increasing 2020 EU/EEA population- weighted mean resistance of
34% to third-generation cephalosporins in K. pneumoniae, and 18% and 38% resistance to
carbapenems in Pseudomonas aeruginosa and Acinetobacter species, respectively (3).

Cassini et al., 2019 (7) measured the health burden of five types of antibiotic-resistant
infection (invasive and non-invasive) caused by eight bacteria with 16 resistance patterns in the
EU/EAA. The disability-adjusted life-years (DALYs) estimated were 671 689 (95% Cl 583 148—
763 966) cases of infections with antibiotic-resistant bacteria in 2015, of which 426 277 (63.5%)
were associated with health care. The overall DALY rate is 170 per 100 000 population, which is
similar to the combined burden of HIV, influenza, and tuberculosis in the same year in the EU
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and EAA. The article also identified that the burden was highest in infants (aged <1 year) and
people aged 65 years or older, had increased since 2007, and was highest in Italy and Greece.

To date, the AMR percentages for the bacterial species-antimicrobial group combinations
under surveillance remains high in the EU/EEA. In 2022, ECDC estimated the burden of infections
with antibiotic-resistant bacteria under surveillance in the EU/EEA (1). The number of cases of
these infections increased from 685 433 (95% uncertainty interval (Ul): 589 451 — 792 873 cases)
in 2016 to 865 767 (95% Ul 742 802 — 1 003 591 cases) in 2019, with a decrease in the estimate
for 2020 to 801 517 (95% Ul 684 955 — 932 213 cases). These infections resulted in an estimated
annual number of attributable deaths that increased from 30 730 (95% Ul 26 935 — 34 836
deaths) in 2016 to 38 710 (95% Ul 34 053 — 43 748 deaths) in 2019, decreasing slightly to 35 813
(95% Ul 31 395 — 40 584 deaths) in 2020.

The decrease in the community antibiotic consumption in the year 2020 in Europe is
attributed to the coronavirus disease (COVID-19) pandemic (Figures 4 and 5). The disruption of
routine care in the community due to patient avoidance of health services owing to self-isolation
or an inability to access healthcare reduced antibiotic access (8). Moreover, other non-
pharmaceutical interventions (NPIs) for COVID-19 limited physical person to person contacts
and other infections (9,10). Studies noted that the changes in antibiotic consumption during the
pandemic were less consistent in the hospital sector, with increased consumption of last-line
antibiotics, particularly, carbapenems (8). This was observed by the increase in the number of
cases of carbapenem-resistant Acinetobacter spp. infections in 2020-2021, mostly in countries
that had a relatively high percentage of carbapenem-resistant cases pre-pandemic.
Acinetobacter spp., including carbapenem-resistant isolates, are known to cause outbreaks
becoming difficult to eradicate once they become endemic. It is therefore predicted that
carbapenem-resistant Acinetobacter spp. will continue to expand in the EU/EEA (8).
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Figure 4. Trends of community consumption of antibacterials for systemic use among the EU/EEA countries from
2012 to 2021 (expressed as DDD per 1000 inhabitants per day),
adapted from the Antimicrobial consumption in the EU/EEA — AER 2021 report (5).

28/358



M@@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

8 17
=]

o

:

w

§§ 1,6
L8

=
2E
€8
G E

°

58
a0
EQ 14
€8
[T -]

5 &

= 0
ap
2813
T3 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Year

Figure 5. Trends of hospital sector consumption of antibacterials for systemic use among the EU/EEA countries
from 2012 to 2021 (expressed as DDD per 1000 inhabitants per day),
adapted from the Antimicrobial consumption in the EU/EEA — AER 2021 report (5).

Distribution of pathogen

AMR surveillance for EARS-net (EU/EEA) and CAESAR (other countries in WHO European
region) networks focuses on invasive isolates of eight key bacterial species (Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter species, Streptococcus
pneumoniae, Staphylococcus aureus, Enterococcus faecalis and Enterococcus faecium). AMR
percentages are presented for a single antimicrobial agent and/or group of antimicrobial agents.
Microorganisms with AMR causing notifiable diseases, such as tuberculosis, are also monitored
by the WHO Regional Office for Europe. The following data is summarized from the Antimicrobial
resistance surveillance in Europe 2023 (from 2021 data) report (11).

In 2021, 11 (25%) of 44 countries reporting data on S. aureus had metbhicillin resistant S.
aureus (MRSA) percentages below 5%. MRSA percentages equal to or above 25% were found in
13 (30%) countries (Figure 6). Two (5%) of 43 countries reporting penicillin non-wild-type S.
pneumoniae in 2021 had percentages below 5% (Estonia and Latvia), while percentages equal
to or above 25% were found in five (12%) countries (Belarus, France, Romania, Serbia and
Tirkiye).
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Figure 6. Percentage of invasive Staphylococcus aureus isolates resistant to meticillin (MRSA) in 2021, adapted
from Antimicrobial resistance surveillance in Europe 2023 report (11).

E.coli resistance to fluoroquinolones was lowest in northern and western parts of the
European Region and highest in Southern and eastern parts in 2021 (Figure 7A). An AMR
percentage below 10% was observed in two (7%) of 29 EU/EEA countries (Finland and Norway).
Seventeen countries (58.6%) reported a percentage of 25% or above. AMR percentages of 50%
or above were observed in neighboring countries in the European region (North Macedonia,
Russia and Tirkiye) including Cyprus. For third-generation cephalosporin resistance in E. coli, 12
(27%) of the countries in Europe reported resistance percentages below 10% (Figure 7B). In
2021, AMR percentages below 10% to third-generation cephalosporins were observed for K.
pneumoniae in seven (16%) of 45 countries in Europe (Austria, Denmark, Finland, Iceland,
Norway, Sweden and Switzerland), while 19 (42%), particularly in the Southern and eastern parts
of the Region, reported AMR percentages of 50% or above (Figure 8A).

30/358



M@D Grant Agreement N°: 874850 — MOOD —

H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

AT to fluroquinol B. Resistant to third-generation cephalosporins C. Resistant to carbapenems

Figure 7. Percentage of invasive Escherichia coli isolates in EU/EEA countries in 2021; A. resistant to
fluoroquinolones (ciprofloxacin/levofloxacin/ ofloxacin), B. third-generation cephalosporins (cefotaxime/
ceftriaxone/ceftazidime), and C. resistant to carbapenems,
adapted from Antimicrobial resistance surveillance in Europe 2023 report (11).
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Figure 8. Percentage of invasive Klebsiella pneumoniae isolates in EU/EEA countries in 2021; A. resistant to third-
generation cephalosporins (cefotaxime/ ceftriaxone/ceftazidime), and B. resistant to carbapenems,

adapted from Antimicrobial resistance surveillance in Europe 2023 report (11).
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The emergence of carbapenem-resistant E. coli was reported in two (7%) of 29 EU/EEA
countries (Greece and Cyprus) with percentages of 1% or above in 2021 (Figure 7C). Carbapenem
resistance in K. pneumoniae was generally low in northern and western parts of Europe with 14
(31%) of 45 countries reporting AMR percentages below 1% (Figure 8B). Fifteen (33%) countries
reported percentages equal to or above 25%, eight of which (18% of 45 countries) reported AMR
percent- ages equal to or above 50% (Belarus, Georgia, Greece, Moldova, Romania, Russia,
Serbia and Ukraine). While carbapenem resistance in P. aeruginosa in 2021, AMR percentages
of below 5% were observed in two (5%) of 44 countries reporting data for P. aeruginosa
(Denmark and Finland), whereas six (14%) countries reported percentages equal to or above
50% (Belarus, Georgia, Moldova, Russia, Serbia and Ukraine) (Figure 9). The percentages of
carbapenem-resistant Acinetobacter spp. Varied widely, from below 1% in three (7%) of 45
countries reporting data (the Netherlands, Norway and Sweden) to percentages equal to or
above 50% in 25 (56%) countries, mostly in Southern and eastern Europe (Figure 10).

Percentage of invasive P aeruginosa isolates
Resistant to carbapenems by country in 2021
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Figure 9. Percentage of invasive Pseudomonas aeruginosa isolates in EU/EEA countries in 2021, resistant to
carbapenems,
adapted from Antimicrobial resistance surveillance in Europe 2023 report (11).
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Figure 10. Percentage of invasive Acinetobacter species isolates in EU/EEA countries in 2021, resistant to
carbapenems,
adapted from Antimicrobial resistance surveillance in Europe 2023 report (11).

Resistance to vancomycin in E. faecium varied substantially in Europe. In 2021, percentages
of below 1% were reported by six (14%) of 44 countries providing data on this microorganism
(Finland, France, Luxembourg, the Netherlands, Norway and Sweden). AMR percentages equal
to or above 25% were found in 17 (39%) countries, five of which (11% of 44 countries) reported
percentages equal to or above 50% (Cyprus, Lithuania, Malta, North Macedonia and Serbia)

(Figure 11).
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Figure 11. Percentage of invasive Enterococcus faecium isolates in EU/EEA countries in 2021, resistant to
vancomycin,
adapted from Antimicrobial resistance surveillance in Europe 2023 report (11).

Drivers of the AMR emergence and spread

The emergence and spread of AMR is driven by a multitude of factors, including human and
animal movements, surface water run-off, and exchange of agricultural products (12). Although
multisectoral drivers of AMR globally are poorly understood, the strong link between humans
and food-producing animals is well-established (13—15). A study across 11 European countries
found strong positive correlations of AMR to various antibiotics (ampicillin, aminoglycosides,
third-generation cephalosporins, and fluoroquinolones) in E. coli isolated from food-producing
animals and from humans (16). Systematic reviews have established this association on
demonstrating interventions targeting drug consumption in food-producing animals influenced
AMR rates in humans and animals (17,18). Antibiotic consumption is another well-established
key driver for AMR, with compelling evidence for dose dependence in humans (19) and animals
(20).

Other drivers influencing AMR spread include anthropogenic factors, such as population
density (21,22) and rising incomes (23,24). Studies show that the rise in Growth Domestic
Product (GDP) and living standards in low and middle-income countries (LMICs) were positively
correlated with antibiotic consumption (24,25) as well as increase in animal protein
consumption (26). Studies demonstrate that inadequate local sanitation, pollution of
surrounding water bodies from agricultural run-off and release of non-metabolised antibiotics
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or their residues into the environment through manure/faeces also play a significant role (27—
29).

An important anthropogenic driver of AMR is the misuse of antibiotics, including
overprescription of antibiotics as well as overuse in livestock. In 30% to 50% of cases, incorrect
prescription of antibiotics is attributed to treatment indication, choice of agent, or duration of
antibiotic therapy (30,31). Similarly, use of antibiotics in food animals has been linked to
antibiotic-resistant bacteria in humans through contaminated food-derived products, and
represents a threat to human health (32—34). Evidence of a proportion of human extra-intestinal
extended spectrum cephalosporin-resistant E. coli infections originated from livestock was
found in observational studies, with poultry as most probable source (35). A study reported that
a targeted intervention to reduce the use of antimicrobials in animals resulted in 24% reduction
in prevalence of resistant infections in humans (20). Some contradicting evidence reports that
animals to human transfer of resistance is negligible (36). However, numerous studies are
established that antimicrobial resistant bacteria originating in an animal can be transmitted to
humans through the environment, food products, and/or by direct contact (14,33,37,38).

Climate change was found to influence AMR in Europe (39). In particular, temperature is the
strongest drivers of bacterial reproduction and can also modulate aspects of horizontal gene
transfer. An increasing trend of resistance in E.coli and increase of the minimum temperature
has been observed, and European countries with 10°C warmer ambient minimum temperatures
experienced more rapid resistance increases across all antibiotic classes in E. coli and K.
pneumoniae (40). Another study demonstrated that higher temperatures and humidity
increased colonization and infection risk for MRSA (41).

Natural history of AMR in humans and animals, including
morbidity and mortality

Brief history of the AMR

The first incident of AMR was observed with Salvarsen in 1928 (42). Sulfonamide resistance
was detected in certain bacteria in 1933 (43). Resistance to penicillin by bacterial B-lactamases
was discovered in 1942, several years before the introduction of penicillin as a therapeutic (44).
In the case of streptomycin, introduced in 1944 for the treatment of tuberculosis, mutant strains
of Mycobacterium tuberculosis resistant to therapeutic concentrations of the antibiotic were
found to arise during patient treatment (45). Tetracycline resistance was first observed with
Shigella in 1959 (46). Methicillin resistance was identified in the bacteria Staphylococcus aureus
in 1961 (47,48), making methicillin resistant S. aureus (MRSA) one of the most difficult to treat
nosocomial infections. In the mid-1950s horizontal genetic transfer of antibiotic resistance via
plasmids was observed in Japan (49). Resistance to cephalosporin Ceftazedime was observed in
Enterobacteriaceae two years following its introduction in 1955 (50). Vancomycin resistance was
identified in the bacteria Enterococcus and S. aureus in 1989 (51) and 1998 (52), respectively.
Transmissible fluoroquinolone resistance was discovered in the late-1990s (27). M. tuberculosis
strains resistant to four or more of the front-line treatments have appeared and spread rapidly
in the late 2000s (53,54), with totally drug resistant strains occurring in the last decade (55). In
2015, AMR was declared a global emergency by the World Health Organization (56).
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The first report of antimicrobial usage for livestock was from Britain where Prontosil and
other sulphonamides like sulphapyridine were marketed for use in animals from 1938 (57). In
1940, gramicidin was used to treat a mass outbreak of mastitis at New York’s World Exhibition
(58). The wartime importance of milk production was highlighted by the usage of penicillin for
mastitis in both Britain and Denmark in 1943 (59,60). In 1948, Merck’s sulfaquinoxaline was the
first antibiotic to be officially licensed for routine inclusion in poultry feeds (57). Antibiotic use
also increased in other areas of global food production: sulphonamides were used in commercial
bee hives, in aquaculture, and against mastitis in the dairy sector (57). By the 1960s, antibiotics
in food production was widespread globally. In France, approximately 30 tonnes were added to
animal feed in 1964 (61). In Britain, experts estimated that 41% (84/168 tonnes) of all antibiotics
consumed by animals in 1967 were feed additives (62).

Sweden was the first to ban all food animal growth-promoting antibiotics in 1986 (63).
Following which, the EU banned avoparcin in 1997 and bacitracin, spiramycin, tylosin and
virginiamycin in 1999 (64). The growth promoter bambermycin was banned from all use in EU
livestock since 2006. New regulations on veterinary medicines (Regulation (EU) 2019/6) and
medicated feed (Regulation (EU) 2019/4) will enter into force within the European Union (EU)
from 28 January 2022. The new veterinary Regulation (EU) 2019/6 has extended restrictions for
use of some antibiotics in animals to a full ban of certain antibiotics. Around 25 EU/EEA member
states reported reduced antibiotic usage in veterinary medicine, and mainly in animal
husbandry, resulting in a 47% decrease in sales of veterinary antimicrobial medicinal products
between 2011 and 2021 (65).

AMR in humans

Overallin 2021 (11), the most commonly reported bacterial species with AMR in humans was
E. coli (39.4% of all reported cases), followed by S. aureus (22.1%), K. pneumoniae (11.9%),E.
faecalis (8.8%), E. faecium (6.2%), P. aeruginosa (6.1%), Acinetobacter spp. (3.0%) and
S.pneumoniae (2.5%). Between 2020 and 2021, the number of reported human cases increased
for Acinetobacter spp. (+43.2%), E. faecium (+20.5%) and E. faecalis (+14.0%). Minor differences
were noted for S. aureus (+9.4%), P. aeruginosa (+8.2%), K. pneumoniae (+8.1%), S.pneumoniae
(+4.3%), and E. coli (+2.8%).

AMR in K. pneumoniae is of major concern in the EU/EEA. Recent outbreaks of
carbapenemase (NDM-1 and OXA- 48)-producing and colistin-resistant K. pneumoniae were
reported to have a concomitant increase in virulence (66,67), transmissibility and AMR which
pose a considerably higher risk to human health than the K. pneumoniae strains that previously
circulated.

A recent publication demonstrated that a major part of the increase in reported
Acinetobacter spp. in 2020-2021, during the COVID-19 pandemic years, consisted of
carbapenem-resistant ventilator-associated infections in ICU patients, in the countries with
carbapenem resistance percentages in this pathogen exceeding 50% in 2018-2019 with a recent
estimate from 2020 attributing 3656 deaths to carbapenem-resistant Acinetobacter spp. (68).
Multidrug resistant Acinetobacter spp. are notoriously difficult to eradicate from the hospital
environment once established as these strains can survive on dry surfaces, readily
contaminating healthcare providers’ hands, and being spread by asymptomatic carriers.

Despite the relative decline of MRSA and S.pneumoniae percentages in EU/EEA countries,
they remain an important pathogen with EU/EEA health burden of MRSA for the period 2016—
2020 being the second largest (1).
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Vancomycin-resistant E. faecium increased from 47124 in 2016 to 117866 in 2020, with a
consequent increase in the number of attributable deaths from 1335 to 3414 (1). WHO has listed
vancomycin-resistant E. faecium as a pathogen of high priority in its global priority list of
antibiotic-resistant bacteria, emphasizing the paucity of available and effective treatment
options (69).

AMR in animals

Majority (73%) of all antimicrobials are used in animals for the prevention and treatment of
infections (70) and are also used to improve weight gain and productivity on farms (71). In the
report, we categorize AMR in animals into three sections: domestic animal husbandry,
companion animals, and aquaculture.

AMR in domestic animal husbandry

Antibiotic use in livestock includes treatment of infections as well as administration of
subtherapeutic doses for significant weight gain among the treated animals (72—-76). According
to Commission Implementing Decision (EU) 2020/1729, which applies from 1 January 2021 until
December 2027, monitoring of AMR is mandatory in Salmonella spp., Campylobacter coli,
Campylobacter jejuni, and indicator E.coli, in the major domestically produced animal
populations and their derived meat. In 2021, the population-weighted mean antimicrobial use
(AMU) in food-producing animals was lower than in humans in the EU/EEA (3,77). AMU
reduction in chickens was successful in the Netherlands due to the large-scale transition from
fast-growing to slow-growing chicken breeds, which required fewer antibiotic treatments (78).
Studies report a substantial reduction of AMU on herd level without major impact on pig health
economic performance (79,80).

AMR in companion animals

Antimicrobial resistance of pet origin poses a major threat to human health, particularly
concerning MRSA, other methicillin-resistant staphylococci, vancomycin-resistant enterococci,
carbapenemase-producing enterobacteriaceae and Extended Spectrum Beta-Lactamase (ESBL)
Gram-negative bacteria (81). A study analyzing the frequency of methicillin-resistant
Staphylococcus spp. in pets (82), dogs and cats, highlighted the prevalence of methicillin
resistance traits with 40% of the resistant Staphylococcal population identified as
Staphylococcus schleiferi, 35% S. aureus, and 17% S. intermedius. The study observed that S.
schleiferi was more recurrent in dermatitis and ear canal infection, prevalently isolated from
dogs similar to resistant S. intermedius strain. MRSA isolation was associated with deep
infections with a similar frequency in dogs and cats. Another study from Europe showed that
19% of the animals received at least one antimicrobial treatment six months preceding sampling
and cats and dogs were treated with a standard daily dose of antimicrobials for 1.8 and 3.3 days
over one year, respectively (83). The most frequently used antimicrobial was amoxicillin-
clavulanate (27%). Resistance of E. coli to at least one antimicrobial agent was found in 27% of
the isolates with 18% resistance to ampicillin and 13% multidrug resistant isolates.
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AMR in aquaculture

Although aquaculture constitutes only 5.7% of the global antimicrobial use, it carries the
highest use intensity per kilogram of biomass, 164.8 mg per kg. Some species of fish, such as
catfish, are associated with antimicrobial use rates per kilogram that exceed those in terrestrial
animals and humans (84). On the contrary, salmons accounted for the lowest antimicrobial use,
although use coefficients in commercial salmon production varied by several orders of
magnitude across countries (85—88). A recent study reported seafood as the most common food
source of E. coli containing B-lactam antibiotic resistance genes (89). Moreover, aquaculture
settings utilizing antimicrobials serve as reservoirs for AMR genes, providing routes for human
and animal exposure to resistant bacteria (90-94). Aquaculture and the aquatic environment
have been linked to mobile genetic elements carrying resistance genes of human clinical
significance (91,92,95). As aquatic food animal supply chains are highly globalized (96), it
facilitates the distribution of locally generated resistance at a global scale (97,98). A recent study
demonstrated that between 2000 and 2018, AMR in bacteria from aquaculture remained stable
(33%) while the resistance from wild-caught aquatic food animals decreased sharply (52% to
22%) (99). The declining resistance observed in bacteria from wild-caught aquatic animals was
attributed to reduced human and livestock fecal pollution exposure. Amongst foodborne
pathogens, the study observed high rates of resistance to first-line antimicrobial classes and, for
Vibrio and Aeromonas spp., moderate to high rates of resistance to antimicrobial classes of last-
resort reserved for treatment of multidrug resistant pathogens (99).
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Biological, ecological and molecular features of the causative
agent

Disease name

Chikungunya (CHIK).

Disease agent

Common scientific and Latin name

Chikungunya virus (CHIKV) is the etiological agent of chikungunya fever (CHIKF), an
arthropod-borne disease transmitted mainly by Aedes genus species Ae. furcifer-taylori, Ae.
africanus, Ae. luteocephalus, and Ae. neoafricanus. The name ‘chikungunya’ derives from a word
in the Kimakonde language, meaning “to become contorted” and refers to the contorted
posture of infected patients suffering from severe joint pain (1).

Taxonomy

CHIKV is a RNA virus that belongs to the Semliki Forest antigenic group of the genus
Alphaviridae (Family Togaviridae), which includes other arthritogenic alphaviruses (as o’'nyong-
nyong, Ross River, Barmah Forest, and Mayaro viruses) (2). Phylogenetic analyses reveal three
genotypes of CHIKV: West African genotype, East/Central/ South African (ECSA) genotype
including the Indian Ocean Lineage (IOL), and the Asian genotype (3).

Disease agent characteristics

CHIKV genome consists of a single 11.8-kbp strand of positive sense RNA, which encodes a
2472 amino acid non-structural and a 1244 amino acid structural polyprotein (4). The
polyproteins give rise to the four non-structural proteins (nsP1-4) that make up the viral
replication machine, and five structural proteins. Each spherical viral particle is approximately
70 nm in diameter and is comprised of a strand of genomic RNA, encapsulated by capsid (C)
proteins, surrounded by a host cell-derived lipid bilayer spiked with heterodimers of envelope
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proteins E1 and E2 (5). The other two structural proteins, 6K and E3, are leader peptides for E1
and E2, respectively, and are not observed in abundance in the mature virion (5).

Physiochemical properties

CHIKV is sensitive to increasing temperatures and can be safely and quickly inactivated when
treated at temperatures above 70°C for at least 1 minute. Furthermore a superior virucidal effect
of propanol-based disinfectants over ethanol-based solutions is demonstrate (6). The efficacy of
amotosalen and ultraviolet A light treatment, inactivates high levels of CHIKV has been
demonstrated with a slog reduction factors LRF >5.0 log in both plasma and in platelet
components. Additionally, other alphaviruses predicted to be important emerging agents have
been successfully inactivated by amotosalen/UVA (7).

Priority level for EU

The risk of CHIKF spreading in EU is high due to possible importation through infected
travellers, presence of the competent mosquito vectors in many countries (particularly around
the Mediterranean coast) and population susceptibility. The presence of the vector and the
introduction of the virus are necessary conditions for having local transmission.

CHIKV is currently not endemic in continental Europe and the majority of the cases are
travellers infected outside of mainland Europe. However, two large outbreaks were reported in
Italy in 2007 and 2017, and some autochthonous cases were reported in France in 2010, 2014
and 2017. The highest likelihood for transmission in Europe is linked to importation of virus by
infected travellers to areas with competent vectors (Aedes albopictus on mainland Europe and
Aedes aegyptiin Madeira). Considering the frequency of travellers between high incidence areas
in the world and the European Union and the past experiences in Italy and France, the risk of
more CHIKF outbreaks in continental Europe is not unlikely.

Vigilance must be maintained, as the risk of CHIKF outbreaks in continental Europe is
definitely present in regions with well-established Ae. albopictus competent mosquito vector
populations. With the further spread of the competent vector in Europe, so far impossible to
stop, more and more regions are likely to become at risk.

Distribution of the pathogen

CHIK has been sporadically detected in Africa and Asia and, since 2004, has extended its
geographic range causing outbreaks in the Indian Ocean, south-eastern Asia, Europe and the
Americas. This global expansion has been possible because CHIK established a transmission cycle
in urban settings using anthropophilic vectors such as Ae. albopictus and Ae. aegypti.

To date, Ae. albopictus has been established as the main CHIK vector of transmission in
Europe. Nevertheless Ae. aegypti, which was eradicated in Europe since the 1950s, has been
detected again around the Black Sea in Southern Russia, Abkhazia, and Georgia in 2004 and
north-eastern Turkey in 2015 (8). In addition, new invasive mosquitoes, Ae. koreicus and Ae.
japonicus, have established an autochthonous transmission in Europe; Ae. koreicus is also able
to experimentally transmit CHIK (9).
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The presence of competent vectors is the prerequisite for a possible transmission of CHIKV
in a given area.

Autochthonous transmission has occurred in Europe, where CHIKV has been imported by
infected travellers returning from affected areas. When the environmental conditions are
favourable, in areas where Ae. albopictus is established, viraemic travel-related cases may
generate a local transmission of the virus as demonstrated by the sporadic events of CHIKV
transmission since 2007.

No events of autochthonous transmission were reported at European level from 2017 to date
(February 2023).

As reported in Table 1, the distribution of Ae. albopictus is described for the years 2017-2022
and in Figure 1 is reported the map of Ae. albopictus distribution, as of February 2023.

Table 1. 5 years monitoring of presence and abundance of Ae. albopictus in Europe

2017 2018 2019 2020 2021 2022 CHIKV outbreak

Portugal A A A A** AxE* A*E*
North Spain ND ND ND A** A** A**
Central Spain ND ND ND E
Spain Mediterranean £ £ £ E £ E
Coast
North France A A A A A A
Central France E E E
Montpellier 2014
* *
South France E E E E E E Le Cannet-des-Maures 2017
UK A A A A A A
Emilia-Romagna 2007
Italy E E E E E E Lazio and Calabria 2017
Belgium A A A
Netherland
North Germany A A A A A A

I**** I****

South Germany | | |

A=Absent; ND=No Data; I=Introduced; E=Established ;*in expansion;**some plot in the region of Galizia;***some plot of
established Ae. albopictus in the south and north of Portugal; ****some plot of established Ae. albopictus.
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Figure 1. Ae. albopictus distribution in Europe in 2023
(source: European Centre for Disease Prevention and Control and European Food Safety Authority. Mosquito maps
[internet]. Stockholm: ECDC; 2023. Available from: https://ecdc.europa.eu/en/disease-vectors/surveillance-and-
disease-data/mosquito-maps Ecology and trasmission routes)

Ecology and transmission routes

Tropical regions are the most affected and threats are associated with rapid climate change,
deforestation, population migration, disorderly occupation of urban areas, and precarious
sanitary conditions that favour viral amplification and transmission. CHIKV outbreaks in
Southeast Asia occurred in larger cities where Ae. aegypti mosquitoes were implicated as the
primary transmission vector (10).

Among factors that probably facilitated recent CHIKV emergences include: (1) the availability
of immunologically naive human populations in vast geographic areas; (2) CHIKV reliance on
peridomestic and anthropophilic mosquitoes as vectors; (3) increase in international travel, and;
(4) genetic adaptation of CHIKV to a new mosquito vector, Ae. albopictus. CHIKV transmission
by Ae. albopictus was consistently associated with an amino acid substitution in the E1 protein
(E1-A226V) (11) (12). Going more in depth to the biological role of this mutation. During the
2004 epidemic in Kenya and the subsequent outbreaks, when CHIKV was introduced into
Comoros and Seychelles, CHIKV was transmitted by Ae. aegypti. When the virus reached
Reunion and Mauritius Islands, it met different ecological environments in which Ae. aegypti is
absent or scarce and Ae. albopictus predominates. Within one year, a new mutation (A226V, i.e.
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a Valine residue at position 226) was identified in some CHIKV samples (13). The virus also
reached Madagascar and Mayotte, where both Ae. aegypti and Ae. albopictus are common. The
A226V mutation was identified in all sequenced 2006 Mayotte isolates (13) and in 2007
Madagascan isolate (12). This suggests that this mutation is associated with adaptation to Ae.
albopictus and, indeed, we have recently shown that it improves virus replication and
transmission efficiency in this mosquito (11).

Drivers of the disease emergence and spread

Ecological drivers

The influence of climate change and variability on infectious disease spread and emergence
can, however, not be viewed in isolation as it is expected to interact with other drivers, such as
urbanization, land use, and human mobility.

Particularly, the unprecedented increase in human mobility, both at the local and global
scales, is considered a major driver for the expansion of dengue and CHIK (14).

Non-human primates are believed to be the primary CHIKV reservoir hosts, and the 5-10 year
periodicity of virus activity in a given locality is hypothesized to depend on oscillations in monkey
herd immunity. In Table 2 and in Table 3 are reported the most important environmental and
vector drivers, which impact on the spreading of the disease.

Table 2. List of CHIK environmental covariates included in the selected studies in decreasing order of importance
according to the number of references

Environmental drivers n. of papers* (n. 3) % of impact* (n. 9)

Temperature (incubation in experimental condition; average 4 44.4%
daily temperature)

Time (season during year) 4 44.4%

Water (rainwater storgae tanks) 1 11.1%

# number of papers extracted, the number of references per covariates is higher because more covariates may have been
extracted from a document; *% calculated on the total number of references

Table 3. List of CHIK vector covariates included in the selected studies in decreasing order of importance
according to the number of references

Vector drivers n. of papers* (n. 12) % of impact™® (n. 33)
Trasmission (trasmission/infection rate; viral titre) 14 42.4%
Abundance (mosquito density; n. of eggs/ovitrap) 10 30.3%
Activity (trasmission rate; biting rate) 6 18.2%
Ecology (n. of breeding sites) 3 9%

# number of papers extracted, the number of references per covariates is higher because more covariates may have been
extracted from a document; * % calculated on the total number of references
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Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief history of the pathogen and disease

The earliest report of CHIKF described an outbreak of a dengue-like illness that occurred in
1952 to 1953 in the present region of Tanzania, where an estimated 60% to 80% of the
population in this region developed symptoms (1).

Between the 1960s and 1990s, incidental human infection led to numerous, small-scale
CHIKV outbreaks in countries throughout Central and Southern Africa, and Senegal, Guinea, and
Nigeria in Western Africa (15). In 2004, a large-scale CHIKV epidemic erupted, sweeping down
the coast of Kenya into islands on the Indian Ocean (Comoros, Mayotte, Seychelles, Re” union,
Madagascar, Sri Lanka, and the Maldives), India, Southeast Asia (Malaysia, Singapore, Thailand),
and China (16). Although CHIKV infection in travellers returning to Europe had been reported
previously, autochthonous transmission of CHIKV was observed for the first time in Italy in 2007
(17), and in France in 2009 (18). In December 2013, the first cases of locally transmitted CHIKV
in the Americas were confirmed in St. Martin, followed rapidly by cases identified throughout
the Caribbean and Latin America (19). Currently, CHIKV infection has been reported in different
countries on all continents, except Antarctica (20). In some regions, especially in South America,
the co-circulation of CHIKV with other arboviruses, such as DENV, ZIKV, Mayaro (MAYV) and
yellow fever (YFV), requires rigorous epidemiological surveillance and differential diagnosis
strategies (21).

Disease in humans

Following transmission, CHIKV replicates in the skin and then disseminates to the liver and
joints, presumably through the blood (22). The incubation period is 2—4 days and is followed by
a sudden onset of clinical disease. Symptoms of CHIKV infection include high fever, rigors,
headache, photophobia and a petechial rash or maculopapular rash. In addition, most infected
individuals complain of severe joint pain that is often incapacitating (23). Patients often report
some stiffness in the distal joints, such as the interphalangeal joints of the hands and feet,
ankles, and wrists, particularly upon awakening (24). Myalgia is more frequent in the armes,
forearms, thighs, and calves and may compromise the daily activities of patients, particularly
when associated with polyarthralgia/polyarthritis. The acute phase of CHIKV infection is usually
self-limited and clinical manifestation lasts from a few days to a couple of weeks. The post-acute
phase begins after the 21st day of clinical manifestations and continues for three months (25).
Only a small proportion of patients remain completely asymptomatic after two-three weeks
following the onset of disease. Generally, most patients exhibit only transitory improvements in
their clinical condition and relapses occur after a brief “healing” period. Moreover, persistent
polyarthralgia or polyarthritis without any change in intensity has been reported by a
considerable percentage of patients, which requires analgesic or anti-inflammatory medication
to alleviate the pain. During the post-acute phase, the decompensation of pre-existing traumatic
or degenerative arthropathies, such as osteoarthritis or tendinitis, occasionally calcified, may
occur. Additionally, local manifestations, such as reactional oedema and nerve compression
syndromes, particularly of the ulnar, medial, and tibial nerves, which produce cubital, carpal,
and tarsal tunnel syndromes, respectively, have also been observed. Morning joint stiffness,
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neuropathic pain, and peripheral vascular phenomena, such as Raynaud syndrome, have also
been described (25). Notably, during this phase, a set of non-specific clinical manifestations that
are not always associated with CHIK usually occurs, which may be overlooked by health
professionals. The most frequently reported manifestations are chronic fatigue, changes in skin
colour (hypo- or hyperchromia), alopecia, decompensated endocrine and metabolic diseases,
and decompensation of other pre-existing chronic diseases, such as systemic arterial
hypertension, depression, and anxiety (25).

In contrast to the acute phase, the chronic phase of disease has not been extensively
investigated. Recurrent joint pain, which can last for years in some cases, is experienced by 30—
40% of those infected, although this is not thought to be a result of chronic infection, as
infectious virus cannot be isolated from these patients. Radiographic studies are typically normal
or show mild swelling, which is consistent with joint pain. It has been suggested that this joint
pain is immune mediated. This has not been formally shown, although the presence of
autoantibodies has been reported in one case of CHIKV infection with severe musculoskeletal
complications (26). Other types of musculoskeletal manifestations may characterise the chronic
phase, with the most frequent being tenosynovitis. Typically, two or more tendons are affected,
the most common of which are the wrist, finger, and ankle extensors and flexors. Many patients
with hypertrophic wrist tenosynovitis complain of nocturnal paraesthesia in the fingers.

During the more recent CHIKV outbreaks, total or partial alopecia on the head or body,
predominately in female patients, and ophthalmological alterations, such as uveitis and retinitis,
were described during the chronic phase of infection (27).

In new-borns, congenital infections may be accompanied by varying clinical signs, such as
fever, lack of appetite, apnoea, skin manifestations, distal and cerebral oedema, encephalitis
and haemorrhage (28) (29). Bullous lesions associated to CHIKV infection have also been
reported in four-month-old babies, who had 20% of their body surface affected on the second
day after the onset of fever (22). Deaths from CHIKV infection were previously considered a rare
event. This perception, however, has changed since the latest epidemics, which presented a
considerably increased mortality rate, probably due to neurological affections, mainly in
neonates, immunocompromised and elderly (29).

Availability of preventive, therapeutic and control measures,
including licensed or pipelines vaccines

Therapy in humans

There is presently no licensed targeted therapy for acute CHIKV infection. Treatment is
primarily supportive care and includes the use of analgesic and anti-inflammatory medication,
rehydration, and rest (30). Going more in depth the most common symptoms, fever and joint
pain can be alleviated with the use of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) (31).

Licensed or pipelined vaccines

No vaccine has been licensed. Anti-CHIKV candidates that have been already tested in
humans and/or animals include inactivated vaccines, attenuated vaccines, virus like particle
vaccines (VLP), nucleic acid vaccines and chimeric vaccines (32).
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Other prevention measures

In the absence of therapeutic strategies and licensed vaccines, efficient vector control plays
a crucial role in CHIKV prevention (33). Integrated anti-virus control is required and should
include: a) epidemiological surveillance; b) environmental management focusing on educative
actions to eliminate potential mosquito breeding sites and reduce standing water sites; c)
chemical control using repellents (mainly for travellers and pregnant women) and insecticides,
respecting the vectors resistance; and d) biological control against eggs, larvae and mosquitoes
(34) (21) (35) (36).

Disease specific recommendations

Individuals living in or travelling to endemic regions should take the following protective
measures against mosquito bites, especially during the day, when the mosquitos are active i)
wear long-sleeved shirts and long trousers, ii) use mosquito repellents, coils or other devices
that will help fend off mosquitoes. Ask your doctor for specific options for protection,
particularly if you are pregnant, if you have immune disorders or severe chronic illnesses, or if
you have children under 12 years as the use of most mosquito repellents is not advised; iii) if
possible, sleep under bed nets pre-treated with insecticides; iv) if possible, use window/door
screens (37).

Epidemiological situation at different spatial scales: past and
current trends

CHIK is not endemic in mainland Europe and the majority of the cases are travellers infected
in regions where the infection is endemic. The epidemiology of CHIK in Europe is characterized
by relatively small outbreaks involving local transmission following the introduction of an
imported index case. The first European outbreak was reported in North eastern Italy from June
to September 2007. Four other reported outbreaks involving local transmission of CHIK by Ae.
albopictus have been reported in Europe. Other outbreaks occurred in Italy in 2017 and three in
France in 2010, 2014 and 2017. All of them with relatively low numbers of cases (ranging from
only two autochthonous cases in France in 2010, up to 699 suspected cases in Italy in 2017).
From 2018 to 2020, 770 cases were notified to the ECDC, and 89% were imported from abroad.
The number of cases notified does not present a clear trend, with great variability across
countries and years (Figure 2).
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Figure 2. Number of reported cases of CHIK in countries of the European Union and European Economic Area,
2018-2020
[data from http://atlas.ecdc.europa.eu/public/index.aspx].

Considering the period from 2012 to 2020, the trend of CHIK in Europe was characterized by
great variability in the number of cases and countries involved, with the highest peak in 2014,
due to the high number of cases (788) notified in France, 98% of them travel-associated. The
other countries with high number of travel-associated cases in the period were United Kingdom,
Spain and Germany, while most of the cases occurred in Italy were autochthonous and were
associated to the outbreak occurred in 2017 (Figure 3). The spatiotemporal dynamics of CHIK
outbreaks remain unpredictable and to date have mostly affected regions with limited resources
to implement appropriate and sustainable long-term surveillance.
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Figure 3. Number of reported cases of CHIK
in countries of the European Union and European Economic Area, 2012-2021
[data from http://atlas.ecdc.europa.eu/public/index.aspx]

Sociological and demographical dimension affecting
susceptibility and exposure, including gender

The occurrence of CHIKV infections, outside a tropical country, arise for several factors.

In temperate climate countries, the risk of infection increases in people, due to social and
behavioural factors.

Globalisation of travel through highly viraemic tourists travelling from endemic countries to
non endemic areas, in combination to behavioural at risk that causes higher exposure to Ae.
albopictus bite, such as staying outdoors during daytime and less tendency toward individual
protection (i.e., use of insect repellents) increase the risk of infection. The attack rates by sex
and age has been observed, it is stably low for people under 40 years of age but tended to
increase for older ages, with the highest rates in the oldest group (38), with higher probability
of being infected in old male gender (38) (39).

In Table 4 are reported the most important human covariates linked with disease spreading,
while in Figure 4 the incidence of CHIKV by gender and age group.

Table 4. List of CHIK human covariates included in the selected studies in decreasing order of importance
according to the number of references
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Human drivers n. of papers?*(n. 14) % of impact*(n. 44)
Infection (cumulative attack rate; average number of 27 61.36%
symptomatic day; n. of notified cases; CHIKV/antibodies

detection)

Gender (rates/gender; risk factor/gender; n. of 8 18.2%
cases/gender)

Age (rates/age) 7 15.9%
Economic condition 1 2.27%
Human behaviour (use of repellents, work or recreational 1 2.27%
activity)

# number of papers extracted, the number of references per covariates is higher because more covariates may have been
extracted from a document; *% calculated on the total number of references
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Figure 4. Distribution of CHIKV incidence by gender and age group
[data from The European Surveillance System (TESSy) released by ECDC]

Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

Individuals infected by arboviruses can present a wide range of similar clinical manifestations,
such as rash, myalgia, exanthema, arthralgia, joint pain, headache, lymph node hypertrophy,
neurological impairment and fever especially when Zika Virus (ZIKV) and Dengue Virus (DENV)
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are co-circulating in the same geographical region (40) (41). In this context, variations in the
clinical presentation of cases can give hints as to the viral aetiology; for instance, the salient and
prolonged polyarthralgia, often accompanied by rash, is typically more indicative of CHIK, while
haemorrhagic manifestations and myalgia are more commonly observed in DENV infections
(42). Since the variety and intensity of symptoms associated to CHIKV, DENV and ZIKV infections
are so similar, laboratory analysis is necessary to confirm the respective viral aetiology as
laboratory tests for specific diagnosis of CHIKV infection are based on virus isolation, viral RNA
detection and serology (43). Molecular methods of CHIKV diagnosis, such as RT-PCR, RT-LAMP,
gRT-PCR, have gained increasing importance. They are more sensitive and faster than viral
isolation, and permit RNA detection from all CHIKV lineages with high specificity. Usually, serum
samples collected up to seven days of symptom-onset are suitable for CHIKV detection by
molecular diagnostic platforms (44) (45). In later phases of infection, CHIKV detection is usually
based on serological methods, such as ELISA techniques which are useful to distinguish between
acute or convalescent infections via detection of anti-CHIKV IgM or IgG antibodies. IgM can be
detected from two/four days up to three months after the onset of illness, while IgG can be
detected for several years (46).

Infrastructure capacity to identify pathogens
for each Member State

CHIK is among the communicable diseases that according to the Commission Implementing
Decision (EU) 2018/945 are covered by epidemiological surveillance. It means that EU member
states are required to establish national capacity of detection and reporting of human cases. The
decision provides a case definition and laboratory criteria:

1. Probable case
a. Detection of CHIK specific IgM antibodies in a single serum sample.

2. Confirmed case at least one of the following four:
a. Isolation of CHIKV from a clinical specimen;
b. Detection of CHIK viral nucleic acid from a clinical specimen;
c. Detection of CHIK specific IgM antibodies in a single serum sample and confirmation
and by neutralization;
d. Seroconversion or four-fold antibody titre increase of CHIK specific antibodies in
paired serum samples.
Diagnosis is routinely made by clinical microbiology laboratories, and there is no European-
wide reference laboratory network or national laboratories in most EU countries.

Estimated influence of environmental change
on the disease future trends

The current risk of CHIKV transmission in Europe is not primarily restricted by temperature,
which allows extrinsic incubation of the virus, but rather by the vector distribution.
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Some risk scenarios for Europe were developed, with highly suitable areas more widespread
than previously assumed. Coastal areas of the Mediterranean Sea, in the western part of the
Iberian Peninsula, and in Atlantic coastal areas of France are those at highest risk, but under a
worst-case scenario, even large areas of western Germany and the Benelux states are
considered potential areas of transmission (47). However, some parts of the regions of highest
current suitability, eg. northern Italy near the Adriatic coast, are projected to experience a
decline in suitability due to increased probabilities of summer droughts, which will reduce the
habitat suitability for the vectors (48).
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Biological, ecological and molecular features of the causative
agent

Disease name

Crimean-Congo haemorrhagic fever (CCHF)

Disease agent

Common scientific and Latin name

Crimean-Congo hemorrhagic fever virus (CCHFV) is the etiological agent of CCHF, a tick-borne
disease transmitted by Ixodid ticks mainly of the genus Hyalomma (mainly H. marginatum, H.
anatolicum, H. rufipes and H. asiaticum) are both reservoirs and vectors (1,2). CCHFV was first
identified in the Crimean region of Russia in 1944 and was subsequently shown to be identical
to the Congo virus identified in the Congo basin in 1956, giving the virus its current name (1,3,4).

Taxonomy

CCHFV belongs to the genus Orthonairovirus of the family Nairoviridae within the order
Bunyavirales (5,6). In addition to CCHFV, the Nairoviridae family consists of arthropod-borne
viruses causing enzoonotics such as Nairobi sheep disease virus, Dugbe virus and Hazara virus
(HAZV), with some rare cases in humans reported (7). The Bunyaviridae family contains over 350
named isolates classified within five genera, namely, Hantavirus, Nairovirus, Orthobunyavirus,
Phlebovirus, and Tospovirus (8). Bunyaviridae family together with members of the Arenaviridae
and Orthomyxoviridae families, are known as segmented negative-strand RNA viruses (sNSVs)
attributed to their multiple genome segments (9).

Disease agent characteristics

CCHFV is an enveloped virus of 80-120 nanometers (nm) in diameter with a single negative-
sense RNA (9,10) with a three-segmented genome, small (S), medium (M), and large (L) RNA
segments, which encode a viral nucleocapsid protein (NP), glycoprotein precursor, and
polymerase proteins, respectively (11). The genome size of CCHFV was found to be
approximately 19.2 kilobases (kb) in length, consisting of a 1.7-2.1 kb S segment, a 4.4-6.3 kb M
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segment and a 11-1.4 kb L segment (9,12). CCHFV NP possesses a racket-shaped overall
structure with dimensions of 40 x 50 x 95 A, and features two major parts: a “head” domain and
a “stalk” domain (13). Although the NP and L proteins of CCHFV strains are conserved at
approximately 95% or more, the CCHFV GPC is much less conserved, with divergent strains
exhibiting less than 75% amino acid conservation (14,15). The genetic diversity of CCHFV
correlates with geography (15,16). CCHFV is classified into seven clades/genotypes (I to VII):
Africa-1 (genotype 1), Africa-2 (genotype Il), Africa-3, (genotype llla) and Africa 4 (genotype llib);
Asia-1 (genotype IVa) and Asia-2 (genotype IVb); Europe-1 (genotype V), Europe-2 (genotype VI)
and Europe-3 (genotype VII)(15) based on the S segment sequences with genotype IV divided
further into two subgenotypes.

Physiochemical properties

CCHFV is classified as a biosafety level 4 (BSL4) pathogen (17). As an enveloped virus, CCHFV can
be inactivated by suitable disinfectant solutions including chlorine-based disinfectants like 1%
sodium hypochlorite (18,19), 40% ethanol within 2 min (20), 10% aqueous solution of household
bleach, 2% solution of glutaraldehyde (18), phenolic disinfectants (0.5%-3%) such as formalin
and paraformaldehyde, and other disinfectants, such as hydrogen peroxide and peracetic acid
(21). The virus gets inactivated by dry heat at 56°C for 30 minutes or 60°C for 15 minutes (22).
Ultraviolet exposure (1,200 to 3,000 uW/cm2) or low pH (less than 6) also inactivates the virus
(1,21). CCHFV is stable for upto10 days in blood kept at 40° C (23). The virus is stable under wet
conditions for 7 hours at 37 °C, 11 days at 20 °C and 15 days at 4 °C (20) while under dry
conditions, it is stable for at least 90 min, but less than 24 hours (24). Infectivity of CCHFV is also
destroyed by boiling or autoclaving (25).

Priority level for EU

CCHF is classified as a priority disease for the European Union because of its epidemic
potential, its high case fatality ratio, its potential for nosocomial outbreaks, and the difficulties
in treatment and prevention. CCHF in humans is a notifiable disease at the EU/EEA level (26) and
it was included in the WHO R&D Blueprint priorities for research and product development in
2016 due of its epidemic potential and insufficient countermeasures against CCHFV (27,28).
Within the EU, CCHF is currently reported in Bulgaria, Spain, and Greece, but disease activity is
documented in neighboring countries Albania, Georgia, Kosovo, Russia, Ukraine, and Turkey
(29). In Bulgaria, CCHF is considered endemic since the 1950’s (30,31). Imported cases have been
reported in France (32), Greece (33), and Germany (34). In 2018, Greece reported its first and
only autochthonous case of Crimean—Congo hemorrhagic fever (CCHF) (35,36). Spain reported
its first case in 2016 in the province of Avila, Castile-Ledn (37). A retrospective study observed
that a case of CCHF had occurred in the same province in 2013 (38).

Distribution of the pathogen

The geographic distribution of CCHFV is directly linked with the distribution of Hyalomma
ticks, having a 50° north latitude limit. The virus has been detected across a wide geographic
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range in more than 50 countries of Asia, Europe, and Africa where it is associated either to
outbreaks of hemorrhagic fever or only sporadic cases, making CCHF the most geographically
widespread viral tick-transmitted hemorrhagic fever (3,4,39-41). The geographic distribution of
CCHF spans from western China, across Southern Asia to the Middle East, Spain, the Balkans,
and most of Africa (14,42,43). CCHFV has been reported in Asia (Iran, Afghanistan, Pakistan, Iraq,
United Arab Emirates, Kuwait, Oman, Saudi Arabia, China, Tajikistan, Uzbekistan, Kazakhstan,
India) (44), Africa (South Africa, Egypt, Mauritania, Kenya, Sudan, Democratic Republic of Congo,
Chad, Niger, Nigeria, Senegal, Uganda, Tanzania) (45), and Europe (Albania, Bulgaria, Turkey,
Greece, Georgia, Russia, Kosovo, Spain, North Macedonia) (46). To date, CCHF has not been
reported in northern Europe, Australia or in the Americas.

\ e

Countries reportin CCI-IF_In humans

Not detected
CCHF cases in humans

I I ]
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Figure 1: Map illustrating the global distribution of CCHF in humans.

The endemicity of CCHFV corresponds to the broad distribution of Hyalomma ticks, the
predominant vector and reservoir of the virus (47-49) and are considered as crucial in
maintaining endemic foci (1,14,43). The geographic distribution of CCHF is directly linked with
the distribution of Hyalomma ticks, having a 50° north latitude limit. Hyalomma marginatum
remains the main vector of CCHFV in Europe, is found in Albania, Bulgaria, Cyprus, France,
Greece, ltaly, Kosovo, Moldavia, Portugal, Romania, Russia, Serbia, Spain, Turkey, and the
Ukraine, and is well adapted to a wide range of abiotic conditions but it prefers rather arid
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localities with high summer temperatures (1). H. lusitanicum ticks have been found to play an
important role of CCHFV persistence in Spain (50,51) and Portugal.

CCHV has also been isolated from Dermacentor marginatus tick collected in wild boar in Spain
(95).

% = efsam

e e sy ey

Legend

B Present
Introduced
Antic. Absent

B Obs, Absent

M No data

0 Unknown
Outside scope

Countries/Regions
not viewable in the
main map extent*

QQ Malta

& Monaco
m San Marino
! Gibraltar

Liechtenstein

w‘k\ o Azores (PT)

. Canary Islands
o S (ES)

% Madeira (PT)
'-. Jan Mayen (NO)

ECDC and EFSA, map produced on 25 Mar 2021, Data presented in this map are collected by the VectorNet project. Maps are validated by external experts prior to publication. Please note that the depicted data do not reflect the official views of the countries.
A tion, The: d hown on this map do not imply official endorsement or acceptance by the European Union, Adminis ics, UNFAQ,

* Countries/Regions are displayed at different scales to facilitate their

Figure 2: The map shows the current known distribution of Hyalomma marginatum in Europe. Source: European
Centre for Disease Prevention and Control and European Food Safety Authority. Tick maps [internet]. Stockholm:
ECDC; 2021. Available from: https://ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-data/tick-maps

63/358



M@D Grant Agreement N°: 874850 — MOOD —

H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

&?&c .i.‘iff.?: Hyalomma lusitanicum, August 2023

Legend
Il Present

Introduced

Antic.Absent
I Obs. Absent
I No data

" Unknown

Countries/Regions
not viewable in the
main map extent*

L J

‘ \ Malta
" Monaco
- San Marino
"_‘ Gibraltar
- Liechtenstein

| Azores (PT)
RS

[ Canary Islands
[ *%e o (ES)

‘ \ ‘ Madeira (PT)
,‘ Jan Mayen (NO)

-

E(IOC end EFSA, map produced on 28 Aug 2023, Data presented in this map are collected by the Viector Ner project. Maps are validated by external experts prior to publication, Please note that the dewcred dma do not refloct the oFf:\a! views of the ml r'm'»es
n Unio

tries/Regions are displayed at different scales to facilitate their visualisation, The boundaries and names shown on this map do not imply official endorsement or acceptance by the Eurnpear

Figure 2: The map shows the current known distribution of Hyalomma marginatum in Europe. Centre for Disease
Prevention and Control and European Food Safety Authority. Tick maps [internet]. Stockholm: ECDC; 2023. Available
from: https://ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-data/tick-maps

Ecology and trasmission routes

CCHFV is transmitted through an enzootic tick-non-human vertebrate—tick sylvatic cycle.
Hard bodied or ixodid ticks, mostly of the Hyalomma genus, are considered biological vectors,
as well as reservoirs for CCHFV, as they can maintain the virus for several months or even years
(1). CCHFV has been detected or isolated from additional tick species, but studies are needed to
show whether they are competent virus vectors, or merely coincidental unmaintained tick
infection from recent feeding on an infected animal or co-feeding (feeding on an uninfected
vertebrate host in proximity with an infected tick) or the result of a recent blood meal on an
infected animal (52). They are also able to transmit CCHFV from one generation to the next
(vertical transmission), from one development stage to the other (transovarial transmission),
from males to females during copulation (sexual transmission), or from one tick to other ticks
feeding closely on a same non-viremic host (cofeeding) (43,53). After infection, ticks remain
infective during their lifespan. The main vector of CCHFV seems to be H. anatolicum in Near East
and Middle East, H. asiaticum from Central Asia to China, H. rufipes in Southern Russia and Africa
and H. marginatum in the Europe and some parts of Asia and Africa. In Spain, CCHFV was
detected in H. lusitanicum ticks before the identification of the first human case, and studies
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have observed that this tick species plays an important role in virus circulation in the country
(50,51).

In CCHF endemic areas, where the climatic and environmental factors are suitable for H.
marginatum ticks (and their animal hosts), their population is increased in spring and summer,
accounting for >30% of tick species in the area. H. marginatum needs the presence of vertebrate
hosts to complete the blood meals required to molt from one development stage to the next. It
is a ditropic tick meaning that it is a two-host species. The larvae and nymph stages feed on the
same host species, which are small vertebrates such as lagomorphs, birds, hedgehogs, and
rodents, whereas adult stages usually feed on large ungulates such as horses, cattle, sheep, goat,
deer or wild boar, and occasionally humans (54).

Non-human vertebrate hosts are not symptomatic, but they can replicate the virus and be a
source of infection for both ticks and humans (55) during the viremia phase, that lasts 2-15 days
(2). CCHFV has been described vertebrate species and is found to circulate according to the
geographical distribution of its tick vectors and different sedentary or migratory vertebrate
hosts, which are amplifiers of virus (1). Hyalomma ticks feed on a variety of mammals including
domestic ruminants such as sheep, goats and cattle, rodents, lagomorphs, and wild herbivores
(56). Infection in mammals, although subclinical, produce sufficient viraemia levels to enable
CCHFV transmission to uninfected ticks (57).

Domestic animal species have been implicated in CCHFV transmission to humans. In endemic
regions, Sheep have been recognized as CCHFV reservoirs and have been epidemiologically
linked to human cases (58—61). In Uzbekistan, three CCHF cases were described in persons in
contact with a sick cow (62). Similarly, the first patient in an epizootic of CCHFV in Mauritania
became ill following butchering a goat (63). Studies have shown that increased CCHFV IgG
seropositivity in livestock often parallels reports of CCHF cases in humans with exposure to
livestock (e.g., slaughterers, butchers, and farmers), particularly in those who handle blood and
organs from infected livestock (31,64—68). Cattle are noted to be the most sensitive indicator of
low-level CCHFV circulation as they tend to be highly infested with Hyalomma spp. ticks, the
numbers of which can be ten times higher than those found on small ruminants (69) (Table 1).

Table 1: List of European countries that reported seroprevalence for CCHFV in domestic animals.

Animal Country Seroprevalence Assay

Cattle Albania (ten regions) (70) 4.74% Egzlfggﬁle/lg/ZOB
Albania (Berat) (71) 4% 1gG ELISA
Albania (Gjirokastra) (53) 2.1% 1gG ELISA
Albania (Kolonje) (71) 7.4% 1gG ELISA
Albania (Rreshen) (53) 2.6% 1gG ELISA
Armenia (72) 4.2% AGDP
Bulgaria (73) 33.2% AGDP
Bulgaria (Aytos) (74) 71% 1gG ELISA
Hungary (75) 0.9% AGDP
Ireland (76) 1.9% RPHI
Kosovo (77) 18.4% 1gG ELISA
Republic of Macedonia (78) 14.6% IgG ELISA
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Animal Country Seroprevalence Assay
Russia (Astrakhan Oblast) (79) 5.1% AGDP
Russia (Rostov Oblast) (80) 23% AGDP
Russia (Rostov Oblast) (81) 2.8% AGDP
Russia (Rostov oblast)(82) 0.5-17.0% AGDP
Goats Albania (83) 20% 1gG ELISA
Bulgaria (73) 62.3% AGDP
Bulgaria (Aytos) (74) 60% 1gG ELISA
Kosovo (77) 10% 1gG ELISA
Turkey (marmara) (84) 66% 1gG ELISA
Horses Bulgaria (73) 39% AGDP
Russia (Astrakhan Oblast)(79) 3.1% AGDP
Russia (Rostov Oblast)(80) Pos AGDP
Sleep Bulgaria(73) 32.9% AGDP
Bulgaria (Aytos) (74) 74% 1gG ELISA
Bulgaria(73) 62.3% AGDP
Donkeys
Bulgaria (Aytos) (74) 60 IgG ELISA
Camels Russia (Astrakhan Oblast) (85) 1.4% AGDP
Misc. small livestock Kosovo (excluding sheep) (59) 14% 1gG ELISA

Considerable seroprevalence was consistently reported in wild animals as reported with
hares (3%—22%), buffalo (10%—20%), and rhinoceroses (40%—68%) (53). A substantial tick load
of up to 40 larval and nymphal H. marginatum ticks has been described on hedgehog hosts
(Erinaceus europaeus, Hemiechinus auritus) during the peak season of immature tick activity
(1,86). However, the role of hedgehogs in enzootic maintenance appears to be variable by
species. Hemiechinus auritus developed viremia during experimental infection (87) and are
considered a natural CCHFV reservoir by serving as a source of CCHFV for feeding ticks. In
contrast, in the same study, experimental infection in the European hedgehog (E. europaeus)
did not produce detectable viremia, suggesting reduced susceptibility to infection or more
efficient viral clearance. Among the EU/EEA countries, seroprevalence studies have
demonstrated the presence of antibodies to CCHFV in bats in France (88,89), and in hares in
Bulgaria (73) and Hungary (90) (Table 2).

Many bird species are important hosts for Hyalomma ticks and can transport ticks over long
distances (91,92). However, most birds are resistant to infection except for ostriches (93).
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Table 2: Wild animals testing positive for antibodies against CCHFV in Europe.

Class Common name Species Country Seroprevalence
Aves Eurasian magpie Pica pica Russia (94) 1 animal
Mammalia Red fox Vulpes vulpes Russia (94) -

Mammalia Bats Various spp. France (88,89) 10.5% (2/19)
Mammalia European hare Lepes europaeus Russia (94) 20%
Mammalia European hare Lepes europaeus Hungary (90) 6% (12/198)
Mammalia Hare Lepes spp. Bulgaria (73) 3% (1/33)
Mammalia Wild boar Sus scrofa Spain (95) 19.4%
Mammalia Red deer Cervus elaphus Spain (96) 25.4
Mammalia Roe deer Capreolus capreolus Spain (97) 1.2% (1/79)
Mammalia Iberian Ibex Capra hispanica Spain (97) 78% (66/84)
Mammalia Mouflon Ovis musimon Spain (98) 100% (48/48)

CCHFV is transmitted to humans by bites from infected ticks or by direct contact with blood
or tissues of infected ticks, viraemic patients or viraemic livestock. There have been a few
reports of infection after consumption of raw meat (99-101). Drinking unpasteurised milk is also
mentioned to be a risk factor in CCHFV transmission. CCHFV is usually inactivated in meat due
to post-slaughter acidification (3).

Hospital-acquired infections can occur due to direct contact with blood or tissues of viraemic
patients or improperly sterilised medical devices (102). Human-to-human transmission usually
occurs in hospital settings with a high risk of transmission to healthcare workers (HCWs)
including including doctors, nurses, laboratory staff, research scientists, emergency service staff
and cleaning personnel (102). Several nosocomial outbreaks have been attributed to
hospitalized patients acting as index cases (103—-105). Retrospective analysis from Turkey has
demonstrated that needle stick injuries are the most frequent cause of nosocomial exposures,
followed by ‘splash’ exposures to mucous membranes (106). Horizontal transmission of the
CCHFV from a mother to her child (107), as well as intrauterine infection with CCHFV (108) have
been reported. Transmission of CCHFV during aerosol-generating medical procedures (104)or
sexual contact (109) may be possible.

Drivers of the disease emergence and spread

Ecological drivers

CCHF, as other vector-borne viral diseases, is affected by dynamic factors such as climate
change, alterations of land use, habitats fragmentation, loss of biodiversity, and introduction of
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new species that impact the distribution of the vector and hosts(91,110,111). Studies have
observed increased incidence of CCHF with increasing mean temperature in endemic areas
(112-114). The seasonal pattern and abundance of H. marginatum was found dependent on
temperature (115,116). High temperatures, especially in the spring and summer, tend to
accelerate H. marginatum cycle by switching on its interstadial development (117) and host
questing activity (3,115,117). Also, the risk of exposure to ticks for humans is higher in swarmer
temperature due to increased recreational and outdoor activities (118,119). Areas regularly
experiencing long periods of low rainfall and humidity were associated with increased
occurrence of CCHF in Iran (120) and Senegal (121).

While in temperate areas, the pattern of seasonality of CCHF cases reflects the period of year
with high tick activity—between spring and early autumn (122-125). Mild winters were followed
by CCHF outbreaks in Kosovo in 2001 and in Turkey in 2004 (3).

The incidence of CCHF is higher in those areas characterized by a high proportion of
grasslands, scrub, and herbaceous vegetation (savannah-type environment), the environmental
niche for Hyalomma ticks (112,126). Studies in Turkey and Greece found non-irrigated
agricultural land cover (e.g., pasture and rangeland) to be associated with CCHF incidence
(66,127). Areas with a higher incidence of CCHF were those characterized by a highly fragmented
habitat (112,128,129), supporting the hypothesis that a fragmented land structure may increase
the risk of acquiring CCHF by favoring viral circulation and amplification though frequent at-risk
contacts between ticks, humans, livestock and wildlife (128). Deforestation has been
hypothesized to increase the risk of re-emergence of CCHF in Central Africa as the local CCHFV
persistence is supported by the sylvatic natural cycle (48). Landscape modifications such as
disruption of agricultural activities and expansion of the hare population infested with infected
ticks, followed by the reintroduction of cattle and sheep, have been associated with the CCHF
outbreaks in the former Soviet Union, Bulgaria, Kosovo, and Turkey (3).

The impact of biodiversity loss and its consequent dilution effect on CCHF remains relatively
unknown as the disease characterized by a variety of different transmission and tick hosts.
However, the rise in the wild boars and deer population densities could facilitate the spread of
CCHFV through a parallel increase in tick numbers and dispersion across Europe (130). Migration
of animals is strongly impacted by climate warming, and changes in host migratory patterns have
important consequences for infectious diseases (131,132). The CCHFV infection in livestock was
found to be a strong positive predictor of CCHF incidence in humans in Iran (58) and Mauritania
(133). However, in Bulgaria where vaccination coverage is high amongst at-risk populations (e.g.,
veterinarians and farm workers), livestock density was not found to be a significant driver of
CCHF incidence in humans (112). Livestock transportation outside the safety regulations is also
reported in the spread of CCHF (125).

Studies demonstrate a significant positive association between normalized difference
vegetation index (NDVI) and CCHF incidence (112,134), suggesting that the NDVI may proxy for
tick seasonal activity. Socioeconomic and demographic factors influencing CCHF outbreaks
include social disruption, conflict, and war (122-125).
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Natural history of disease in humans and animals, including
symptoms, morbidity, and mortality

Brief history of the pathogen and disease:

CCHFV introduction to Central and South Asia dated back to the 12th century, which is
compatible with historical references describing a disease, which is now believed to have been
CCHF, around 1100 AD near Tajikistan in Middle Asia (1). In 20th century, CCHF was described
for the first time among Soviet Union military personnel in Crimea during World War Il (1944-
45) and was named Crimea hemorrhagic fever. The virus was later isolated from blood and
tissues of patients using intracerebral inoculation of suckling mice in 1697 (135). The virus
responsible for Crimea hemorrhagic fever was found identical to Congo virus that caused febrile
illness in Belgian Congo. Later, the two names were combined to new nomenclature of the
CCHFV in 1969 (136). Following its description in 1967, cases were reported from former USSR
(Crimea, Astrakhan, Rostov), Uzbekistan, Kazakhstan, Tajikistan, and Bulgaria in Eurasia (1,135)
and from Democratic Republic of the Congo, Uganda, and Mauritania in Africa (40,137). Sporadic
cases were reported in Iraq (138), the United Arab Emirates (UAE) (139), and Saudi Arabia (140)
in the late 20th century. In western Europe, the presence of the virus had only been detected
indirectly by seroprevalence assays in the serum of two people from Southern Portugal in the
early 1980s (141). At the start of 21th century, emergence of CCHF was reported from Pakistan
(142), Iran (143), Bulgaria (122), Turkey (41,144,145), and India (146). In western Europe, the
Greece reported its first autochthonous case in 2008 (35,147) CCHFV was detected in ticks from
deer captured in western Spain in 2010 (50), sheep from Portugal (148), and ticks from birds
migrating from Morocco in 2013 (149) prior to detection of their first case in 2016 (37).

Phylogenetic studies have shown that there have been only two virus introductions to Europe
(150). The first genotypic group was introduced to Europe via the Volga Delta region only a few
hundred years ago and spread to the Balkans. The second introduction was via Turkey around a
century ago. A third introduction occurred more recently when the African Ill genotype was
introduced by migratory birds from West Africa in Spain (149).

Disease in humans

In humans, CCHF characterized by fever and hemorrhage, often with nonspecific signs and
symptoms with case fatality rates (CFR) ranging from 5-30% (3,14). However, seroprevalence
studies show that most CCHF cases (>80%) are asymptomatic or mild (60,151). The disease
presents in four distinct phases: incubation, pre-hemorrhagic, hemorrhagic and convalescence
(1,40,41,152). The incubation period is usually less than a week (range 1-9 days) and is
dependant on the route of exposure and virus dose. The incubation period is the shortest
following a tick bite/ needlestick (usually 1-3 days) and slightly longer following exposure to
blood, tissue and secretions of infected livestock and humans (5—6 days). The pre-hemorrhagic
stage lasts about 2—4 days on average (range 1-7 days) and begins abruptly with nonspecific
prodromal symptoms including fever (39-41°C), headache, myalgia, dizziness, neck pain and
stiffness, backache, headache, sore eyes and photophobia (152). This may be accompanied by
sore throat, abdominal pain, nausea, vomiting and non-bloody diarrhoea (1,152). Hyperaemia/
cutaneous flushing of the face, neck and chest, congested sclera and conjunctivitis, and jaundice
may also be noticed (1). In severe cases, neurological changes in mood and sensory perception
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have been reported. Somnolence may replace agitation (153,154). In most patients, the pre-
hemorrhagic phase progresses to hemorrhagic phase. On examination, hypotension, relative
bradycardia, tachypnea, and Hepatomegaly and splenomegaly may also be present
(41,144,155,156).

The hemorrhagic stage is usually short (approximately 2—3 days) but can be prolonged up to
two weeks (152). Hemorrhagic manifestations range from petechiae to extended ecchymoses
on mucous membranes and skin (1). These cutaneous signs are particularly pronounced with
CCHF compared with other viral haemorrhagic fevers and have found to have a correlation
between morbilliform eruptions, platelet count and favorable prognosis (157). Epistaxis,
melena, haematemesis, haematuria and haemoptysis are common as is bleeding from injection
sites (152,153). Case reports of hemorrhage in other sites such as the vagina (158), uterus (159)
and brain (160) have been reported. The haemorrhagic stage is pronounced in severe cases,
with rapid progression to disseminated intravascular coagulation (DIC), overt bleeding, kidney,
liver or pulmonary failure, and shock (103,152,161). Acute respiratory distress syndrome (ARDS)
and diffuse alveolar hemorrhage have also been reported during hemorrhagic manifestations
(162,163). Death usually occurs in the second week of illness (152). At this stage, laboratory tests
demonstrate thrombocytopenia, leukopenia and elevated levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), lactate dehydrogenase and creatine phosphokinase
(152,154,164-166) along with elevated levels of inflammatory cytokines (167,168). Studies
show that coagulation is affected, with prolonged prothrombin and activated partial
thromboplastin times accompanied by a decrease in fibrinogen levels and an increase in the
levels of fibrinogen degradation products (152,154,164,166).

In survivors, convalescence generally begins around 9-10 days post-onset of illness (range 9—
20 days) and is associated with a return to normal for laboratory parameters (40,144,152). This
stage can be prolonged and may be associated with hypotension, tachycardia or bradycardia,
polyneuritis, sweating, headache, dizziness, nausea, poor appetite, breathing difficulties,
xerostomia, vision and hearing deficiencies, hair loss and memory loss among others are rarely
permanent, but may persist for a year or more (1). However, there is insufficient evidence to
describe the long-term complications, sequelae and disability associated with CCHF(169). Post-
traumatic stress disorder and mild hearing loss have been reported (170,171). The differential
diagnosis of CCHF is broad and is dependent (Table 3) on patient's geographic origin (172).

Table 3: Differential diagnosis of CCHF.

Criteria Differential diagnosis of CCHF

Geographic origin

Middle East Alkhurma haemorrhagic fever and Rift Valley fever

Russia Omsk haemorrhagic fever

India Kyasanur forest disease

Europe and Asia Hantaviral diseases

Africa Lassa virus, Ebola virus, Marburg virus, Rift Valley fever and yellow fever
Asia and central Africa Dengue

Tropical & subtropical Malaria

Transmission
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Criteria Differential diagnosis of CCHF

Vector: Tick bite Rickettsia spp., Ehrlichia spp., Borrelia, Anaplasma and Babesia
Clinical symptoms

Symptomatology Tularemia, Q fever, viral hepatitis, influenza virus infection, meningococcal
meningitis, leptospirosis, typhoid fever, sepsis due to staphylococci or Gram-
negative bacilli, toxic shock syndrome, salmonellosis, shigellosis, psittacosis,
trypanosomiasis, septic infection due to Yersinia pestis, rubella and measles

Disease in animals

Most non-human mammals acquire sub-clinical infections and are asymptomatic during and
following the period of viremia (55). Most birds are resistant to infection except for ostriches
(93).

Availability of preventive, therapeutic and control measures,
including licensed or pipelines vaccines

Therapy in humans

Symptomatic treatment of CCHF during the pre-hemorrhagic phase includes antipyretics for
fever, proton pump inhibitors to prevent gastrointestinal bleeding (3,173,174) and in women,
progesterone to avoid menorrhagia (173). Intramuscular injections and non-steroidal anti-
inflammatory drugs NSAIDs to be avoided due to the repercussions for clotting (3). Suitable
electrolyte replacement must be ensured and hypotonic solutions are to be avoided (174).

In the hemorrhagic phase, CCHF requires close laboratory monitoring: complete blood count,
alanine transaminase (ALT), aspartame aminotransferase (AST), total bilirubin, creatinine,
prothrombin time, activated partial thromboplastin time (aPTT), and lactate dehydrogenase. If
DIC is suspected, d-dimer and arterial blood gas values should be obtained (173,174).

The efficacy of glucocorticoids for the treatment of CCHF is inconclusive (174) as studies
evaluating their usefulness are limited and consist of small case series in both adults and
pediatric patients (175,176). These studies found that administration of high-dose
methylprednisolone (20-30 mg/day) seems to promote early hematological recovery, reverse
hemorrhagic lesions and decrease the need for transfusion of blood products. However, these
results have been inconclusive due to patients simultaneously receiving ribavirin (175,176).
Transfusion with blood products such platelet concentrate and fresh plasma in the hemorrhagic
phase, is effective in cases of complications massive hemorrhage, liver failure,
thrombocytopenic thrombotic purpura, dilutional coagulopathy, DIC, INR 1.5 times above
normal limits and decreased aPTT (173,174). There is currently limited evidence regarding
treatment with plasma or antibodies from survivors (177,178) and monoclonal antibodies
against viral proteins (179,180).

To date, there are no antiviral drugs with proven efficacy against CCHF virus (181,182). One
of the main problems for research on active drugs against CCHFV is the lack of animal model as
CCHFV is not pathogenic in animals. Ribavirin is the antiviral drug with the most extensive
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experience of use in CCHF, with controversial data (153,155,155,183-188). It has demonstrated
conflicting efficacy against CCHF virus (189-192). Data on its efficacy is poor in humans, based
on observational studies (174,177,191), a single open-label clinical trial (193) and two meta-
analyses (188,194). The meta-analyses report that he data supporting the efficacy of ribavirin
against CCHFV are poor owing to confounding factors in reported data sets and any benefit
probably requires early treatment during the phase of high viremia (195). Favipiravir showed
significant protective effects in lethally infected mice (191,192,196), preventing death and
significantly reducing viral loads in key target tissues of CCHFV, even when be initiated days after
infection, and in mice with advanced disease. This data suggests that favipiravir may be effective
in patients presenting to health-care systems with advanced CCHF. However, further pre-clinical
and clinical studies are needed in humans. Molnupiravir, recently used to treat SARS-CoV-2
infection in humans, exhibits efficacy against CCHFV in vitro with similar inhibitory
concentrations as favipiravir (196). However, molnupiravir failed to protect against CCHFV
infection in lethally infected mice even when treatment was started before infection (196).

Licensed or pipelined vaccines

To date, multiple vaccine platforms have been evaluated in animal models for CCHFV such as
inactivated virus preparations (197), subunit vaccines (198), VLPs (199,200), recombinant live-
attenuated viruses (201,202), replication-deficient viral-vectored vaccines (203) and nucleic
acid-based vaccines (204-207). However, clinical trials have not identified any vaccine with
proven efficacy (181,208). Clinical trials are difficult to conduct as outbreaks are sporadic with
irregular numbers of cases (177). A vaccine derived from inactivated CCHFV, propagated in
mouse brain, is used in Bulgaria (209).

Other prevention measures

Presently there are no vaccines available for animal protection. Measures of controlling
livestock movements between endemic countries (transborder transmission) by official
regulations and penalties organized by local authorities and installing check points for animals
and related document controls during the transport of animals from endemic countries are
some potential solutions. (210,211) However, as the infection in animals is asymptomatic, it is
difficult detect and control transmission of CCHFV from animal hosts.

The vector of CCHFV, ticks are relatively easier to control. Acaricides are useful for tick control
when applied prior to animal slaughter, and a 14-day period of quarantine prior to slaughter has
also been used (93,211). Except during the egg stage, all other biological stages of ticks feed on
blood from humans. At risk populations such as Agricultural workers and others working with
animals including those who live in rural endemic areas should wear light colored protective
clothing (long sleeves and long trousers) sprayed with permethrin spray (4). The use of
commercially available insect repellents, including diethyl toluamide on naked skin is also
protective against tick bites. Minimizing the risk of tick-borne disease transmission with
mechanical methods can be performed with tools readily available in most regions (212,213)
such as with tweezers (82.5% success rate) was found to be superior to both lassoing (47.5%
success rate) and card detachment (7.5% success rate) (213).

Occupations at high risk for CCHF include veterinarians, abattoir workers, and farmers. For
risk reduction in veterinarians and abattoir workers, the use of standard infection control
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practices when handling potentially infectious blood or ticks was found effective (153). Creating
public awareness, targeted at high-risk groups and endemic regions, regarding the risk factors
of the disease and possible preventive measures, which aid in reducing the exposure to the virus
and controlling the spread of the disease (210,211). Depending on the geographical location and
species type, ticks are generally active between April and September in North Hemisphere,
accounting for CCHF disease during this period. At high-risk and endemic populations should be
made aware of the active season to avoid high exposure and tick-bite prevention strategies.

During festivals like Hajj or Eid-al-Adha when the sacrificial rite is performed, individual
involved must adhere to hygienic techniques during the slaughter at designated sites and
sanitary disposal of blood and carcass (55). Use of acaricides have been recommended prior to
animal slaughter during these festivals (93,211).

Disease specific recommendations

Reducing the risk of human-to-human transmission

To prevent nosocomial transmission of CCHFV, particularly among health-care workers, early
recognition and diagnosis of CCHF cases and adequate provision of PPE is essential (214).
However, Poor compliance to the recommended PPE for CCHF has previously been reported
(215,216). Disposal of used instruments and equipment, including needles, syringes and
employing safe burial practices, should be implemented (217). The data also suggested a
possible post-exposure survival benefit of ribavirin (169).

Contact tracing within 14 days after last contact with the case and active surveillance of
people who have been exposed to CCHFV is essential for disease control (147)

CCHF is on the diseases list of WOAH (formerly OIE). Imports into the EU of live animals are
prohibited from endemic areas if the animal tests positive for CCHFV (EU-regulation 206/2010).

Epidemiological situation at different spatial scales: past and
current trends

Since 2000, the incidence and geographic range of CCHF cases have markedly increased
(44,193). Turkey has reported approximately 900 new CCHF cases annually, with a total of 9,787
cases reported from 2002 to 2015 (106). CCHF is endemic in the Balkan region, in Kosovo, 228
cases were reported from 1995-2013 (77), Among the EU/EEA countries, the first documented
outbreak was reported in Bulgaria occurred during the agricultural collectivization in 1953 (1).
After the introduction of a vaccination programme of high-risk groups of the population in 1974
(46), a drastic reduction of cases was observed from 1105 in 1953-1974 to 279 in 1975-1996
(218), to 196 in 1997-2008 (219). Although the overall number of cases decreased over time, a
major outbreak was observed in 2008, with a cluster of cases in the southwest part of Bulgaria,
an area historically considered at low risk for CCHF outbreaks (218). In Bulgaria, over 1,500 cases
have been reported since 1952 (220). Imported cases have been reported from France in 2004
(32), Germany in 2009 (34), and Greece in 2018 (33). Since its first outbreak in 2016, Spain has
reported ten cases of CCHF (Table 4).

Table 4: Cases reported in EU/EEA countries since 2013.
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Year Country No. of cases Place of exposure Tansmission
2013 Bulgaria (221) 8 Shumen, Yambol, Haskovo, Kardjali and Community
Blagoevgrad regions
Spain (37) 1 Avila province, Castile-Ledn Community
2014 Bulgaria (222) 8 Haskovo, Kardjali, Blagoevgrad, Plovdiv and Burgas Community
regions

2015 Bulgaria (223) 4 Blagoevgrad, Haskovo and Yambol regions Community
2016 Bulgaria (224) 4 Blagoevgrad, Kardjali and Yambol regions Community
Spain (37) 2 Avila province, Castile-Ledn Community

Madrid province Nosocomial

2017 Bulgaria (225) 2 Kardjali and Haskovo region Community
2018 Bulgaria (226) 6 Kardjali and Plovdiv regions Community
Spain (227) 2 Badajoz and Salamanca provinces Community

2019 Bulgaria (228) 2 Kardjali region Community
2020 Bulgaria (229) 1 Burgas region Community
Spain (230) 3 Salamanca province, Castile-Ledn Community

2021 Spain (231) 2 Salamanca and Ledn provinces Community
2022 Spain (232) 2 Leodn province, Castile-Ledn Community

Sociological and demographical dimension affecting
susceptibility and exposure, including gender

Human—animal interactions differ across cultures and some interactions may result in social
and cultural practices such as the movement of potentially infected animals increasing the risk
of CCHFV exposure and linked to CCHF outbreaks (211,233,234). The practice of livestock
sacrifice plays a major role in festivals like the Hajj and Eid-al-Adha resulting in the contact of
large numbers of people with potentially infectious animal blood and body fluids. During Eid-al-
Adha, nearly eight million animals are sacrificed each year in Pakistan alone (234) and two
million small ruminants, and 750,000 cattle are slaughtered in Turkey, accounting for 25% of all
annual slaughtering in that country (234).

Behavior patterns providing exposure to multifactorial risk factors were gender-based. Men
were primarily associated with herding and farming activities, including sleeping outside during
seasonal migrations and were more at risk for exposure to CCHFV (235). Seroprevalence studies
from Turkey demonstrated anti-CCHFV 1gG seropositivity higher in male populations (236,237).
While in Greece, females were more at risk (49) in contrast to the male predominance in Spain
(238). Several studies have shown that increased age was an important risk factor for CCHFV
transmission (44,49,236,239-241) and poor prognosis (242). Rural populations are more at risk
in terms of exposure to ticks and CCHF.
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Settlements in rural areas are at more risk of exposure to ticks and CCHF (237,240,243-245)
as these regions are strongly associated with agricultural activities. Occupations at high risk for
CCHF include health-care workers, veterinarians, abattoir workers, and farmers.

Social disruption, conflict, and war have been the major factors influencing a considerable
number of outbreaks in the community and the nosocomial setting (122—125) reported from
2000 to 2008 in southeastern Europe (246); in Bulgaria in 2002, 2003 (122), and 2008 (247) and
in Albania and Kosovo in 2001.

Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

Early and accurate diagnosis of CCHF is critical for the patient prognosis, early treatment with
ribavirin (195), and prevention of nosocomial infection (214). Direct diagnosis by detection of
CCHFV RNA using molecular methods or detection of CCHFV antigen and isolation of the virus
(BSL 4 laboratory needed) is used in the viremic phase i.e., first week of illness up to day 16
(248). Molecular assays offer a rapid, sensitive and specific diagnosis of CCHF (248). However,
the efficacy of molecular methods is affected by high genetic variability of CCHFV strains (249).
To mitigate this, it is recommended that nucleic acid amplification tests (NAAT) be used in
combination with serological assays, which are less impacted by minor variations(250), for
highest detection sensitivity (251-253).

Indirect diagnosis by detection of CCHFV-specific IgM and IgG antibodies from the fifth day
of clinical symptoms is accomplished using using serological methods such as ELISA or indirect
immunofluorescence. These assays target the CCHFV N protein, which induces n early, strong
and long-lasting immune response in humans (193). CCHF infection is confirmed by detection of
IgM antibodies or four-fold increase in IgG antibody titers in serial serum samples (153,254,255).
Antibody response is often absent or delayed in severe cases. To date, there are no rapid
detection tests for CCHF in development.

CCHF in humans is a notifiable disease at the EU/EEA level (26). All EU/EEA countries have
passive surveillance in humans implemented (256). Country specific CCHFV surveillance systems
are categorized to five levels based on the incidence of cases, potential for disease transmission
to humans, and presence of surveillance systems (220). Level 1 countries are those in which
human CCHF cases are reported annually and the virus is endemic (Bulgaria among the EU/EEA
countries); Level 2 countries have sporadic autochthonous human cases (Spain and Greece);
Level 3 countries have no documented human cases but ecologic data (Portugal and Hungary)
with possible human infections; Level 4 countries have the exclusively presence of Hyalomma
ticks, suggesting the need of seroprevalence surveys (Italy, France, Germany, Austria) and Level
5 countries are ones for which no information is available.
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Infrastructure capacity to identify pathogens for each member
state

Virus isolation is rarely used for CCHF diagnosis as BSL4 laboratories are required and none
of the European BSL4 laboratories are situated in CCHF endemic areas. Currently, the routine
laboratory diagnosis of CCHF is based on the combination of the detection of the viral genome
and CCHFV specific IgM and IgG as per the international recommendations (4,252). There is no
official, agreed-upon case definition for CCHF in the EU (147), 22/27 EU/EEA countries use the
generic case definition for viral hemorrhagic fevers defined according to the Commission
Implementing Decision (EU) 2018/945 of 22 June 2018 for CCHF surveillance. Bulgaria, Greece,
Germany, and Spain have their own case definitions for CCHF which considers as suspect case
any patient high fever and one of the following symptoms: severe headache, myalgias, nausea,
vomiting, and/or diarrhea AND history of tick bite or history of contact with tissues, blood, or
other biological fluids from a possibly infected animal (e.g., abattoir workers, livestock owners,
veterinarians) or healthcare workers with a history of exposure to a suspect, probable, or
laboratory-confirmed CCHF case, within 14 days prior to the onset of symptoms. A probable
CCHF case is a suspected with thrombocytopenia AND hemorrhagic manifestation. A confirmed
CCHF case is laboratory-confirmed by ELISA or IFA for specific antibodies, by RT-PCR for CCHF
virus genome or virus isolation (253).

The EU definition of viral hemorrhagic fevers (VHF) is based on clinical criteria, (fever or
hemorrhagic manifestations), laboratory criteria (virus isolation or detection of specific virus
nucleic acid in a clinical specimen and genotyping), and epidemiological criteria (travel or
exposure to a case of VHF within the last 21 days). The following case classification includes
probable case (clinical criteria with an epidemiological link) and confirmed case (clinical and the
laboratory criteria) (2018/945/EU).

Estimated influence of environmental change on the disease
future trends

Environmental factors and human behavior are among the most important factors
influencing the lifecycle of Hyalomma ticks (219). According to ecological models ran by the
World Health Organization Eastern Mediterranean Region, increasing temperature and
decreasing rainfall will expand the suitable habitat for Hyalomma ticks and will subsequently
increase CCHF (44).Studies predict that trend toward warmer temperatures in central and
northern Europe might permit CCHFV to expand outside its current geographic range, through
the introduction of infected Hyalomma or other reservoir ticks by migratory birds or the
international livestock trade (36,117,257,258) A recent study forecasted that the number of
countries that have yet to record CCHF have areas that are environmentally suitable for the
disease, especially those with Mediterranean coastlines (France, Italy, Southern Balkans) (259).
For this reason, future seroprevalence studies in animals should focus on CCHFV presence in
Spain, Southern France, Italy, Hungary, and Slovakia (220). Recent research has elucidated
potentially important CCHFV reservoir species in non-endemic areas, particularly in France, Italy,
that should be considered. For example, imported sheep and goats may be more susceptible to
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CCHFV infection and therefore might promote virus circulation to humans where suitable
vectors are present (53,260).
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Biological, ecological and molecular features of the causative
agent

Disease name

Dengue fever

Disease agent

Dengue virus (DENV)

Common, scientific and Latin name

Dengue virus (DENV) is the causal agent responsible for infections of dengue fever (DENF).
DENF is an arthropod-borne viral disease transmitted by mosquito species of the Aedes genus,
predominantly by Ae. aegypti and to a lesser extent by Ae. albopictus. Also known as ‘break-
bone fever’, dengue fever was initially identified as a “water poison” associated with flying
insects. The name ‘dengue’ derives from the Swahili phrase Ka-dinga pepo, meaning “cramp-like
seizure” and came into general use only after the 1828 epidemic in Cuba (before that, it was also
named Dunga) (1).

Taxonomy

DENV belongs to the genus Flavivirus and family Flaviridae. The dengue virus complex
includes four genetically and antigenically related but distinct antigenic groups (serotypes)
labelled DENV 1 to 4. For each serotype, four to six genetic groups (genotypes) were identified
(2,3). DENV-1 includes five genotypes (I, Il, lll, IV, and V), DENV-2 six (Asian I, Asian I,
Cosmopolitan, American, American/Asian and Sylvatic), DENV-3 four (I, I, Ill, and V) and DENV-
4 four (I, I, 11, Sylvatic) (4). Based on phylogenetic analysis of the envelope (E) gene sequences,
each genotype can further be subdivided into multiple lineages (5). In 2013 a fifth variant (DENV-
5) was isolated in a human. However, this serotype was found only in Sarawak forests in
Malaysia where it mostly circulates among non-human primates (6).
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Disease agent characteristics

DENV is an enveloped virus. Its genome is composed of a positive-sense, single-stranded RNA
of approximately 10-11 kbp, which encodes seven nonstructural genes (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5) and three structural genes: capsid (C, 100 amino acids), precursor
membrane (prM, 75 amino acids), and envelope (E, 495 amino acids). All of them are translated
as a single polypeptide chain embedded in endoplasmic reticulum membranes, and flanked by
two untranslated (non-coding) regions at the 3’ and 5’ ends (7-9).

Physiochemical properties

Similar to other Flaviviruses, DENVs are stable at slightly alkaline pH (8.0) and low
temperatures (especially at -60°C or below) and for at least 6 h in liquid aerosol suspension at
room temperature and 23-80% humidity. On the other hand, ultra-low temperatures preserve
infectivity almost indefinitely and once freeze-dried they survive almost indefinitely at room
temperature (10).

DENYV can be effectively inactivated by temperatures higher than 56°C for at least 30 minutes,
and ultraviolet light irradiation of at least 45 minutes at 75 cm distance from the source (11).
Similar to other Flaviviruses, DENV is readily inactivated by gamma-irradiation, and organic
solvents and detergents, including 3—-8% formaldehyde, 2% glutaraldehyde, 2-3% hydrogen
peroxide, 500-5000-ppm available chlorine, alcohol, 1% iodine, and phenoliodophors (12). Non-
ionic detergents, such as Triton X, inactivates DENV in plasma at 31°C within 10 min limiting the
risk of transmission of all DENV with transfusion (13).

Priority level for EU

The risk of DENF spreading in the European Union (EU) is high, especially due to population
susceptibility, the effect of climate change in temperate areas and the increased international
trade and air travel, enhancing both the spread of the competent mosquito vectors (Aedes spp.)
and the importation of infected travelers (particularly around the Mediterranean coast) (14).
These covariates favouring the coexistence of the three components of the epidemiological
triangle necessary for local dengue transmission: host, vector, and virus.

DENYV is currently not endemic in continental Europe and most of the cases are travellers
infected outside of mainland Europe. Nevertheless, the dengue expansion and the number of
local outbreaks have increased over the last decades with more than 200 autochthonous cases
reported in Europe over the past 13 years (15,16). Considering the frequency of travellers
coming from high-incidence areas, as well as the past experiences of local outbreaks in Croatia,
Israel, France, Italy and Spain, the risk of more DENF outbreaks in continental Europe is not
unlikely (15).

Vigilance must be maintained, and prevention and control strategies should be carefully
thought out, as the risk of DENF outbreaks in continental Europe is present in regions with well-
established competent mosquito vector populations such as around the Mediterranean and in
some continental regions (see section below: ‘Distribution of the pathogen’). With the further
spread of the competent vectors in Europe, so far impossible to stop, more and more regions
are likely to become at risk.
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Distribution of the pathogen

DENF is endemic in more than 128 tropical and subtropical countries, mainly in Central and
South America, Southeast Asia and the Western Pacific, and establishing epidemic cycles in parts
of Africa, the Eastern Mediterranean and North America. Lately, its geographic expansion has
spread to non-endemic countries (15). The fast and large-scale spread of the disease seems to
be related to demographic and social changes, including global population growth, urbanization,
lack of effective mosquito control and increased travel between endemic and dengue-free areas.
International movements, initially for military and war purposes and then for trade and tourism,
enable the virus and its vectors to be transported from endemic to dengue-free zones (17). The
increase in these movements plays a vital role in the spread of DENV (18).

The occurrence of DENF outbreaks in Europe depends on the presence of competent vectors
(Figure 1). To date, Ae. albopictus is considered the main DENV vector in Europe. It is currently
present in 13 countries and 337 regions across all the Mediterranean regions of Europe and in
some continental regions in Spain, France, Italy, Switzerland, Slovenia, Greece, Croatia, Bosnia-
Herzegovina, Montenegro, Albania, Monaco, Bulgaria and the Netherlands. Ae. aegypti was
eradicated from the European continent in the 1950s; it was nevertheless sporadically detected
in Georgia and neighbouring Russia, the Netherlands, Germany, Italy, Turkey and Madeira over
the past decades, and it is established in Cyprus since 2022 (19).
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Figure 1. Ae. albopictus distribution in Europe in 2023
(source: European Centre for Disease Prevention and Control and European Food Safety Authority. Mosquito maps
[internet]. Stockholm: ECDC; 2023. Available from: https://ecdc.europa.eu/en/disease-vectors/surveillance-and-
disease-data/mosquito-maps Ecology and trasmission routes)

95/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

Ecology and transmission routes

DENF is a flu-like arthropod-borne disease, mainly transmitted by horizontal transmission
between infected and susceptible vector (Aedes spp.) and the host. However, vertical
transmission within the vector population (from an infected female mosquito to her offspring)
has also been reported for Ae. aegypti, both experimentally and under natural conditions
(20,21). Within the human population, other modes of transmission, although rare, have already
been described or suggested, namely from mother to child (vertical transmission), blood
transfusion, organ transplantation and exposure via needle stick or in the laboratory (19).

Humans are known to be the main reservoir and amplification host. In the human host, the
four serotypes can cause a wide range of symptoms from asymptomatic or paucisymptomatic
(50-90%) to severe infections possibly leading to death. After the incubation period of 3 to 7
days, the infectious period starts with a febrile phase characterized by high temperature (>
38.5°C) headache, vomiting, myalgia, and joint pain, sometimes with a transient macular rash,
which can be followed by critical phase ranging from an undifferentiated fever to dengue
hemorrhagic fever and shock syndrome; and finally, the recovery. Adults may experience
profound fatigue for several weeks after recovery. Primo-infection induces neutralizing
antibodies for the infecting serotype. Cross-protection from other serotypes is not long-term,
instead secondary heterotypic infection (involving a different strain) can cause cross reactions
leading to severe disease. Similarly, co-infection with the ZIKV can lead to more acute disease
(22,23).

In vector, the incubation period lasts approximately two weeks. Once the virus is
disseminated to the salivary glands, it can be injected into susceptible hosts during blood meals.
Immediate mechanical transmission was also suggested, e.g., the transfer of the viruses from an
infected host to a susceptible one occurring in a short period between the two feeding events
(17).

Drivers of the disease emergence and spread

Ecological drivers

DENV spread is affected by multiple factors including the distribution of the competent
vectors. Mosquito population dynamics (spatial and temporal densities) is itself driven by
multiple components which partly depend on ecological drivers, such as temperature,
precipitation or relative humidity. Environmental conditions including land cover and
urbanization also play a critical role in Aedes spp establishment, favoring the vector settlement
and proliferation after its introduction. Indeed, some urban environments, such as gardens,
terraces and green spaces serving are conducive to their installation and breeding near the
human population.

Due to its high level of eco-physiological plasticity, Ae albopictus has adapted to temperate
environments following the evolution of eggs towards the diapause process (24). Moreover, the
temperature can also affect vector competence accelerating the DENV replication in the vector
at the highest temperatures (25).

DENYV could also be maintained in the environment by infection of non-human hosts such as
bats, non-human primates, birds, bovids, dogs, horses, pigs, rodents, marsupials and other small
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animals (26). Their presence should also be considered as a potential reservoir in dengue
transmission.

Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief history of the pathogen and disease

DENV is a flavivirus-inducing clinical feature similar to other arboviruses, such as chikungunya
or zika. While clinical reports referring to dengue-like symptoms published since the Jin Dynasty
(265 to 420 A.D.), the first isolations of DENV occurred in 1943 and 1945 in Japan and Hawaii
respectively. Current knowledge suggests that the common ancestor of the four DENV serotypes
appeared around 1,000 years ago, and that transmission to humans occurred much later, only a
few hundred years ago.

From the 1940s to date, DENV largely spread all over the world mainly to tropical Asia, the
Pacific Islands and the Americas, but also in many parts of Africa. Each year 100—400 million
DENV infections are reported worldwide (27). It became hyperendemic in tropical and
subtropical regions worldwide, mostly in urban and semi-urban areas (17,28,29). In recent
decades, the number of DENV infections has increased. Since 2010, several outbreaks of
autochthonous infections have been reported in Europe, mostly involving DENV-1 and 2 (30).

Disease in humans

Following the bite of an infectious mosquito and an incubation period, an individual may or
may not develop symptoms of DEN. Viremia begins toward the end of a 3- to 14-day incubation
period and persists until around the time fever abates, which is typically 4- to 7-day and can go
up to 10 days (2,31). The clinical pattern of the disease is characterized by 3 phases: febrile (3 to
7 days), critical (2 to 3 days) and recovery (2 to 3 days). The febrile phase is characterized by high
fever accompanied by a range of symptoms that differ from individual to individual, from
headaches, malaise, nausea, vomiting, myalgia, and abdominal pain to febrile convulsions. The
critical phase is characterized by various complications. Hemorrhagic manifestations and
hematological abnormalities can occur in severe forms. Finally, the recovery phase is
characterized by the loss of symptoms with the recovery of vascular permeability, although
some organ dysfunctions may persist for several weeks (2,4,32).

The clinical signs of DENF vary from asymptomatic infection (the majority of cases) to classical
dengue fever and, in a minority of cases, a severe life-threatening infection. Dengue
hemorrhagic fever and dengue shock syndrome are associated with severe forms and, as
mentioned, can cause death (33). The clinical manifestations and severity of DENF depend on
various factors such as the genetics of the virus and the host. For instance, some studies have
shown that individuals with African ancestry are less likely to develop a severe form of DEN than
those of European and Asian ancestry (34). Potential previous infection with a different DENV
serotype or ZIKV seems to be one of the major risk factors for severe disease (24). An increased
risk of severe forms was even highlighted in infants when anti-DENV antibodies were acquired
by the mother (2). Age is also considered a risk factor, with children having a higher risk of severe
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forms (2,4). Finally, the serotypes DENV-2 and DENV-4 are associated with more severe or even
fatal forms of the disease, even so, all 4 serotypes are capable of causing it (2).

Following the infection, the host's immune system produces antibodies specific to the
serotype. These antibodies confer long-term immunity against that serotype, however,
subsequent infections with new serotypes can result in cross-reactivity, leading to more serious
infections, it is known as antibody-dependent enhancement (ADE) (4,32,35). In a primary
infection, anti-DEN IgM levels rise after 3 to 5 days of fever. Over the following 2 to 3 months,
IgM levels decrease and are replaced by IgG, which are maintained throughout life and offered
a life-long protection against repeated infection with this serotype, but not against reinfection
with a different serotype. In secondary infection, the increase in IgM is much less marked than
in primary infection and IgG levels rise rapidly to a high peak (2).

Availability of preventive, therapeutic and control measures,
including licensed or pipelines vaccines

Therapy in humans

While there is no licensed targeted therapy or specific antiviral drug for DENV infection, WHO
provides guidelines on DENF clinical management from the febrile phase to the recovery.
Depending on the disease severity, treatment generally includes rehydration and antipyretics
and/or analgesics. In the critical phase and severe hemorrhagic forms, the therapy often
includes meticulous fluid resuscitation and platelet transfusions. N-acetylcysteine and
antibiotics may be indicated in specific cases. Finally, the benefit of steroids
or immunoglobulins is not yet unanimous (36,37). A panel of other therapeutics have been
tested for DENF, such as antiviral treatment in the early phase of infection to reduce viremia and
the likelihood of developing a severe form of DENF (32,38). Antiviral peptide inhibitors have also
been used, with an aim to interrupt the DENV life cycle by affecting the functions of viral
proteins, thus reducing viraemia. Similarly, the use of neutralizing antibodies has been shown to
play an important role in inhibiting the functional site of the DENV envelope (E) protein from
interacting with the host cells (32). According to some hypotheses, individuals with high viraemia
are more at risk of developing severe forms, thus all the above-mentioned treatments aim at
preventing the progression of the disease into severe forms (38).

Licensed or pipelined vaccines

Partly due to the cross-reaction/antibody dependent enhancement occurring in case of
secondary infection with a different serotype, the development of vaccines for DENV has been
very challenging. In 2015, Dengvaxia® was the first authorized licensed vaccine, but following an
increase in hospitalization in the vaccinated cohort 3 years after the vaccination, it is now limited
to individuals with previous dengue fever infection and is not available in non-endemic countries
(22). Recently, in October 2022, the Qdenga® vaccine has been approved by the European
Medicines Agency (EMA) (39). Inducing antibody responses against all four serotypes but with
lower protection against DENV3, this vaccine seems promising but still needs to be followed
carefully. Other vaccines are in development (40-43).
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Other prevention measures

The circulation of DENV is mainly linked to the vector, vector control is essential for both
DENF prevention and control. Effective vector control can include epidemiological and
entomological surveillance, educational actions to eliminate mosquito breeding sites,
encouraging the use of personal protective equipment such as appropriate clothing, chemical
control using repellents and insecticides, respecting vector resistance, and biological control of
eggs, larvae and adults. Other strategies, such as Sterile Insect Technique (SIT) or Wolbachia-
infected mosquitoes (Wolbachia-mediated suppression and Wolbachia replacement method),
should also be explored to reduce vector density (44,45).

Disease specific recommendation

Individuals living in or travelling to endemic regions should take the following protective
measures against mosquito bites, especially during the day, when the mosquitoes are actives i)
wear long-sleeved shirts and long trousers, ii) use mosquito repellents, coils or other devices
that will help fend off mosquitoes. Ask a doctor for specific options for protection, particularly
for pregnant women, individuals with immune disorders or severe chronicillnesses, and children
under 12 years as the use of most mosquito repellents is not advised; iii) if possible, sleep under
bed nets pre-treated with insecticides; iv) if possible, use window/door screens (46).

The tetravalent live, attenuated vaccine Qdenga® is recommended for seropositive travelers
before travel to an endemic country, for dengue naive travellers aged from 4 to 16 years old,
and for naive travellers aged from 17 to 60 years old only for long trips in endemic areas. Due to
a lack of studies, Qdenga® is not recommended for individuals older than 60 years old (39). The
dengue tetravalent vaccine (CYD-TDV; Dengvaxia®, Sanofi-Pasteur) is recommended using the
three-dose series scheduling for individuals from 9 to 45 years old with previous dengue
infection in endemic countries. The trials for the live attenuated tetravalent dengue vaccine,
Denvax (TAK-003), are still being processed, and it is currently only approved for use in Indonesia
for individuals within the indicated age range of 6 to 45 years (42).

Epidemiological situation, at different spatial scales: past and
current trends

DENF is not endemic in mainland Europe and the majority of the cases are travellers infected
in endemic regions. The epidemiology of DENF in Europe is characterized by relatively small
outbreaks involving local transmission following the introduction of an imported index case. The
first European epidemic was reported in Spain in 1793. From 1793 to 1945, other outbreaks
were reported in different European countries (Spain, Cyprus, Gibraltar, Greece, Portugal,
Austria, etc.) (47). In 2010, the first autochthonous DENV infections were diagnosed in France
and Croatia with low numbers of cases (48,49). From 2008 to 2021, 25,755 cases were reported
in 28 different countries to the ECDC. During the summer of 2022, 65 autochthonous cases of
dengue fever were identified in mainland France, across nine outbreaks (16). In August 2023, a
DENV epidemic started in Italy, in the regions of Lombardy and Lazio, where the vector Ae.
albopictus is present. This event highlight the importance of continuous integrated surveillance
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of imported vector-borne viral infections, and the potential risk of outbreaks in highly populated
regions where competent vectors are present (50).

These exceptional reports could be due to many factors, including, among others, the
effectiveness of the surveillance system, the climate change associated with the establishment
of Ae. albopictus, post-COVID-increase of international human mobility, as well as privileged
exchanges with endemic french overseas territories, in the particular case of France.

Sociological and demographic dimension affecting susceptibility
and exposure, including gender

Human behaviour influences the introduction of both dengue virus and vectors and the local
exposure of the susceptible population. Tourism in endemic areas and stay in highly touristic
areas are respectively increasing the risk of importation and emergence. The exposure to
mosquito bite and, consequently, the risk of dengue infection, are driven by multiple factors. In
Europe, the influence of sociological components remains understudied and, to date, no clear
correlation was identified between the risk of Ae. albopictus exposure and age or gender (51).
Environmental covariates, such as mosquito’s densities or land use, were highlighted as
important drivers of bite exposure.

Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

DENV infection is an influenza-like illness with a large panel of clinical forms, from mild
undifferentiated fever to life-threatening hemorrhagic fever and shock. Given the wide range of
symptoms, clinical diagnosis for DEN is not straightforward and early and accurate laboratory
diagnosis are essential for appropriate patient management. However, cross-reactivity of
antibody responses occurring in case of co-infections with different flaviviruses such as ZIKV and
chikungunya virus or different DENV serotypes makes virus detection, serological conversion
and establishment of differential diagnosis particularly challenging. To date, laboratory
diagnosis includes virus isolation, molecular amplification of DENV RNA with reverse
transcriptase polymerase chain reaction (RT-PCR), immunoassays to capture the DENV viral
protein NS1 and serological approaches (52). In 2009, DENF case definition criteria were
redefined by the World Health Organization (WHO) (52).
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Infrastructure capacity to identify pathogens for each member
state

DENF is among the communicable diseases that according to the Commission Implementing
Decision (EU) 2018/945 are covered by epidemiological surveillance (53). It means that EU
member states must establish national capacity for detecting and reporting human cases. The
decision provides a case definition and clinical and laboratory criteria:

Clinical Criteria:

Fever
Laboratory Criteria:
A. Probable case:
Detection of dengue-specific IgM antibodies in a single serum sample
B. Confirmed case:
At least one of the following five:
e |solation of a DENV from a clinical specimen;
e Detection of dengue viral nucleic acid from a clinical specimen;
e Detection of dengue viral antigen from a clinical specimen;
e Detection of dengue specific IgM antibodies in a single serum sample AND confirmation
by neutralization;
e Seroconversion or four-fold antibody titre increase of dengue-specific antibodies in paired
serum samples

Epidemiological Criteria:

History of travel to, or residence in an area with documented ongoing transmission of
dengue, within the two weeks prior to the onset of symptoms

Case classification:

A. Possible case:

Not applicable.

B. Probable case:

Any person meeting the clinical and the epidemiological criteria, and the laboratory
criteria for a probable case,

C. Confirmed case:

Any person meeting the laboratory criteria for a confirmed case. Regarding travel history
and locally acquired case definition, an autochthonous case is defined as any case
developing infection without a travel history within 15 days prior to the onset of
symptoms in a given study area. In contrast to an imported case where the individual
has a travel history (18).

In the European Union (EU), diagnosis is routinely made by clinical microbiology laboratories,
and there is no European-wide reference laboratory network or national laboratories in most
EU countries.
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Estimated influence of environmental change on the disease
future trends

The major climatic covariates identified for DENF are temperature, rainfall, and relative
humidity. Except for the temperature, which affects the extrinsic incubation of the virus, those
risk factors mainly affect the vector distribution. In continental Europe, variations in
temperatures could favour northward colonization of competent vectors Ae. albopictus and a
potential re-establishment of Ae. aegypti increasing the risk of dengue emergence is predicted
by many predictive models (54). Inversely, the risk could decrease if climate change is negatively
affecting the climatic suitability for Ae. aegypti (55). Modelling studies are predicting a general
increase in the risk of Aedes-borne diseases in Europe with climate change. However, not all
studies agree on the future of the areas currently most at risk. Bouzid et al. (56), predict an
intensification of the risk in the coastal areas of the Mediterranean and Adriatic, as well as the
north-eastern part of Italy (56), and on the other hand, Tjaden et al. (57), predict that future
summer droughts in northern Italy could reduce the habitat suitability for the vectors and
consequently the risk of Aedes-borne disease (57).
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Term definition

Disease X is a term coined by the World Health Organisation (WHQ) in 2018 during the second
annual review of the Blueprint list of priority diseases. The term refers to a diseases caused by
an unknown pathogen that could emerge as a future epidemic or pandemic(1). Disease X is
caused by Pathogen X, an infectious agent that is not currently known to cause human disease,
but an aetiologic agent of a future outbreak with epidemic or pandemic potential (2). Since the
terms’ introduction, COVID-19 caused by the SARS-CoV-2 virus strain was the first disease to
meet the requirements of Disease X (3). The majority of emerging infectious diseases posing an
international public health threat in the recent decades originated from wildlife reservoirs (4),
as was seen with the emergence of the H1IN1 influenza, the highly pathogenic H5N1 avian
influenza (5), the Severe Acute Respiratory Syndrome Coronavirus (SARS) (6), Ebola virus disease
(EVD) (7), COVID-19, and Mpox (previously known as Monkeypox) (8).

Various pathogens, including viruses, bacteria, fungi, parasites, and prions can potentially be
causative agents of disease X. Transmission characteristics, host requirements, and availability
of antimicrobials have seen viruses as the predominant causative-agents of outbreaks (9-11).
RNA viruses specifically make up about 94% of zoonotic viruses with their ability to spillover
from non-human hosts to humans, evade host defenses and reproduce across a variety of host
species due to their great mutability (12—14). The high mutation rates in RNA viruses lead to
their rapid evolution and environmental adaptability to reach adaptive equilibrium within their
host species very quickly (15). Their ability to acquire significant resistance to antimicrobial
treatment after a brief exposure as observed with HIV and antiretroviral treatment is also an
additional cause of concern (16). Furthermore, RNA viruses are found to be most common
pathogen causing emerging infections in humans, with a rate of two to three novel viruses being
discovered each year (14).

Therefore, in this report, we focus on viral families with pandemic potential characteristics
rather than on a specific virus that may or may not present a future threat. Prevention and
control countermeasures, including pharmacological measures and vaccines, against one
member of the family could easily be adapted to another member in due course when the next
threat emerges.

The pandemic potential characteristics defining the high-risk viral families are: 1) No
preexisting immunity in the global population, 2) Transmittable by asymptomatic cases, 3)
Transmitted via airborne or direct contact, 4) Zoonotic potential, and 5) No existing, effective
therapeutics or vaccines (17-19). This criterion was developed following foundational
assessments on viral families from Johns Hopkins University (17) and was subsequently used in
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the “Framework for U.S. Pandemic Preparedness Policy” (18). In Table 1, a list of high-risk viral
families that could emerge to the next Disease X are presented.

Table 1. Description of the potential disease agent, adapted from a recent policy brief (18)

Viral Family

Notable viruses

Mode of
Transmission

Zoonotic
transmission

Genetic
material

Existing
interventions

Adenovirus 7, Respiratory, fecal- Confirmed DNA Vaccine available
Adenoviridae 14 oral for Type 4
and 7
Lassa fever virus*, Direct contact with Confirmed RNA None
Lymphocytic the blood or other
Arenaviridae choriomeningitis !oody quifis 9f_
infected individuals
or contaminated
objects.
SARS CoV 1 & 2%, Respiratory, Confirmed RNA Vaccines available
- MERS CoV* Fecal-oral, SARS CoV 2
Coronaviridae
Surface
contact
Filoviridae Ebola virus(EBOV)*, Direct contact with Confirmed RNA None
Marburg virus* the blood or other
body fluids of
infected individuals
or contaminated
objects.

Orthomyxoviridae Influenza Respiratory, water Confirmed RNA Influenza (including
seasonal HIN1,
seasonal Influenza
B,
and H5N1)

Paramyxoviridae Nipah virus*, Hendra  Respiratory, Confirmed RNA Vaccines for

virus*, Mumps virus,  Direct contact with Rubeola and
Rubeola virus the blood or other mumps
body fluids of
infected individuals
or contaminated
objects.
Poliovirus, Respiratory, None confirmed  RNA Vaccines for
picornaviridae Foot-and- Surface contact Poliovirus and
Mouth Disease Hepatitis A
Virus
Pneumoviridae Respiratory Respiratory None confirmed  RNA Vaccine and
Syncytial Virus monoclonal
(RSV) antibodies against
RSV
Variola virus, Respiratory, Confirmed DNA Vaccines against
. Varicella virus, Surface contact Variola and
Poxviridae . .
Mpox virus* varicella.

*Diseases included in the 2023 updated WHO Blueprint priority diseases (1)
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Apart from viruses, considering bacterial pathogens, the emergence of antibiotic multi-
resistant bacteria poses a significant threat to global public health, prompting consideration of
such strains as potential candidates for "Disease X," representing an unknown and potentially
catastrophic infectious disease. Treating antibiotic multi-resistant bacteria as Disease X has
advantages and disadvantages. While it may enhance global preparedness and collaboration,
there are potential negative consequences, such as stigmatization and resource diversion (20—
22). Emergence of newly multi-drug resistant bacterial strains is often regarded as an existing,
endemic condition that requires a different approach to address AMR including surveillance of
AMR and antimicrobial consumption/use, and ensuring universal access to quality diagnosis and
appropriate treatment of infections (23,24). Whereas current research towards Disease X is
exclusively focused on R&D for medical countermeasures and health systems optimization
against viral threats (25,26). Therefore, in this report, while acknowledging the importance of
AMR as global public health threat of high importance, we consider only viral threats for Disease
X.

Description of the potential disease agent:

In this report, we discuss the characteristics of the nine viral families mentioned above that the
‘pathogen X’ could belong to.

Adenoviridae

Adenoviruses are large (~950 A) and complex non-enveloped virions with an icosahedral
capsid (70 to 100 nm) is made up of 252 capsomeres with 240 hexons forming the faces and 12
pentons at the vertices (27). Each penton bears a trimetric fiber that aids in attachment to the
host cell via the receptor on its surface (28). The double-stranded linear DNA, between 26K and
48K base pairs (bp) on length, is associated with two major core proteins and carries a 55-kDa
protein covalently attached to its 5’ end (27).

Arenaviridae

Arenaviridae are spherical or pleomorphic in shape, 40-200 nm in diameter, with dense lipid
envelopes containing bi-segmented negative strand uncapped RNA segments (29), L (ca. 7.3
kbp) and S (ca. 3.5 kbp), that are encapsidated independently (30—32). The virion surface layer
is covered with club-shaped projections which consist of trimeric spike structures of two virus-
encoded membrane glycoprotein subunits (GP1 and GP2) and, in some, a third component
(stable signal peptide [SSP]) (33). Isolated ribonucleoprotein (RNP) complexes are organized into
“beads-on-a-string”-like structures (34).

Coronaviridae

This family consists of large, enveloped particles decorated with 20nm long club- or petal-
shaped surface projections (the “peplomers” or “spikes”), and single-stranded capped,
polyadenylated, positive-strand RNA viruses with genomes ranging from 25 to 32 kbp and a
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roughly spherical virion of 118-136 nm in diameter (35,36). Within the envelope is a flexible
(subfamily Coronavirinae) or a doughnut-shaped (subfamily Torovirinae) nucleocapsid.

Filoviridae

Filoviruses are filamentous, enveloped particles with a nucleocapsid containing non-
segmented, negative-sense, single-stranded RNA genome, approximately 19 kb long and four
viral structural proteins (37,38).

Orthomyxoviridae

Influenza viruses are spherical or pleomorphic enveloped particles 80 to 120 nm in diameter
(39,40). The helically symmetric nucleocapsid consists of a nucleoprotein and a multipartite
genome (10.0 to 14.6 kbp) of single-stranded negative sense RNA in seven or eight segments,
50-150 nm in length. The envelope carries 500 distinct spike-like surface projections including
the hemagglutinin attachment protein and a neuraminidase in a 10:1 ratio respectively (41).

Paramyxoviridae

All paramyxoviruses are enveloped virions 150 to 300 nm in diameter with a tubelike,
helically symmetrical nucleocapsid containing a monopartite, single-stranded, negative-sense
RNA genome (14 to 20 kbp in size) and an RNA-directed RNA polymerase (42,43). The genome
is uncapped, and the genome 3’-end is not polyadenylated. The nucleocapsid associates with
the matrix protein (M) at the base of a double-layered lipid envelope.

Picornaviridae

Picornaviruses are small (22 to 30 nm) nonenveloped, single-stranded, uncapped positive
sense (7 to 8.5 kbp) RNA viruses with cubic symmetry (44,45). The virus capsid is composed of
60 identical subunits called protomers, each consisting of four poly-peptides VP1-VP4 (46).

Pneumoviridae

This family consists of large filamentous enveloped negative-strand RNA viruses of 70-190
nm in diameter and up to 2 um in length (47). Virions consist of a lipid envelope surrounding a
nucleocapsid. The RNA length genome varies between genera, 13 to 15 kbp.

Poxviridae

Poxvirus virions are large and brick shaped, approximately 220—-450 nm long, 140—-260 nm
wide and 140-260 nm thick with short surface tubules 10 nm wide in the lipoprotein surface
membrane (48,49). The genome consists of double-stranded DNA, from 128 to 375 kbp, and the
core contains enzymes for virus entry and replication.
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Priority level for EU

The COVID-19 pandemic highlighted limitations of outbreak response strategies and systems
adopted within the European Union and its Member States, to respond quickly and effectively
to a pandemic of this unprecedented scale, caused by an unknown pathogen (50,51). The
pandemic demonstrated the ease with which a respiratory pathogen could spread via air travel
and as a result of global connectivity (52). Coupled with densely populated cities with an
immunologically naive population, such an introduction of a novel pathogen led to an
unprecedented public health crisis. To prevent and ensure improved response to future threats,
Health Emergency Preparedness and Response (HERA) was launched as a new European
Commission Directorate-General on 16 September 2021 (53). HERA focuses on research on
‘pathogen X’ including threat assessment, horizon scanning for the identification of potential
medical countermeasures and innovative technologies, and the development of standardized
research protocols.

Drivers of the disease emergence and spread

Anthropogenic changes to the environment increases the risk of disease emergence by
increasing the contact of people with a new pathogen by increasing proximity or by favouring
changes in the host immunity (54-56). Here we discuss the drivers of disease emergence and
spread established for the hiogh-risk viral families as summarised in Table 2.

Table 2. Summary of the drivers of disease emergence and spread for each high-risk viral family in an EU context.

viral Family Common drivers Threat to the Potential emergence and Previous outbreaks in
EU spread in the EU the EU
.. Land use changes and Medium Endemic with reports of Endemic species in
Adenoviridae - .

wildlife trade antropozoonosis (57) Europe.
Land use changes, Low Possibility of imported cases but None

Arenaviridae biodiversity loss, currently no known reservoirs
climate change for arenaviruses in Europe.
Land use changes, High Although the risk of COVID-19 pandemic
biodiversity loss, emergerence is low in the E,

- wildlife trade, coronoviruses being respiratory

Coronaviridae . .
monoculture, climate pathogens are easily
change and global transmitted.
travel

Filoviridae Land use changes, Low Possibility of imported cases but Laboratory outbreaks
biodiversity loss, currently no known reservoirs  of Marburg virus in
wildlife trade, global for filoviruses in Europe. Germany in 1976 and
travel and conflict EBOV in England in

1976. One imported
case of Ebola in 2014.

Orthomyxoviridae Land use changes, High Avian and seasonal influenza Several outbreaks of
monoculture, climate are well established in Europe. different influenza
change, war/conflict, strains have been

recorded in Europe.
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Threat to the
EU

Common drivers

Potential emergence and
spread in the EU

Previous outbreaks in
the EU

Paramyxoviridae

Picornaviridae

and global travel and
trade

Land use changes, Low-medium
biodiversity loss,

wildlife trade,

monoculture, and

climate change

No known Low-medium

environmental drivers.

Rubeola and mumps are endmic Endemic species in
vaccine preventable diseases in Europe.

Europe, however the recent
zoonotic diseases are currently
georgraphically restricted to
South and South-East Asia and
Australia.

Hepatitis A and Polio are
vaccine preventable diseases.

Hepatitis A endemic in
Europe.

Pneumoviridae No known Low-medium Human metapneumovirus and Human outbreaks of
environmental drivers. RSV are only known virus known viruses
affecting humans in this family endemic.
and they are endemic to
Europe.
Biodiversity lossand Medium-high Imported cases from West Mpox outbreak in May
L wildlife trade, Africa with sustained human to 2022 declared by
Poxviridae

human WHO European region

(58)

Land-use changes

The extension of agricultural cultivation into forests through deforestation and habitat
fragmentation may perturb the existing zoonotic transmission cycles (59,60).

The emergence of bat-associated viruses: bats play a critical role as reservoirs for new
infectious diseases due to their unique immune systems, extended lifespans, and ability to host
diverse viruses. Their natural behaviours, such as roosting in large colonies and migrating over
vast distances, facilitate viral transmission and spread (61). Zoonotic spillover events, where
viruses jump from bats to other animals and eventually to humans, have been implicated in
outbreaks like Ebola, SARS, and COVID-19. Outbreaks from the Paramyxoviridae family, Nipah
and Hendra viruses were associated with loss of bat habitat due to deforestation and agricultural
expansion (59,62,63).

The emergence of rodent-associated viruses: Rodents serve as reservoirs for various
infectious diseases, harboring pathogens with zoonotic potential. Their proximity to human
habitats increases the risk of disease transmission. The adaptability and widespread distribution
of rodents contribute to the emergence and spread of infectious diseases. Like bats, they
provide examples of disease emergence due to agricultural encroachment into forests, like the
outbreak of Argentine haemorrhagic fever (AHF), caused by the Junin virus, an arenavirus. As
the pampas of Argentina was cleared for maize cultivation, the rodent Calomys musculinus, a
natural host of Junin virus, increased in population (64,65). The infected Calomys species shed
virus in their urine, which was aerosolised by agricultural machinery infecting agricultural
workers. Similar outbreaks due agricultural expansion has documented with other arenavirus
diseases such as Bolivian HF and Lassa fever, caused by the Machupo virus and Lassa fever virus,
respectively, via their natural respective host rodents Calomys callosus and Mastomys natalensis
(66,67).
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Biodiversity loss

Studies demonstrate that reforestation can increase biodiversity loss and disease
transmission when land conversion of grasslands, savannas, and open-canopy woodlands in
temparate regions are reforested (56,68,69). For example, the incidence of tick-borne
encephalitis in humans in Italy was explained by the ratio of coppice to high stand forest in Italy
with natural reforestation that favored the abundance of the roe deers, reservoirs of tick-borne
viruses (70). On the other hand, loss of biodiversity is found to play a major role with frequent
emergence and transmission of zoonoses (71-73). Biodiversity loss in ecological communities is
a consequence of loss of large-bodied species with slower life histories (74) and increasing
abundance of smaller-bodied species with fast life histories (75), which are more likely to
transmit zoonotic pathogens (76). Furthermore, land-use changes caused by humans has been
found to increase in the abundance of a single species, often zoonotic host species and reduce
the diversity of non-hosts due to habitat loss (60). Thus, biodiversity loss potentially leads to
increase in of zoonotic reservoirs population and therefore, increased risk of spillover.

Wildlife trade

Wildlife trade for consumption and recreation plays a major role in zoonoses emergence.
Hunting, preparing, and selling bushmeat has been linked with spillover due to frequent contact
with infectious materials from wildlife (77,78). For example, EBOV spillover events and
subsequent outbreaks in the Congo Basin have been traced back to hunters who were exposed
to Ebola contaminated ape carcasses (79,80). Another example of spillover from bushmeat
consumption, is the severe acute respiratory syndrome (SARS) epidemic (2003-2004) that
emerged from the Pearl River delta region in Guangdong, China (81). The first cases of the SARS,
a disease caused by a coronavirus, were likely wild animal handlers in markets and restaurants
serving bushmeat (82,83). Wildlife trade such as importation of experimental mammals have led
outbreak events as seen with Marburg virus in Marburg, Germany and EBOV in Virginia, US in
1969 (84) and 1989 (85), respectively.

Monoculture

Monocultures of livestock and poultry for the purpose of increasing productivity and
improving management, promote susceptibility to infection (15) and facilitates disease
transmission by increasing population size and density (86—88). Avian influenza which is of
relatively low pathogenicity in wild water birds (89,90) is highly pathogenic in domestic poultry
(54) especially with some strains. Studies demonstrate that both extensive and intensive farming
practices drive influenza virus spillover from wild birds to domestic birds and pigs and thereby,
infecting humans (89,91). Rice fields combined with free-grazing duck farming in wetlands bring
wild water birds into proximity with domestic ducks (91) and can transmit the pathogen to
domestic poultry (92). Low genetic diversity in the immunologically naive domestic population
encourages rapid dissemination and amplification of infection (71,88). In regions where swine
farming is in proximity to poultry farming, pigs serve as “mixing vessels” to generate reassortants
which are potential candidates for new pandemic strains, are they are susceptible to both avian
and human influenza viruses (93,94). Intensification of camel herding in the Arabian Peninsula
was associated with Middle East respiratory syndrome (MERS) outbreak (95). MERS is caused
was MERS-CoV, a member of Coronaviridae.
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Climate change

Climate change such as increasing temperatures and precipitation changes causes shifts in
the geographical range of various pathogen hosts, vectors, and reservoirs (96,97). Climate
change also has an indirect impact on vegetation and ecosystems which affects the geographical
reange and migration of pathogen hosts and reservoirs (98,99). Extreme climatic events such as
drought, heatwaves, wildfires, storms, and floods cause habitat destruction and are linked to
Nipah (100) and Ebola (101) spillovers from wildlife moving to safer areas foraging for limited
food resources. Global warming was related to melting ice and thawing of the permafrost
exposing once-frozen pathogens (102). Studies demonstrated a genetic analysis of an anthrax
outbreak in the Arctic circle suggesting that the bacterial strain emerged from a once infected
reindeer corpse as the frozen ground thawed (103). Climate also influenced human social
gatherings and the transmissibility of viruses such as influenza (104) and COVID-19 (105). Some
studies suggested that heavy rainfall could induce social isolation, thereby reducing COVID-19
cases (105). However, in Indonesia and Pakistan, increased rainfall and temperatures were
associated with increased cases of COVID-19 reflecting different behavioral responses to
weather (106). Destruction and damage to infrastructure such as sewage systems and portable
drinking water due to climatic disasters influence disease outbreaks such as hepatitis A (107).

Global travel and conflict

Global travel enables asymptomatic viremic travelers to transmit across borders, introducing
a novel pathogen to a seeming naive population. The effect of travel on global pandemics as in
the case of the SARS outbreak 2003-2004 demonstrated that virus can be spread around the
world by international air travelers (108). Travelers from Singapore, Canada and Vietnam
became infected following their visit to Hong Kong in March 2003, leading to SARS CoV-1
infections in twenty countries in a month’s time. A similar consequence of global connectivity
was observed with SARS CoV-2 transmission across 229 countries with a total of 698,446,176
confirmed cases of COVID-19 that originated from Wuhan, China (109). War and conflict lead to
the displacement of large populations into temporary overcrowded settlements with
inadequate safe water and sanitation, need for sustenance hunting of wildlife, and higher risk
of exposure to disease vectors and reservoirs (110). Exacerbation and increased geographical
spread of Lassa fever (110) and Ebola (111,112) outbreaks, in West and Central Africa
respectively, can be attributed to local unrest and conflict.

Diagnostic procedures and notification systems used at local,
national, and European scale

The Zoonoses Directive 2003/99/EC obliges EU Member States to collect relevant and, when
applicable, comparable data on zoonoses, zoonotic agents, antimicrobial resistance, and
foodborne outbreaks (113). In 2004, the European Commission entrusted European Food Safety
Authority (EFSA) with the task of setting up an electronic reporting system and database for
monitoring zoonoses (EFSA Mandate No 2004-0178, continued by M-2015-0231) (114).
However, this monitoring system was exclusively meant for assessing zoonoses and pathogens
emerging within the European region, and not for detecting outside threats. To detect imported
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infectious disease threats, TropNet (European Tropical and Travel Medicine Network) was
founded in 1999 to create a “European Network on Imported Infectious Disease Surveillance”
(115).

Epidemic intelligence systems rapidly detect and assess outbreak events of any origin to
ensure the EU’s health security by collating information from a variety of sources, which is then
validated and analyzed. Epipulse (restricted access) and epitweeter (public access via a R
package) are tools developed by European Centre for Disease Prevention and Control (ECDC) for
public health threat detection (116). Early Warning and Response System (EWRS) is a another
tool with restrictive access that monitors public health threats in the EU (117).

Surveillance of animal health and zoonotic threats in the EU is assessed by various disease
intelligence and surveillance systems. Platform for Automated extraction of Disease Information
from the web (PADI web) is an multilingual event-based surveillance system dedicated to the
monitoring of online news sources for the detection of animal health infectious events (118).
Nationally, France monitors animal diseases are a potential threat to public health, the economy
and the environment via the epidemiological surveillance in animal health, ESA platform
coordinated by ANSES (the French Agency for Food, Environmental and Occupational Health &
Safety) and the French Ministry of Agriculture (Directorate General for Food, DGAL) (119).

The other EU agencies involved in outbreak preparedness for future threats include the
Directorate-General for Health and Food Safety (DG-SANTE), The Directorate-General for
Research and Innovation (DG-RTD), European Medicines Agency (EMA), EU Civil Protection
Mechanism, and more recently, HERA (50).

Monitoring Outbreak events for Disease surveillance project (MOOD), a part of the European
program Horizon 2020, aims to improve epidemic intelligence tools and services for the early
detection, assessment, and monitoring of current and future infectious disease threats such as
disease X across Europe in the context of continuous global, environmental, and climatic change
(120).
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Biological, ecological, and molecular features of the causative
agent

Disease name

Influenza A

Disease agent

Common, scientific and Latin name

Influenza A viruses (IAVs) are the causative agents of one of the most critical viral respiratory
diseases in humans, swine, poultry, and other species. Influenza is a descriptive term for a
respiratory epidemic disease presenting with several symptoms: fever, cough, sore throat, runny
nose, headache and muscle pain (1) (2). Common name of the disease is “influenza” in humans
and other animal species (e.g., swine influenza in pigs, equine influenza in horses, and avian
influenza in wild and domestic birds). In avian species, "fowl plague” is also used when the
influenza virus subtypes responsible for the infection can cause systemic and highly lethal
disease. Seasonal influenza occurs almost every winter in humans.

Taxonomy

IAVs belong to the family of Orthomyxoviridae. The multiple influenza A subtypes are defined
by the two surface proteins, hemagglutinin (H) and neuraminidase (N). There are a total of 18
different hemagglutinin subtypes (H1 through H18) and 11 different neuraminidase subtypes
(N1 through N11), including the bat-specific influenza A-like subtypes H17N10 and H18N11,
unable to reassort with influenza A viruses. The remaining 16 HA and 9 NA could theoretically
be found in any combination (3) (4) (5).

Disease agent characteristics

IAVs are enveloped viruses with a negative sense, single-stranded, segmented RNA genome,
organized in 8 segments encoding for the 11 viral genes: hemagglutinin (HA, Viral Attachment
Protein-VAP ), neuraminidase (NA), matrix 1 (M1), matrix 2 (M2), nucleoprotein (NP), non-
structural protein 1 (NSP1), non-structural protein 2 (NS2; also known as nuclear export protein,
NEP), polymerase acidic protein (PA), polymerase basic protein 1 (PB1), polymerase basic
protein 2 (PB2) and polymerase basic protein 1 — F2 (PB1- F2). The lipid membrane of the virion
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harbors the HA and the NA, that project from the surface of the virion, and the M2 integral ion
channel. The matrix M1 protein lies just beneath the envelope which, along with the viral
proteins, encloses and protects the virion core that contains the viral ribonucleoproteins (VRNP)
complexes and the nuclear export protein (NEP). At one end of the VRNPs are the three
polymerases (3P) proteins (PB1, PB2, and PA) that make up the viral RNA polymerase complex
(3) (6). The influenza viruses are pleomorphic, mostly roughly spherical but filamentous particles
have frequently been observed.

The influenza virus life cycle can be divided into the following stages: binding of the viral HA
protein (VAP) at the N-acetylneuraminic (sialic) acid expressed on the host cell surface,
internalization by receptor-mediated endocytosis; endosomal uptake and release; entry into the
host cell; entry of viral ribonucleoproteins into the nucleus; transcription and replication of the
viral genome; export of the viral ribonucleoproteins from the nucleus; assembly and budding of
new virions at the host cell plasma membrane (2) (3).

IAVs are divided into subtypes based on the HA and NA proteins on the virus surface. All
known subtypes of IAVs have been found among birds, except subtypes H17N10 and H18N11,
which have only been found in bats, as mentioned before.

IAVs commonly circulating among other animal species, including humans, are fewer H and
N subtypes than in birds.

The two most common IAVs in humans are H3N2 and HIN1(7). They are the causative agents
of seasonal influenza characterized by a sudden rise in body temperature to > 38.5°C 1-3 days
following infection. Other symptoms include headache, limb ache, tiredness, general faintness,
and dry cough. The most severe outcomes are peracute death, primary influenza pneumonia,
encephalitis, and myocarditis. In addition, severe and fatal consequences of primary viral and
viral-bacterial pneumonia are known, particularly in older patients with underlying diseases
(chronic heart or lung disease, metabolic disorders such as diabetes, immune disorders, etc.).

Avian influenza viruses (AlVs) found in wild aquatic birds worldwide present the most
remarkable diversity of virus subtypes, from H1 to H16 and from N1 to N9. Avian IAVs can spill
over from wild aquatic birds and can infect domestic poultry and other bird and animal species.

AlV of H5 and H7 subtypes exhibit two pathotypes in poultry: low pathogenic (LP) and highly
pathogenic (HP).

Low pathogenic (LP) strains result in mild or asymptomatic infections, whereas highly
pathogenic (HP) strains cause up to 100% morbidity and mortality. Therefore, any AIV that
exhibits an intravenous pathogenicity index (IVPI) in 6-week-old chickens greater than 1.2 or kills
at least 75% of 4- to 8-week-old chickens during a 10-day-observation period is defined as a
highly pathogenic strain (8).

The LPAI of H5 and H7 subtypes can spontaneously mutate to the HP phenotype under
natural conditions. The HA cleavage site mutation causes the HP phenotype, but additional
mutations may play a role. Two different classes of proteases are responsible for cleavage-
activation of the hemagglutinin of influenza viruses: the trypsin-like proteases that cleave LPAIV
are present only in a limited number of cells or tissues, so that these viruses commonly cause
localized infections in, for example, the respiratory tract of mammals or intestinal tract of birds.
In contrast, furin and subtilisin-like proteases that activate HPAIV are ubiquitously expressed
causing the systemic spread of the virus (9).

Three different subtypes of influenza A viruses of swine (IAV-S) co-circulate worldwide:
H1N1, H3N2, and H1IN2. However, the origin, genetic background, and antigenic properties of
those IAV-S vary considerably from region to region. For example, recently, the main IAV-S
circulating in U.S. pigs have been swine triple reassortant (tr) HIN1, trH3N2 virus, and trH1N2
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virus (10). Pigs could also be affected by avian influenza viruses and may play a role in the
adaptation of avian IAVs to humans and other mammalian hosts, either as intermediate hosts
in which avian influenza viruses may adapt to humans or as a "mixing vessel" in which influenza
viruses from various origins may reassort, generating novel progeny viruses capable of
replicating and spreading among humans.

For other species, equine influenza (EIV) is mainly caused by two subtypes of IAVs, namely
H7N7 (first isolated in the year 1956) and H3N8 (first isolated in the year 1963)(11), while H17-
H18 and N10-N11subtypes have detected in bats only (4).

Physiochemical properties

These properties were mainly studied in avian viruses, which were most stable at slightly
basic pH (7.4-8.2), low temperatures (<17°C), and mild to brackish salinities (0-20,000 parts per
million (ppm)). Under acidic conditions (pH <6.6), warmer temperatures (>32°C), and high
salinities (>25,000 ppm), Al viruses have much shorter stability (12).

Priority level for EU

IAVs cause one of the most important respiratory diseases in humans, avian species, and pigs.
In addition, the IAVs constantly mutate to evade the host’s immune systems, and new viruses
could emerge and spread in naive populations. In particular, influenza diversification occurs by
two main mechanisms, known as “antigenic drift” and “antigenic shift”. The first mechanism,
which drives annual influenza epidemics, describes gradual antigenic changes in the HA or NA
as a result of the accumulation of point mutations in the antigenic epitopes. The second process
may occur when two different influenza viruses coinfect the same cells within an individual,
causing the mixing and matching of viral genome segments; a change in HA and NA antigenic
characteristics can occur due to this reassortment (2).

Interspecies transmission in animals can result in genetic reassortment of viral RNA segments
during co-infections with different influenza A viruses and this is central to the emergence of
novel influenza A viruses, typically through zoonotic transmission.

Repeated outbreaks and the rapid spread of genetically and antigenically distinct IAVs
represent a considerable challenge for animal and public health. Spillover of IAVs from birds to
animals and/or to humans could occur, and epidemiological and environmental processes
influence the occurrence. Moreover, bidirectional transmission of IAV between pigs and people
has altered the evolutionary dynamics of IAV, and a “One Health” approach is required to
ameliorate morbidity and mortality in both hosts and improve control strategies.

Although only subtypes of HIN1, HIN2, and H3N2 are endemic in swine worldwide,
considerable diversity can be found in their H, N, and the other six genes. Human and swine IAVs
have demonstrated a particular propensity for interspecies transmission, leading to regular and
sometimes sustained incursions from man to pig and vice versa. The diversity of IAVs in swine
remains a critical challenge in diagnosing and controlling this important pathogen for swine
health, contributing to a significant public health risk (13). From late 2016 to date, avian
influenza continues to evolve in Europe and globally, with reports of new bird outbreaks and
occasional infections in mammals. Sporadic human infections have been reported in countries
outside the EU, while the risk to the public in the EU remains low. However, a surprising number
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of HPAI virus detections in sea birds were recently (2022-2023) observed, mainly in gull species
and particularly in black-headed gulls (14).

The genetic analyses indicate that the virus persisted in Europe in residential wild birds during
and after the summer months. Although the virus retained a preferential binding for avian-like
receptors, several mutations associated with increased zoonotic potential were detected.

Distribution of the pathogen

IAVs have a broad host range and are among the most clinically and economically important
pathogens for humans, food animals, companion animals, and wild birds. Influenza in humans
occurs every year in the cold season, and the causative IAVs circulate in all parts of the world.

Avian Influenza occurs worldwide, but some subtypes can be restricted to specific
geographical areas or periods. There is often a “wave” pattern of avian influenza viruses in both
wild and domestic avian species, with periods of many outbreaks and others with few cases. In
temperate climates, seasonal epidemics occur mainly during winter, while in tropical regions,
influenza may occur throughout the year, causing outbreaks more irregularly.

In 2021/2022, the HPAI epidemic in the EU was the largest observed so far in terms of
outbreaks, dead wild birds, and geographical spread. In Europe, between 2005 and 2022, all
countries experienced at least one episode of HPAI (Figure 1). In recent years, the range of wild
bird and mammal species affected by HPAI viruses has also expanded, with the detection of HPAI
viruses showing genetic markers of adaptation to replication in mammals. In addition, animal-
to-human transmission has occasionally occurred, while no transmissions between humans
have been reported.
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Figure 1. Cumulative cases of Avian influenza in wild and domestic birds in Europe and the Balkans from 2005 to
2022
(Data from WOAH-WAHIS).

Swine influenza in pigs regularly causes outbreaks worldwide, characterized by high levels of
illness in pig herds. Still, since vaccination is standard in pigs, the disease's severity is usually
limited. Swine influenza viruses can circulate among swine throughout the year, but most
outbreaks occur during the late fall and winter months, like human outbreaks.

Ecology and transmission routes

The ecology of IAVs is dynamic and complex, involving multiple host species (Table 1). Aquatic
wild birds of the orders Anseriformes (ducks and geese) and Charadriiformes (shorebirds and
gulls) are the primary reservoir of avian influenza viruses in nature, harboring H1-H16 subtypes.
In contrast, H17 and H18 subtypes were recently discovered in bats (5) (15). Almost all HA and
NA subtypes have been detected in dabbling ducks (Anas spp.), suggesting that these species
are the major reservoir of IAVs (16).
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From an ecological point of view, IAVs are natural components of wetland ecosystems in
which they occupy trophic niches represented by susceptible hosts while interacting with other
biotic and environmental elements. However, ecosystem interactions underlie possible
bidirectional viral flows between natural and anthropogenic habitats. Domestic pigs and poultry
are two other critical reservoirs of I1AVs (17).

Natural avian reservoirs, mainly aquatic wild birds, maintain the environment's low-
pathogenic avian influenza viruses (LPAIVs). In these animals, virus prevalence can be >20% in
the autumn migration season. The IAV can occasionally move from aquatic bird reservoirs and
jumps to poultry or various mammalian species, including humans, resulting in sporadic
infections, disease epidemics, or pandemics. If IAVs are transmitted to poultry, they can
occasionally evolve into highly pathogenic (HP) strains. In recent years, a new scenario was
observed with the increasing potential involvement of wild birds in the long-distance spread by
migratory populations of HP avian influenza viruses, particularly H5 subtypes.

From an evolutionary perspective, sequence data generated about influenza viruses have
provided a general understanding of the extent and structure of virus genetic diversity, the
evolutionary processes that gave rise to it, from where influenza viruses originate, and the
mutations that underpin host adaptation, antigenic drift, and antiviral resistance (18).

Human seasonal influenza waves display a complex spatiotemporal pattern resulting from
biological, sociodemographic, and environmental factors. Wave-like spread on a small scale
(country or area) and long-range seeding events synchronizing distant populations are the two
main observed patterns, mainly due to short-distance commuting and air travel flows that
facilitate inter-human virus transmission (19).

Animal IAVs follow different transmission patterns. Commercial poultry farms, “wet markets”
(where live birds and other animals are sold), backyard poultry farms, commercial and family
poultry slaughtering facilities, swine farms, human dietary habits, and the global trade in exotic
animals have all been implicated in the spread of IAVs (20).

Direct transmission of IAV from wild birds to humans is rare; most IAV spillover events have
occurred through close contact with infected domestic poultry. An example of a persistent
transmission from domestic poultry to humans of an avian influenza virus is the outbreak of
H7N9 in China, which has become one of the more severe zoonotic infections from avian IAV,
with about 1600 human cases from 2013 to 2022, with high morbidity and 40% of case fatality.
Most H7N9 human infections have resulted from close exposure to live poultry markets,
whereas human-to-human virus transmission is limited (15).

Live poultry markets act as a major source of reassortment of IAV, causing new HA and
neuraminidase (NA) subtype combinations and gene constellations, with the HIN2 subtype
acting as a significant donor of internal gene segments to other subtypes (15).

Transmission of IAV in wild bird populations depends on several factors, including virus
shedding, virus stability in the environment, and the degree of close contact/mixing with other
hosts. The maintenance of this diverse pool of viruses globally is in part due to the migratory
nature of the bird species, a mechanism in which the viruses are shed in bird faeces and later
acquired by other birds that share the same habitat along migratory flyways (15). It has also
been suggested that switching transmission dynamics might be a critical strategy for pathogens,
such as IAVs, associated with mobile hosts, such as wild water birds, and that both intraspecies
and interspecies transmission is essential to maintaining gene flow across seasons (21). In
backyard poly-culture farming, domestic poultry often comes into contact with wild birds. The
movement and mixing of domestic poultry to live poultry markets enhance the spread and
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mixing of 1AVs (15). AlVs continue to cause both morbidity and mortality in poultry worldwide.
Increased mortality is strongly related to infection with highly pathogenic IAVs (HPAIVs) (21).

The IAV hemagglutinin (HA) binds to sialic acid (SIA) receptors, widely represented in
mammals and birds. Most avian and human influenza viruses preferentially bind to specific
receptor types having SAa2,3Gal (avian receptor)- or SAa2,6Gal (mammalian receptor)-
terminated saccharides, respectively. Thus pigs are widely recognized as a “mixing vessel” of IAV
with the presence of both a- 2,3-SA and a- 2,6-SA residues distributed throughout their
respiratory tracts, where avian, swine, and human IAV strains reassort following co-infection
and give rise to new genetic variants, potentially leading to epidemics and/or epizootics (20).

The transmission of Equine influenza viruses (EIVs) occurs by inhalation through aerosol that
can spread effectively through the air up to 1-2 km of distance. Droplet infection plays a
significant role in the transmission as nasal discharge/fomites aid in animal-to-animal transfer
(22). Horse-to-horse spread is relatively rapid and faster than other respiratory infections in the
equine species (23). International trade and traffic also lead to the spread of disease to disease-
free zones of the world. The virus can persist for three days in the environment leading to the
spread in other animals through fomites. The incubation period is 1-3 days, and the infected
horses can shed the virus for up to 10 days via nasal discharge (24). EIV is a self-limiting sterile
disease in horses since the virus does not persist in recovered animals (25).

Drivers of the disease emergence and spread

Ecological drivers

Patterns of influenza outbreaks are different in the tropics than in temperate regions.
Although considerable experimental progress has been made in identifying climate-related
drivers of influenza, the apparent latitudinal differences in outbreak patterns raise fundamental
guestions about how potential environmental variables combine and act across the globe.

Some studies clarify that absolute humidity drives influenza outbreaks across latitudes, find
that the effect of absolute humidity on influenza is U-shaped, and show that this U-shaped
pattern is mediated by temperature (26). A study on seasonal influenza in children showed
socio-demographic drivers regarding the role of children in influenza transmission to their
elderly contacts. It was demonstrated that Influenza-Like lliness was 3.4 times lower in the
elderly contacts of immunized children than in contacts of the control group (27).

Different environmental drivers of Highly Pathogenic Avian Influenza H5N1 outbreaks in
poultry and wild birds were described. In wild birds, outbreaks were strongly associated with an
increased Normalized Difference Vegetation Index (NDVI) and lower elevation, though they
were similarly affected by climatic conditions as poultry outbreaks. Outbreaks in poultry mainly
occurred in areas where the location of farms or trade areas overlapped with habitats for wild
birds. In contrast, outbreaks in wild birds were primarily found in areas where food and shelters
are available. The different environmental drivers suggest that other spread mechanisms might
be involved: HPAI H5N1 spread to poultry via poultry and wild birds, whereas contact with wild
birds alone seems to drive the outbreaks in wild birds (28) (29). Table 2. reports leading influenza
A environmental drivers.
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Table 1. List of influenza A animal species included in the selected studies in decreasing order according to the
number of references

Genera Type Species n. of papers#(n=15) % of impact*(n=29)
Poultry 4 13.8%
Domestic birds 3 10.3%
Turkeys 1 3.4%
Guinea fowl 1 3.4%
Domestic
Quail 1 3.4%
Chicken 1 3.4%
Avian Goose 1 3.4%
Pigeon 1 3.4%
Anatidae 5 17.2%
Wild bird 2 6.9%
Wild
Ducks 2 6.9%
Aquatic bird 1 3.4%
ND Other avian 1 3.4%
Swine 2 6.9%
Mammals Domestic
Equine 1 3.4%
ND ND Host 2 6.9%

ND=not defined, # number of papers extracted, the number of references per covariates is higher because more covariates may
have been extracted from a document; *% calculated on the total number of references

Table 2. List of influenza A environmental covariates included in the selected studies in decreasing order
according to the number of references

Environmental drivers n.of papers#(n=26) % of

impact’(n=54)

Temperature (average daily, monthly or seasonal temperature) 19 35.2%
Humidity (absolute and relative) 8 14.8%
Time (month/season of the year) 6 11.1%
Precipitation (monthly/total seasonal rainfall) 5 9.2%
Chemical Characteristic (salinity and pH of the water) 3 5.5%
Water (if stagnant or flowing) 3 5.5%
Wind (speed and direction) 3 5.5%
Distance (to the nearest wetland) 2 3.7%
Normalized Difference Vegetation Index (NDVI) 2 3.7%
Altitude 1 1.8%
Land use (CORINE) 1 1.8%
Light (daylight time length) 1 1.8%
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# number of papers extracted, the number of references per covariates is higher because more covariates may have been
extracted from a document; *% calculated on the total number of references

Natural history of disease in humans and animals, including
symptoms, morbidity, and mortality

Brief history of the pathogen and disease

Records show that the flu has existed for at least 1,500 years. The history of influenza begins
with Hippocrates (5th century BC), who first reported that an influenza-like illness spread from
northern Greece to the islands south and elsewhere. In the 1300s, a flu epidemic hit Florence,
Italy, which they called “influenza da freddo” (“cold flu”). History records various large flu
epidemics or pandemics, from one in 1580 that spread from Asia to Europe and Africa to others
that came over the centuries both on the continent of Europe and to Britain. Influenza pandemic
episodes have been described since the end of the 19th century, and virus characteristics and
associated host responses vary from one pandemic to another.

Different “pandemic events” have been documented, such as the 1889 “Russian flu” (H3N8)
followed by the 1918 “Spanish flu” (HIN1), the “Asian flu” in 1957 (H2N2), the “Hong Kong flu”
in 1968 (H3N2), the reemergence of H1N1 viruses in 1977 - “Russian flu” (H1IN1) and most
recently the 2009 “swine flu” (HIN1pdmQ9).

Interestingly, the most well-known influenza pandemic, the 1918 Spanish flu, and the most
recent pandemic, the swine influenza from 2009, were caused by an H1N1 virus. Also called “the
mother of all pandemics”, the 1918 virus infected around one-third of the world population and
was responsible for the death of at least 50 million people within a year, appearing in three
successive waves. Although the 1918 pandemic has been extensively studied, the virus
characteristics responsible for its fast spread, associated with a high mortality rate, especially in
the population aged 20 to 40, largely remain obscure. The 2009 “swine flu,” since then renamed
as “novel influenza A (HIN1)” or “pandemic 2009 H1IN1 flu”, resulted in 18,500 reported
laboratory cases, and a modeling study estimates that, in total, the 2009 H1N1 virus caused
more than 200,000 influenza-associated deaths due to respiratory and 80,000 deaths due to
cardiovascular failure. Notably, more than 80% of these fatal cases affected a young population
(<65 years) (30).

The first record of avian influenza (Al) dates back to 1878 in northern Italy when it was
described as a contagious disease of poultry associated with high mortality called "fowl plague”.
It was not until 1955 that the classical fowl plague virus was shown to be a type A influenza virus
based on the presence of type A influenza virus type-specific ribonucleoprotein. The term fowl
plague was substituted by the more appropriate term, highly pathogenic avian influenza (HPAI),
at the First International Symposium on Avian Influenza in 1981 (30).

Swine influenza was first proposed to be a disease related to human flu during the HIN1
pandemic in 1918 when pigs showed similar symptoms simultaneously as humans. The first
identification of an influenza virus as a cause of disease in pigs occurred about ten years later,
in 1930. For the following 60 years, swine influenza strains were almost exclusively HIN1. Then,
between 1997 and 2002; H3N2 strains followed by HIN2, a reassortant between H1N1 and
H3N2, were observed first in North America, and in the following years, they circulated in the
pig population worldwide. Unlike human influenza viruses, swine viruses have different
epizootiological patterns according to the area of the world with enzootic and geographic
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dependence. Currently, three predominant subtypes of influenza virus are prevalent in pig
populations worldwide: HIN1, H3N2, and H1N2, and these include classical swine HIN1, avian-
like HIN1, human-like H3N2, reassortant H3N2, and various genotype H1N2 viruses. In Europe,
North America, and China, IAVs circulating in pigs are distinct in their genetic characteristics and
genetic sources.

Disease in humans

The IAVs currently responsible for seasonal influenza in humans are HIN1 pdm09 and H3N2.
Clinically, human influenza is characterized by an acute onset of symptoms after 24 to 48 hours
from infection (incubation time). These symptoms constitute influenza-like illness (ILI) and
include headache, cough, myalgias, malaise, chills, and fever that can persist for 2 to 8 days. The
severity of the disease varies from mild to severe, and the elderly and immunocompromised are
at higher risk of complications and coinfections. Pandemic and, to a lesser extent seasonal IAV
have been described to cause gastrointestinal illness with vomiting or diarrhea, especially in
children. Frequently, coinfection with colonizing bacteria aggravates the course of the disease.
Coinfections with Streptococcus pneumoniae and Staphylococcus aureus are the most frequent
and have been observed at a high rate during a pandemic, leading to an increase in pneumonia-
associated death (31). Coinfection with other respiratory viruses, such as respiratory syncytial
virus, aggravates the severity of the disease (32), especially in immunocompromised patients
(33). Avian influenza viruses infecting humans are many; the most important are H5N1 and
H7N9, confirmed to induce severe disease in humans (34) (35). Avian, swine, and other zoonotic
influenza virus infections in humans may cause diseases ranging from mild upper respiratory
tract infection (fever and cough) to severe pneumonia, sepsis with shock, acute respiratory
distress syndrome, and even death. Conjunctivitis, gastrointestinal symptoms, encephalitis, and
encephalopathy have also been reported to varying degrees depending on subtype.

Disease in animals

In domestic poultry, AlV can cause low pathogenic infections (LPAI) with asymptomatic or
mild disease, with HA subtypes H1, H3, H5, H6, H7, and H9 most commonly isolated. In contrast,
specific AlV lineages in subtypes H5 and H7 can cause severe disease and rapid mortality and
are referred to as highly pathogenic avian influenza (HPAI) (15). Low pathogenicity avian
influenza viruses typically produce respiratory signs such as sneezing, coughing, ocular and
nasal discharge, and swollen infraorbital sinuses in poultry. Sinusitis is common in domestic
ducks, quail, and turkeys.

Lesions in the respiratory tract typically include congestion and inflammation of the
trachea and lungs. In layers and breeders, there may be decreased egg production or
infertility, ova rupture or involution, or mucosal edema and inflammatory exudates in the
lumen of the oviduct. A few layer and breeder chickens may have acute renal failure and
visceral urate deposition (visceral gout). The morbidity and mortality are usually low unless
accompanied by secondary bacterial or viral infections or aggravated by environmental
stressors. In wild water birds, LPAIV infection probably does not affect movements during the
stopover, resulting in the potential for the virus to spread along the migration route (21). HPAI
viruses cause severe, systemic disease with high mortality in chickens, turkeys, and other
gallinaceous poultry; mortality can be as high as 100% in a few days. Clinical signs or gross
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lesions may be lacking in peracute cases before death. However, in acute cases, lesions may
include cyanosis and edema of the head, comb, wattle, and snood (turkey); ischemic necrosis
of comb, wattles, or snood; edema and red discoloration of the shanks and feet due to
subcutaneous ecchymotic hemorrhages; petechial hemorrhages on visceral organs and in
muscles; and blood-tinged oral and nasal discharges.

Since the mid-2000s, spillover of highly pathogenic H5Nx viruses has occurred on multiple
occasions, from poultry to wild birds. It has resulted in subsequent inter and trans-continental
spread of H5Nx viruses via wild bird movements across Eurasia, Africa, and North America.

Birds that survive the peracute infection may develop CNS involvement as torticollis,
opisthotonos, incoordination, paralysis, and drooping wings. The location and severity of
microscopic lesions are highly variable and may include edema, hemorrhage, and necrosis in
parenchymal cells of multiple visceral organs, skin, and CNS. In recent years, evidence of HPAI
infections in wild birds without signs of illness was provided by several studies (8,36). However,
when migrating, they can carry the disease to new areas, potentially exposing domestic poultry
to the virus. On the other hand, in wild birds, HPAI viruses can cause mass mortality, frequently
observed along migratory routes.

Swine influenza virus infection causes acute respiratory distress in pigs. The incubation
period for the swine influenza virus ranges from 1 to 3 days. The virus is inhaled and deposited
on the surface of the lower respiratory tract. It has been documented that these pigs can lose
from 5 to 12 pounds of body weight over a 3 to 4-week period. Often the bronchial and
mediastinal lymph nodes are enlarged. Severe cases may result in fibrinous pleuritis (37).

About EIV, the three most common signs of equine influenza are pyrexia (peak 42°C), a serous
and subsequently mucopurulent nasal discharge, and a persistent, harsh, dry cough. Other
clinical signs include depression, anorexia, myalgia, limb edema and enlarged mandibular lymph
nodes. Hematological changes are non-specific but may consist of anemia, leukopenia and
lymphopenia. Secondary bacterial infection may occur with persistent pyrexia, coughing,
purulent nasal discharge, pneumonia, or pleuritis (25).

Availability of preventive, therapeutic, and control measures,
including licensed or pipelines vaccines

Therapy in humans

Treatment for most patients with influenza is symptomatic; it includes rest, hydration, and
antipyretics as needed. Complicating bacterial infections require appropriate antibiotics.
Antiviral drugs given within 1 to 2 days from the symptom onset decrease the duration of fever,
severity of symptoms, and time to return to normal activity. Treatment with antiviral drugs is
recommended for high-risk patients (including all hospitalized patients) who develop influenza-
like symptoms; this recommendation is based on data suggesting that early treatment may
prevent complications in these patients.

The H7N9 and H5N1 viruses are resistant to the earlier antiviral drugs amantadine and
rimantadine; resistance or reduced susceptibility to oseltamivir has also been reported. The
antiviral agent, baloxavir, has also shown in vitro activity against various avian influenza viruses,
but clinical data still need to be provided.
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Therapy in animals

There is no effective treatment, although antimicrobials may reduce secondary bacterial
infections, and antipyretics may provide symptomatic relief. Expectorants also may help relieve
signs in severely affected pig herds. Vaccination and strict import controls are the only specific
preventive measures to control influenza in pigs and horses. Sow vaccination, pre-farrowing or
the entire herd at once (mass vaccination), is the most common vaccination protocol—sow
vaccination attempts to maximize the transfer of maternal immunity to the progeny. Piglet
vaccination is possible, but the reduced efficacy due to maternal antibodies is an issue. Good
management practices, such as strict all-in/all-out procedures, limiting movement of pigs and
sows within farrowing rooms and between pens, rooms, and barns, and stress reduction, mainly
due to crowding and dust, help reduce virus transmission and losses.

Licensed or pipelined vaccines

Specific vaccines against the most important virus subtypes are widely used in pigs and
horses. In poultry, some vaccines are available, but due to the many immunologically distinct
viral subtypes that cause influenza in poultry and the virus's ability to rapidly evolve new strains,
the preparation of effective vaccines is complicated. While avian flu vaccines are currently
available, they are not used on a large scale on poultry farms. This hinders the ability to conduct
surveillance testing, which helps detect the virus in unvaccinated flocks and limits the spread of
the disease. Thus, the most effective control of outbreaks in poultry remains rapid culling of
infected farm populations and decontaminating farms and equipment. This measure also
reduces the chances of human exposure to the virus. However, vaccines in poultry against some
H5 and H7 avian influenza viruses have been used in several countries. In 2007 the U.S. Food
and Drug Administration approved a vaccine to protect humans against one subtype of the H5N1
virus. It was the first vaccine approved for use against bird flu in humans. No vaccines are
currently available for the other avian influenza viruses rarely associated with human disease
(H7N7, HON2, H7N3, and H7N9).

Other prevention measures

In addition to vaccination, people may take several personal measures to reduce their risk of
acquiring influenza. Influenza spreads from person to person principally when people cough or
sneeze or by direct or indirect contact with respiratory secretions from infectious people on
their hands or surfaces. Avoid close contact with sick people, washing hands frequently, and
increase ventilation in all settings are general measures that, applied consistently, can help
reduce the spread of the infection.

Prevention is indicated for all patients but is especially important for high-risk patients and
health care practitioners.

At the farm level, appropriate biosecurity and management measures to prevent the direct
or indirect contact of poultry with wild birds and preventive hygiene measures such as cleaning
and disinfection are crucial. Biosecurity is a set of practices you can use to avoid exposing
animals to the disease, and can be summarized in:

e Restrict traffic onto and off of the farms
e Disinfect shoes, clothes, hands, egg trays or flats, crates, vehicles, and tires.
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e Avoid contact with other poultry farms or bird owners.

Disease awareness among farmers and cooperation by all persons in the poultry sector must
ensure that the strictest bio-security measures are applied to prevent the introduction of the
HPAI virus in the establishments and the (further) spread of the disease.

Similar measures are also implemented in pig farms.

Disease specific recommendations

The competent authorities deliver specific recommendations for preventing and controlling
human influenza to the population and are also in charge of Influenza pandemic preparedness.
Pandemics require a multisectoral response over several months or even years, and operational
plans at national and subnational levels support the national strategies for responding to a
pandemic. A pandemic plan is a living document reviewed at intervals and revised if there is a
change in global guidance or evidence-based; lessons learned from a pandemic, an exercise, or
other relevant outbreak; or changes to national or international legislation related to
communicable disease prevention and control. The Directive 2005/94/EC on Community
measures for the control of avian influenza sets out a list of specific provisions concerning
preventive biosecurity measures, surveillance, and mass poultry vaccination. In addition, it
establishes the measures to be applied in case of outbreaks, like the epidemiological
investigation, tracking back and forward, and the restriction to animal movement in the area
around the outbreaks to prevent further spread. The restricted zone consists of a protection
zone and a surveillance zone with a radius of at least 3 and 10 km around the outbreak.

Epidemiological situation at different spatial scales: past and
current trends

Seasonal influenza is a vaccine-preventable disease that each year infects approximately ten
to thirty percent of Europe's population and causes hundreds of thousands of hospitalizations
across Europe. Older people, younger children, and those with chronic conditions suffer the
most. Still, everyone is at risk of developing severe complications, including pneumonia,
myocarditis, and encephalitis, that may result in death. ECDC coordinates European influenza
surveillance through the European Influenza Surveillance Network (EISN), which combines
epidemiological and virological surveillance. Epidemiological and virological surveillance data
are regularly sent by all the EU Member States, Iceland, and Norway to the European
Surveillance System (TESSY) database hosted by ECDC (info at
https://www.ecdc.europa.eu/en/about-us/partnerships-and-networks/disease-and-
laboratory-networks/eisn). Analyzing the data of the influenza seasons 2018-2021, there are
differences among countries. France and Norway reported the highest positive specimens in
Europe between 2019 and 2021 (Figure 2). The weekly number of positive specimens reported
over the years (Figures 3-5) showed a remarkable decrease in 2021 due to the restrictive
measures implemented during the COVID-19 pandemic (38). Trends were more apparent in
individual countries: Sweden showed an increasing number of cases while decreasing case
numbers were apparent in Portugal and Slovakia (Figure 4).
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Figure 2. Number of positive specimens of influenza A reported in 29 countries of the European Union and
European Economic Area, 2019-2021
[data from http://atlas.ecdc.europa.eu/public/index.aspx]
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Number of positive specimens

Figure 3. Number of positive specimens by week and year of onset of influenza A in the European Union and

European Economic Area countries, 2019-2021
[data from The European Surveillance System (TESSy), released by ECDC].
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Figure 4. Number of positive specimens of influenza A in the European Union and European Economic Area

countries, 2012-2021
[data from http://atlas.ecdc.europa.eu/public/index.aspx].
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Figure 5. Number of positive specimens by week and year of onset of influenza A in the European Union and
European Economic Area countries, 2012-2021
[data from The European Surveillance System (TESSy), released by ECDC].

Sociological and demographical dimensions affecting
susceptibility and exposure, including gender

At-risk groups include infants, older adults, farmers, veterinarians, live animal sellers, swine
workers, and poultry workers. Serological screenings in rural populations in China found
different proportions of positivity to IAVs of animal origin, including H1, H3, H5, H7, H9, and
others. The risk of infection is also related to contact with wild birds, as serological evidence of
H5N1 infection among Alaskan hunters who handled dead wild avian species demonstrated (15).

The severity of the consequences is related to additional risk factors or comorbidities that
comprise age, chronic respiratory, renal, hematologic, neurologic or cardiovascular disease,
diabetes, obesity, immunosuppression/-deficiency, and pregnancy/postpartum period, as many
clinical studies on hospitalized 2009 influenza have demonstrated (39) (40) (41). The impact of
sex differences on morbidity and mortality after multiple behavioral, environmental, and social
factors influence IAV infection. Studies comparing male and female susceptibilities and disease
outcomes after IAV infection reported different results, with some suggesting that young males
are more susceptible. In contrast, others indicate that females are at an increased risk for severe
and fatal outcomes (42). Table 3 shows the most important influenza A human covariates.
Among them, the infection rate and the human density are the most critical.
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Table 3. List of influenza A human covariates included in the selected studies in decreasing order according to
the number of references

Human drivers n. of papers #(n=7) % of impact*(n=31)
Infections (rate of infection) 11 35.5%

Population (human density) 10 32.2%

Economic condition (high/low-income countries) 3 9.7%

Outcomes (ICl admission, chronic disease, mortality) 3 9.7%

Migration (average length of weekly movements) 2 6.45%

Vaccination 2 6.45%

# number of papers extracted, the number of references per covariates is higher because more covariates may have been
extracted from a document; *% calculated on the total number of references

Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

RT—PCR assay applied to organic material taken using a nasal or throat swab is the routine
method to confirm IA infection in humans and animals. Patients with lower respiratory tract
illness can have samples taken from sputum, endotracheal aspirate, or bronchoalveolar lavage
fluid. The culture of the organism should not be attempted because special precautions are
required for these highly pathogenic viruses.

In pigs, IAV is primarily diagnosed by RT-PCR, virus isolation, and occasionally by detecting
antibodies against IAV in non-vaccinated animals. Viruses can be isolated from nasal and oral
secretions in the febrile phase, affected lung tissue in the early acute stage, or udder wipes
collected from sows with infected suckling piglets. Sequencing and characterization of the
influenza viral isolates may be needed to select epidemiologically relevant strains for evaluating
custom vaccine production. A clinical diagnosis (presumptive diagnosis) can be made by
observing the sudden onset of coughing, fever, and nasal secretions in many pigs. However,
subclinical and chronic influenza infections are common; cough and nasal secretions may be
sporadic in those cases. A retrospective diagnosis can be made by demonstrating a rise in virus-
specific antibody titers in acute and convalescent serum samples using the hemagglutination
inhibition test. Both H3 and H1 subtype antigens should be included. This test is also used for
herd surveys, and an ELISA against the nucleoprotein (not subtype specific) is also available.

All suspected cases of HPAI in poultry or captive birds must be investigated. Appropriate
measures must be taken according to the Regulation (EU) 2016/429 (“Animal Health Law”), and
the rules for the prevention and control of certain diseases laid down in Commission Delegated
Regulation (EU) 2020/687 have to be taken in case of confirmation. Since 2003 EU Member
States must carry out surveillance programs for avian influenza aimed at the early detection of
highly pathogenic avian influenza viruses and at detecting infections with low pathogenic avian
influenza viruses of the H5 and H7 subtypes in poultry which have the potential to mutate to the
highly pathogenic form of the virus. The surveillance for avian influenza is compulsory and, by
Implementing Regulation (EU) 2020/690, highly pathogenic avian influenza and infection with
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low pathogenic avian influenza viruses are subject to European Union surveillance programs.
Surveillance of avian influenza in poultry and wild birds must be implemented on the entire
territory of all EU Member States and by the provisions laid down in Annex Il to Delegated
Regulation (EU) 2020/689. By Implementing Regulation (EU) 2020/2002, Member States shall
submit to the Commission every year data on the results of the implementation of the Union
surveillance programs. The data shall be submitted electronically via the Animal Disease
Information System (ADIS).

Infrastructure capacity to identify pathogens for each member
state

In Europe, the Istituto Zooprofilattico Sperimentale delle Venezie, a veterinary public health
regional laboratory in Italy, is the designated European Reference Laboratory (EURL) for avian
influenza and Newcastle disease, according to the Decision (EU) 2018/662. A European
reference laboratory for IA in humans is still not available, but the activities are carried out at
the National level, according to national infrastructures and regulations.

Estimated influence of environmental change on the disease’s
future trends

It is thought that the most significant change in Al epidemiology resulting from climate
change will be brought about by changes in the distribution, composition, and migration
behavior of wild bird populations that harbor the genetic pool of Al viruses and in which natural
Al transmission cycles occur. In contrast, HPAI, primarily confined to domestic poultry, has
spread worldwide successfully in various climatic conditions. Although the effect of the
environment on HPAI transmission and persistence is poorly understood, these observations
support the idea that climate change will have minimal impact on HPAI epidemiology. However,
the indirect effects are mainly those occurring due to the influence of climate change on
agroecosystems associated with duck and crop production and changes in the distribution of
domestic—wild waterfowl contact points (43). In addition, including abiotic factors such as
temperature, UV index, and other meteorological parameters in IV surveillance systems could
further our understanding of virus stability and transmissibility and help develop accurate
predictive models of influenza epidemics. Moreover, combining epidemiological,
meteorological, and genetic studies could unravel the evolution of influenza viruses and improve
early intervention and long-term control strategies for future influenza outbreaks (44).
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Biological, ecological and molecular features
of the causative agent

Disease name

Leptospirosis

Disease agent

Common, scientific and Latin name

Leptospira species are the causative microbial agents of leptospirosis, an emerging zoonotic
disease of worldwide and ubiquitous distribution.

Taxonomy

From 1989, the genus Leptospira was separated into L. interrogans, including pathogenic
strains, and L. biflexa, including saprophytic strains (1). Due to the biological intricacy,
leptospirae were classified by their serological and genomic characteristics.

Serological classification

Leptospira species are separated in different serovars through the agglutination test with
homologous antigens. Over 200 and 60 serovars are recorded for L. interrogans and L. biflexa,
respectively (Table 1).

Table 1. L. interrogans serogroups and some serovars

Serogroup Serovar(s)

Icterohaemorrhagiae Icterohaemorrhagiae, copenhageni, lai, zimbabwe
Hebdomadis hebdomadis, jules, kremastos

Autumnalis autumnalis, fortbragg, bim, weerasinghe
Pyrogenes pyrogenes

Bataviae bataviae

Grippotyphosa grippotyphosa, canalzonae, ratnapura

Canicola canicola
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Australis australis, bratislava, lora
Pomona pomona

Javanica javanica

Sejroe sejroe, saxkoebing, hardjo
Panama panama, mangus
Cynopteri cynopteri

Djasiman djasiman

Sarmin sarmin

Mini mini, georgia

Tarassovi tarassovi

Ballum ballum, aroborea
Celledoni celledoni

Louisiana louisiana, lanka
Ranarum ranarum

Manhao manhao

Shermani shermani

Hurstbridge hurstbridge

Genomic classification

The genetic heterogeneity of Leptospira does not match with the previous two species
differentiation, and pathogenic and nonpathogenic serovars occur within the same species
(Table 2). The genotypic classification of leptospirae is taxonomically correct, but it must be
taken into consideration that the molecular typing is problematic for clinical microbiologists for
its incompatibility with the serogroup system identification.

From 1998, phylogenetic studies on 16S rRNA Leptospira strains identified three clades based
on the pathogenicity status: pathogenic, saprophytic, and intermediate. The last group includes
strains of uncertain pathogenicity in humans (2).

Table 2. Leptospira serogroups associated with genomospecies

Serogroup Genomospecies

Andamana L. biflexa

Australis L. interrogans, L. noguchii, L. borgpetersenii, L. kirschneri

Autumnalis L. interrogans, L. noguchii, L. santarosai, L. borgpetersenii, L. kirschneri
Ballum L. borgpetersenii

Bataviae L. interrogans, L. noguchii, L. santarosai, L. borgpetersenii, L. kirschneri
Canicola L. interrogans, L. inadai, L. kirschneri

Celledoni L. weilii, L. borgpetersenii

Codice L. wolbachii
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Cynopteri L. santarosai, L. kirschneri

Djasiman L. interrogans, L. noguchii, L. kirschneri

Grippotyphosa L. interrogans, L. santarosai, L. kirschneri

Hebdomadis L. interrogans, L. weilii, L. santarosai, L. borgpetersenii, L. kirschneri, L. alexanderi
Hurstbridge L. fainei

Icterohaemorrhagiae L. interrogans, L. weilii, L. inadai, L. kirschneri

Javanica L. weilii, L. santarosai, L. borgpetersenii, L. meyeri, L. inadai, L. alexanderi
Louisiana L. interrogans, L. noguchii

Lyme L. inadai

Manhao L. weilii, L. inadai, L. alexanderi

Mini L. interrogans, L. weilii, L. santarosai, L. borgpetersenii, L. meyeri, L. alexanderi
Panama L. noguchii, L. inadai

Pomona L. interrogans, L. noguchii, L. santarosai, L. kirschneri

Pyrogenes L. interrogans, L. noguchii, L. weilii, L. santarosai, L. borgpetersenii

Ranarum L. interrogans, L. meyeri

Sarmin L. interrogans, L. weilii, L. santarosai

Sejroe L. interrogans, L. weilii, L. santarosai, L. borgpetersenii, L. meyeri

Semaranga L. meyeri, L. biflexa

Shermani L. noguchii, L. santarosai, L. inadai

Tarassovi L. noguchii, L. weilli, L. santarosai, L. borgpetersenii, L. inadai

The number of available leptospirae genome sequences increased rapidly in the genomic era
and with the whole-genome sequencing (WGS) tools. It forced a revisiting of the taxonomy of
the genus in two major clades and four subclades. The first clade includes pathogen species for
humans and animals and is divided into two subclades, P1 pathogens group and P2 intermediate
group. The second clade contains saprophyte species, which is also subdivided into two
subclades, S1 and S2 (Table 3) (3).

Table 3. Leptospira species belonging to subclades: pathogenic (P1, P2) and saprophytic (S1, S2).

Species Subclade Species Subclade
L. adleri P1 L. saintgironsiae P2
L. ainazelensis P1 L. sarikeiensis P2
L. ainlahdjerensis P1 L. selangorensis P2
L. alexanderi P1 L. semungkikensis P2
L. alstonii P1 L. venezuelensis P2
L. barantonii P1 L. wolffii P2
L. borgpetersenii P1 L. abararensis S1
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Species Subclade Species Subclade
L. ellisii P1 L. bandrabouensis S1
L. gomenensis P1 L. biflexas.s. S1
L. interroganss.s. P1 L. bourretii S1
L. kirschneri P1 L. bouyouniensis S1
L. kmetyi P1 L. brenneri S1
L. mayottensis P1 L. chreensis S1
L. noguchii P1 L. congkakensis S1
L. santarosai P1 L. ellinghauseni S1
L. stimsonii P1 L. harrisiae S1
L. tipperaryensis P1 L. jelokensis S1
L. weilii P1 L. kanakyensis S1
L. yasudae P1 L. kemamanensis S1
L. andrefontaineae P2 L. levettii S1
L. broomii P2 L. meyeri S1
L. dzoumogneensis P2 L. montravelensis S1
L. fainei P2 L. mtsangambouensis S1
L. fletcheri P2 L. noumeaensis S1
L. fluminis P2 L. perdikensis S1
L. haakeii P2 L. terpstrae S1
L. hartskeerlii P2 L. vanthielii S1
L. inadai P2 L. wolbachii S1
L. johnsonii P2 L. yanagawae S1
L. koniamboensis P2 L. idonii S2
L. langatensis P2 L. ilyithenensis S2
L. licerasiae P2 L. kobayashii S2
L. neocaledonica P2 L. ognonensis S2
L. perolatii P2 L. ryugenii S2

Disease agent characteristics

Leptospirae are Gram-negative coiled spirochetes with typical hook-ends and thickness of
about 0.1 to 0.15 pum and 6 to 20 um in length. Commonly with other spirochetes, leptospirae
have a double membrane structure consisting of the cytoplasmic membrane and peptidoglycan
cell wall. This structure is associated with an outer membrane, other functional proteins, and a
periplasmic flagella that allow the bacteria to be motile. All species are obligate aerobes with an
optimum growth temperature of 28 to 30°C.
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Physiochemical properties

Leptospiral survival studies have thus far only been performed for environmental matrices
such as water, soil and mud. Once they are excreted into the environment, many factors such
as temperature, pH value, moisture and humidity, UV light, salt and mineral concentrations, and
other microorganisms, affect survival. In soil, the reported survival times span from a few hours
to 193 days. In tap water, distilled water, sea- and river water, different Leptospira species
survived between a few hours and 20 months. Survival is temperature-dependent and increases
with increasing incubation temperatures. Increasing the temperature survival time also
increases, from 130 days at 4°C to 263 days at 20°C and to 316 days at 30°C in fresh water (4). In
Table 4 Leptospira serovars are grouped based on their capability to cause disease.

Table 4. Relationship between Leptospira serovars and biological and physiochemical properties in relation to
their capability to cause disease (5).

Leptospira serovars Biological and physiochemical properties

L. illina
L. biflexa
L. meyeri Saprophytic
L. wolbachii Do not cause disease
L. yanagawae 1°C>T<35°C
L. vanthielii
L. terpstrae
L. inadai
L. parva
L. broomi Biochemical intermediate
L. inadai Do live as saprophytic or pathogen
L. licerasiae 1°C>T<37°C
L. wolffii
L. fainei
L. kirschnerii
L. interrogans .
o Pathogenic
L. weilii
Do cause disease in humans and rodents

L. noguchii

20°C>T<37°C
L. borgpetersenii
L. santarosai

Priority level for EU

Leptospirosis is among the communicable diseases that, according to the Commission
Implementing Decision (EU) 2018/945 are covered by epidemiological surveillance. In Europe,
the number of human cases of leptospirosis is about 800 per year. France is the country that
reports the highest number of cases, followed by Germany. There are several European
countries where leptospirosis has just been reported in recent years (Luxemburg, Cyprus,
Iceland). In Europe, leptospirosis occurs mainly in the Mediterranean and East European regions.
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About 160 mammalian species have been identified as natural carriers of pathogenic
leptospires. These include feral, semi-domestic and farm and pet animals as important infection
sources. The infectious period of natural hosts can be lifelong. Accidental hosts can act as
intermediate infection sources and may shed leptospires for days or months.

Distribution of the pathogen

Since warm and humid conditions facilitate the transmission of leptospirosis (6), outbreaks
typically occur in tropical areas (7) and sometimes during summer or fall in temperate regions.
Table 5 lists the maintenance and incidental host linked with different Leptospira serovars.

Table 5. Maintenance and Incidental Hosts for the most important Serovars of Leptospira interrogans (8).

Serovar Maintenance Host Incidental Host

L. Bratislava Pig Horse, Dog

L. Canicola Dog Pig, Cattle

L. Grippotyphosa Rodents Cattle, Pig, Horse, Dog

L. Hardio Cattle Human

L. Icterohaemorrhagiae Brown rat Domestic animals and Human
L. Pomona Pig, Cattle Sheep, Horse, Dog

Ecology and transmission routes

The main modes of transmission of pathogenic Leptospira spp. to humans are through direct
contact or by contact with contaminated water and soil, as well as infected animals (9). Contact
with contaminated water due to floods or recreational activities (such as swimming, fishing,
kayaking, surfing, canoeing, rafting, and triathlons) in lakes, rivers, and ponds was associated
with an increased risk of leptospirosis (10). The risk is also increased for occupations, especially
in developing countries, that may have direct or indirect contact with rodent urine, such as
sewage workers, garbage collectors, and agricultural workers (10). Manual laborers tend to be
more prone to skin abrasions, which may further increase the risk of infection (11). Increased
shedding of the pathogen into the environment results in a heightened risk of occupational and
nonoccupational exposure to Leptospira spp. in both rural and urban settings (12). L.
borgpetersenii (mainly host-to-host transmission) and L. interrogans (mainly via contaminated
water) are the two most common pathogenic species causing leptospirosis in animals (13).
Generally, all animal pathogenic strains can be transmitted and be pathogenic to humans. Rats
and other rodents are known to be maintenance hosts. Studies have shown that these animals
are chronic carriers of Leptospira spp., commonly not manifesting any signs of infection when
examined (14). Small mammals, particularly rats, are the main reservoir hosts for L. interrogans,
with large herbivores as significant additional sources of infection. The leptospiral life cycle
involves shedding in the urine by an infected animal, persistence in the environment, acquisition
of a new host, and hematogenous dissemination to the kidneys. Once leptospires gain access to
the renal tubular lumen of the kidney, they colonize the brush border of the proximal renal

147/358



M@D Grant Agreement N°: 874850 — MOOD —

H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

tubular epithelium, from which urinary shedding can persist for a long time without significant
pathogenic effects on the reservoir host (12). Leptospirosis is primarily a zoonosis, with humans
serving as accidental hosts. However, it is worth noting that transient leptospiral shedding
occurs during human infection and human-to-human infection, although extremely rare,
through sexual intercourse and during lactation (12). Portals of entry include cuts and abrasions
on the skin or mucous membranes such as the conjunctival, oral, or genital surfaces. Exposure
may occur through either direct contact with an infected animal or through indirect contact via
soil or water contaminated with urine from infected animals. Individuals with occupations at risk
for direct contact with potentially infected animals include veterinarians, abattoir workers, farm
workers (particularly in dairy milking situations), hunters and trappers, animal shelter workers,
personnel in laboratories or during fieldwork.

Drivers of the disease emergence and spread

Ecological drivers

According to the Leptospirosis Burden Epidemiology Reference Group (LERG), leptospirosis
increases due to rainfall, flooding, open sewers, crowding, animal contacts, and poor hygiene
(15). Recent studies have demonstrated that the trend of leptospirosis is spreading worldwide
as several countries are prone to become seriously affected after the effects of global warming
and severe floods. Besides that, the prevalence of outbreaks is highly associated with various
outdoor activities, such as recreational wildlife programs, adventure travels, and army
expeditions or training (16,17). In Table 6 are reported the environmental drivers impacting the
most on Leptospira spreading, while in Table 7 are reported the animal drivers.

Table 6. List of Leptospira environmental covariates included in the selected studies in decreasing order of
importance according to the number of references

Environmental drivers n. of papers* % of impact*
(n. 54) (n. 63)
Time (seasonal rate of infection or seasonal incidence in a period) 15 23.8%
Temperature (average daily/monthly) 10 15.8%
Location (area where cases or outbreaks occurred) 9 14.3%
Precipitation (total, monthly or seasonal rainfall) 9 14.2%
Water (eventually contaminated water) 8 12.69%
Altitude 3 4.7%
Land Use (Corine) 3 4.7%
Distance (Rho/spatial correlation or mean distance between infected 2 3.17%
colonies)
Soil 2 3.17%
Chemical Characteristics (soil pH) 1 1.58%
Food (contact with animal excreta-contaminated water, soil or food) 1 1.58%
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# number of papers extracted, the number of references per covariates is higher because more covariates may have been
extracted from a document; *% calculated on the total number of references

Table 7. List of Leptospira animal covariates identified from the selected studies in decreasing order according to
the number of references.

Animals drivers

Rodents
Dogs

Wild Boars
Cattle

Fox

Horse
Shrew
Wolves
Bears

Goat

Lynx

Pig

Hare

Jackal
Mustelidae
Porcupine
Sheep
Badger

Bats

Cats

Cow

Deer
Erinaceomorphae
Foina
Herpestedae
Lagomorphs
Otter

Swine

Wild Birds
Wild Cats

n. of papers#(n. 54) % of impact*(n. 115)
28 24.3%
15 13.0%
8 6.9%
7 6.1%
7 6.1%
7 6.1%
5 4.3%
3 2.6%
3 2.6%
3 2.6%
3 2.6%
3 2.6%
2 1.7%
2 1.7%
2 1.7%
2 1.7%
2 1.7%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%
1 0.9%

# number of papers extracted, the number of reference per species is higher because from one paper more species could have
been extracted) *% calculated on the total number of references
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Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief history of the pathogen and disease

The modern history of leptospirosis began in 1886 when Adolph Weil described a particular
type of jaundice accompanied by splenomegaly, renal dysfunction, conjunctivitis, and skin
rashes. It was subsequently named Weil’s disease. Although the etiology of the disease is
unknown, it appeared to be infectious in nature and often associated with outdoor occupations
in which people came into contact with water (sewer workers, rice-field workers, and coal
miners). The first demonstration of leptospires was made by Stimson (18), who used the recently
described Levaditi silver deposition staining technique to observe spirochetes in kidney tissue
sections of a patient described as having died of yellow fever. Stimson called the organism
Spirocheta interrogans- The first isolation of Leptospira followed just a few years later. In Japan,
where Weil’s disease was common in coal miners (19). The organism was named Spirochaeta
icterohaemorrhagiae. One of the first isolates survives to these days, and Ictero No. 1 was
accepted by the Subcommittee on the Taxonomy of Leptospira in 1990 as the Type Strain of L.
interrogans (20). The Japanese group Campo reported the key finding that rats were renal
carriers of Leptospira (21). Ido and colleagues observed and cultured spirochetes from the
kidneys and urine of a range of house and wild rats species and identified them as S.
icterohaemorrhagiae based on specific reactivity with immune sera. They also observed that
leptospires were restricted to the kidneys and that the rats appeared healthy, the first
observation of the asymptomatic carrier state. The following decades saw significant advances
in the understanding of leptospirosis: one of the more important was the recognition of
leptospirosis as an infectious disease of almost all mammalian species, especially in an increasing
range of rodent species, and the importance of domestic animals as a source of human infection.
The genus name Leptospira was first proposed by Noguchi (22) to differentiate the Weil’s
disease spirochete from others known at the time, especially Treponema pallidum, Spirochaeta
and Spironema (later Borrelia) recurrentis; the differentiation was based almost entirely on
morphological characteristics. As new serovars were isolated, they were given species status,
e.g. L. pomona, L. canicola, L. hardjo, L. copenhageni, and so on. Species (serovars) with related
antigens were grouped together in serogroups. Even with the limited taxonomic tools available
for Leptospira at the time, it was apparent that there were not >200 species, and so in 1982 the
Subcommittee on the Taxonomy of Leptospira adopted the notion of two species of Leptospira,
with L. interrogans containing the pathogenic serovars and L. biflexa containing the saprophytic
serovars (23).

Disease in humans

Clinical symptoms of leptospirosis are highly variable and nonspecific. Most cases remain
subclinical or asymptomatic, while symptoms typically manifest 2—30 days after the initial
exposure (7). The infection is responsible for various clinical features ranging from subclinical
symptoms to fatal pulmonary hemorrhage and Weil’s syndrome (a combination of jaundice,
renal failure, and hemorrhage). Most symptomatic cases (up to 90%) follow a biphasic pattern,
consisting of an initial symptomatic leptospiremic phase lasting 5 to 7 days and an immune
phase during which symptoms can gradually improve as the host mounts an antibody response
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(7). Muscle pain is often focused in the calves and lower back, gastrointestinal symptoms
(anorexia, nausea, vomiting, and diarrhea) are common, and nonproductive cough occurs in
approximately half of the cases (8). Septic meningitis is also relatively frequent (up to 80% of
cases) and usually manifests approximately seven days from the onset of the illness, as the
immune phase begins. In a minority of cases, leptospirosis can progress to severe, fulminant
disease with a mortality rate of 5%-40% (7). Kidney involvement is expected because of the
organism'’s predilection for renal tubules in their natural hosts, and renal failure occurs in 16%-
40% of cases (9).

Renal dysfunction in leptospirosis is typically non-oliguric and associated with hypokalemia.
Pulmonary manifestations of severe leptospirosis include alveolar hemorrhage (termed severe
pulmonary hemorrhagic syndrome or SPHS) and pulmonary edema, both of which can result in
acute respiratory distress syndrome (ARDS) (24). Pulmonary involvement is associated with
significantly higher mortality from leptospirosis, with case fatality rates estimated at 50%-70%
(25). Leptospira infection can also involve the heart, most commonly causing nonspecific
echocardiogram abnormalities (even in mild disease). Myocarditis, pericarditis, heart block, and
arrhythmias may occur, and repolarization abnormalities are a poor prognostic sign (26). Even
after recovery, patients may have continued late sequelae, including neuropsychiatric and
ocular symptoms.

Disease in animals

Infection most frequently occurs through the mucous membranes of the eye, mouth, nose,
or genital tract. The oral infection has also been shown in predators. Vertical transmission can
also occur. A period of bacteremia, which may last for a week, begins 1 or 2 days after infection.
During this period, leptospires can be isolated from blood, most body organs, and cerebrospinal
fluid. This primary bacteremic phase ends with the appearance of circulating antibodies, which
are usually detectable after 10—14 days. A secondary bacteremic period (after 15-26 days) has
rarely been reported (27). Acute clinical disease coincides with the bacteremic phase of the
disease. It is seen mainly in young animals. It is usually associated with incidental infections,
particularly hemolysin-producing strains such as Pomona or Icterohaemorrhagiae serogroup
strains, which cause hemolytic disease, hemoglobinuria, jaundice, and death. Renal damage can
be essential, particularly in Canicola infection in dogs. Antileptospiral agglutinins appear
detectable in the blood at approximately 10—14 days after infection and reach maximum levels
at around 3-6 weeks. Peak titers vary considerably (1,000 to 100,000 in the Microscopic
agglutination test (MAT)). Depending on the species, these may be maintained for up to 6 weeks,
after which a subsequent gradual decline occurs.

Low titers may be detectable for several years in many animals. The duration and intensity
of urinary shedding vary from species to species, animal to animal, and with the infecting
serovar. In the case of Pomona infection in pigs, the intensity of excretion is highest during the
first month of shedding (28). Leptospires may also localize in the uterus of pregnant females;
abortion, abortion, stillbirth, and neonatal disease may result from intrauterine infections in late
gestation. An additional feature seen in host-maintained infection is the persistence of
leptospires in the oviduct and uterus of non-pregnant females and in the genital tracts of males
(29).

151/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

Availability of preventive, therapeutic, and control measures,
including licensed or pipelines vaccines

Therapy in humans

Most cases of leptospirosis are mild and self-limiting, and patients often do not present for
care, while for milder cases, oral doxycycline, azithromycin, ampillicin or amoxicillin are
indicated (30). Azithromycin or doxycyclines are the drugs of choice as per standardized
guidelines in geographical locations where also rickettsial diseases are endemic (31). Among
pregnant and young children, doxycycline is contraindicated (32). In severe cases, intravenous
penicillin G has proven to be equally effective as cefotaxime and ceftriaxone (32). Administration
of fluids is recommended to correct hypovolemia, hypotension, or bleeding; transfusion with
saline/blood is mainly suggested. In patients suffering from complications like acute kidney
injury, treatment with fluids or diuretics is initiated in mild cases, and dialysis can be performed
in severe stages of the disease. Ventilator support is often needed for patients who encounter
complications like ARDS and pneumonia.

Therapy in animals

The treatment of acute leptospirosis in individual animals or herds depends on antibiotics
plus supportive symptomatic treatment. Antibiotics used may vary according to their safety in a
particular species, their availability for a specific country, the cost, and the route of
administration. A combination of penicillin and streptomycin has been the antibiotic therapy of
choice for the treatment of acute leptospirosis, but ampicillin, amoxycillin, tetracyclines,
tulathromycin and third generation cephalosporins have also been used (33).

Licensed or pipelined vaccines

Vaccines composed of inactivated whole cells (bacterins) are the only vaccines currently
licensed for the control of leptospirosis (34). They are mainly for animal use, but in countries
such as France, Cuba, China and Japan, bacterins are approved for use in at-risk human
populations (35). Although there are some negative aspects to the use of bacterins, e.g., short-
term protection and the lack of cross-protection, they have significantly reduced the incidence
of the disease and remain one of the most viable strategies to control the infection in humans
(36). The most extensively studied vaccine candidates to date are the Leptospiral
immunoglobulin-like (Lig) proteins (37), which are highly conserved and only found in the
pathogenic Leptospira spp. Vaccines using the LigA or LigB recombinant proteins have
demonstrated a wide range of protection, even if LigA is not present in all pathogenic species,
potentially limiting its role in a universal vaccine against leptospirosis. Also several Outer
Membrane Proteins (OMP: Lpl11, Lp21, Lp22, Lp25, Lsa30, and Lp35), identified using a
bioinformatics approach, induced a partially protective immune response when pooled in a
single vaccine preparation (38).
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Other prevention measures

Prevention of leptospirosis in humans starts by reducing exposure risk by avoiding contact
with water contaminated with animal urine, either by not wading or swimming in contaminated
water or wearing protective clothing for those with an occupational risk of exposure to
contaminated water. Measures to decrease the risk of infection should include: a) surveillance
for both human and animal populations; b) control of rodents to reduce the risk of infection; c)
covering skin lesions with impermeable dressings to prevent contact with contaminated water
c) use of protective clothing, such as gloves and galoshes, for those working in contact with
animals, sewage or during heavy rains; d) post exposure prophylactic treatment with antibiotics
may be advised in situations of accidental exposure to rodent, or contaminated water or soil
(39).

Disease specific recommendations

Contaminated urine is highly infectious for people and for susceptible animal species;
therefore, contact with urine on mucous membranes or skin abrasions should be avoided.
Handling infected animals or working in contaminated areas should be done with protective
gloves, eye protection, and face masks (8).

Epidemiological situation at different spatial scales: past and
current trends

Leptospirosis is the most widespread zoonotic disease. The disease is (re-) emerging globally
and numerous outbreaks have occurred worldwide during the past decade (ECDC Factsheets
about leptospirosis). France has consistent annual numbers of infections, and France and
Germany reported the highest number of cases notified in Europe between 2018 and 2020
(Figure 1). On the other hand, in Europe, countries like Luxemburg, Finland, Cyprus, and Iceland
did not notify cases in the last years. Other European countries that consistently notified human
cases were Netherlands, Portugal, Romania, Slovenia, and Spain, almost all with an increasing
trend, probably due in part to better surveillance and increased public awareness. Based on the
reporting of human cases the significant hotspots for leptospirosis are in central and
Mediterranean areas and East Europe. The data reported over the 2012-2020 period (Figure 2)
has been relatively consistent over the years, and considering all EU/EEA countries, a slight
upward trend can be observed. Trends were more apparent in individual countries: Czech
Republic and Ireland showed an increasing number of cases, while decreasing case numbers was
apparent in Italy, Greece and Austria.
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Figure 1. Number of reported cases of leptospirosis in 29 countries of the European Union and European
Economic Area, 2018-2020
[data from http://atlas.ecdc.europa.eu/public/index.aspx].
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Figure 2. Number of reported cases of Leptospira in 29 countries of the European Union and European Economic
Area, 2012-2020
[data from http://atlas.ecdc.europa.eu/public/index.aspx].

Sociological and demographical dimensions affecting
susceptibility and exposure, including gender

Occupation, migratory behavior, gender and age are all significant risk factors of
leptospirosis. In the past, leptospirosis was first considered an occupational disease, whereby
coal miners were the first occupational risk groups to be documented (40). In addition, various
mammals including feral, farm, and pet animals can harbor leptospires. This extends the
occupational risk to other professions, including farmers, miners, slaughterhouse laborers, pet
traders, veterinarians, rodent catchers, sewer workers, garbage collectors and livestock
ranchers (41). A report submitted from the second leptospirosis Burden Epidemiology Reference
Group (LERG) meeting showed that the median case-fatality percentage was higher in women
than men. However, that does not mean that women are more likely to be infected with the
disease. The same report shows men are more likely to be infected with leptospirosis as they
are more prone to occupational exposure in outdoor settings. The median incidence of the
disease was the highest in men older than 59 years, followed by those between 20 to 29 years.
For women, approximately 37% of leptospirosis cases were reported in the 40 to 49 age category
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(42). Table 8 reported the most important human covariates linked with leptospirosis spreading,
while Figure 3 reported leptospirosis distribution by sex and age.

Table 8. List of Leptospira human covariates identified from the selected studies in decreasing order according to
the number references.

Human drivers n. of papers®(n. 30) % of impact® (n. 119)
Infection (incidence rates or presence of antibodies) 65 54.6%
Age (prevalence or titre of seropositive response by age) 19 15.9%
Gender (correlation of incidence with gender) 16 13.4%
Socio economic (professional soldiers or civilians) 7 5.9%
Clinical outcomes (hospitalization, mortality) 5 4.2%
Population (human density) 4 3.3%
Mortality 2 1.7%

# number of papers extracted-the number of references per covariates is higher because from one paper more covariates could
have been extracted) *% calculated on the total number of references
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Figure 3. Distribution of Leptospira incidence by gender and age group
[data from The European Surveillance System (TESSy), ECDC].
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Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

Because the clinical manifestations of leptospirosis are nonspecific and common many other
febrile diseases, the combination of exposure history and symptoms should prompt
confirmatory testing. In general, a definitive diagnosis of leptospirosis can be made via either
traditional microbiological methods (direct detection, culture) or serology. Culture of Leptospira
from patient samples is challenging: the organisms typically take 1-2 weeks to grow but may
take over a month, and specific growth media is required; blood and CSF cultures are most useful
during the first ten days of illness (leptospiremic phase), when organisms are spreading
hematogenously (43). After the second week of the disease, urine cultures for Leptospira are
more likely to be positive due to the organism’s tendency for renal tubule deposition. They may
remain positive for up to 30 days after the resolution of symptoms. Serological methods are the
most commonly used for confirming a diagnosis of leptospirosis. The “gold standard” is the
microscopic agglutination test (MAT), in which acute and convalescent sera from a suspected
case are mixed with a panel of live antigens from different serogroups of Leptospira organisms
and examined for agglutination (12). Though test characteristics are overall superior to culture
and microscopy (90% sensitivity, > 90% specificity), this method has several limitations: i) the
test requires a panel of live organisms specific to the area the patient is suspected of having
acquired the infection, ii) specialized lab expertise, iii) there is significant cross-reactivity both
between different serogroups of Leptospira, as well as with other spirochetes (Treponema and
Borrelia species) and iv) antibody response required for MAT testing is often insufficient for
detection until the second week of disease (when the immune phase begins). As both culture
and serological methods are limited in early detection, newer molecular methods have been
developed to facilitate early detection. Both conventional and real-time PCR techniques are
highly sensitive, even at early stage of the disease, before the development of antibody response
(44). Because this period correlates with the leptospiremic phase, blood is the best sample for
detecting leptospiral nucleic acid. However, urine, CSF, or tissue may also have detectable levels
later in the disease. Of note, because PCR detects nucleic acid and is not dependent on the
presence of live organisms, this technique can be used even after empiric therapy with
antibiotics.

Infrastructure capacity to identify pathogens
for each member state

According to the Commission Implementing Decision (EU) 2018/945, leptospirosis is among
the communicable diseases that are covered by epidemiological surveillance. It means that EU
member states must establish the national capacity to detect and report human cases. The
decision provides a case definition and laboratory criteria for case confirmation, which are at
least one of the following four: 1) Isolation of Leptospira interrogans or any other pathogenic
Leptospira spp. from a clinical specimen; 2) Detection of L. interrogans or any other pathogenic
Leptospira spp. nucleic acid in a clinical specimen; 3) Demonstration of L. interrogans or any
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other pathogenic Leptospira spp. by immunofluorescence in a clinical specimen; 4) Leptospira
interrogans or any other pathogenic Leptospira spp. specific antibody response. Clinical
microbiology laboratories routinely make the diagnosis. However, most EU countries do not
have a national reference laboratory, and there isn’t a European network of laboratories. In
animals, the disease is not reportable at the EU level (Regulation (EU) 2016/429 and Commission
Implementing Regulation (EU) 2020/2002). Still, it is reportable internationally to the World
Organization for Animal Health (WOAH). As for human surveillance, veterinary microbiology
laboratories routinely make the diagnosis, and there is no European-wide reference laboratory
network or national laboratories in most EU countries.

Estimated influence of environmental change
on the disease future trends

The potential for leptospirosis to spread to new territories, either through the reappearance
of sylvatic transmission in rural territories or through urbanization, is highlighted. Furthermore,
some risk scenarios highlight that the leptospirosis burden in Europe might increase in the
coming years due to several factors: (i) alterations in climate (current global warming and/or
heavy rainfalls with flooding), (ii) the increasing population of urban rodents in European cities
in close contact with human beings and with associated high leptospirosis carriage rates, (iii)
human population growth and subsequent urbanization of affected rural territories, and (iv) the
increase in intercontinental travels. Based on these aspects, it can be assumed that leptospirosis
will be a growing public health problem in Europe, particularly in urban settings (45).
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Biological, ecological and molecular features of the causative
agent

Disease name

Lyme Disease, Lyme Borreliosis ( LB)

Disease agent

Common, scientific and Latin name

Bacteria of the Borrelia burgdorferi sensu lato (Bbsl) species complex.

Taxonomy

Phylum: Spirochaetes; Order: Spirochaetales; Family: Borreliaceae;  Genus:
Borrelia/Borreliella

The etiologic agents of human Lyme borreliosis (LB) belong to the phylum of Spirochaetes,
the order of Spirochaetales and the family of Borreliaceae. Within this family, DNA sequences
analyses illustrated that diversity is clustered in two major clades of related species, i.e. species
complexes, that respectively include i) the etiologic agents of human relapsing fever and ii) the
agents of human LB. The classification of these two groups in different genus is the subject of a
lively scientific controversy (1-4). Depending on defended positions, the species complex
including Lyme disease agents is assigned to a specific genus called Borreliella, or remains in its
historical genus Borrelia. We will hereafter use Borrelia burgdorferi sensu lato (Bbsl) to describe
the species complex that contains all agents responsible for human LB as in the latest version of
the Bergey’s manual of systematic bacteriology (5), the reference text book on the subject (6),
and the latest publication in the International Journal of Systematic and Evolutionary
Microbiology (4) corresponding to the official publication of the International Committee on
Systematics of Prokaryotes.

The Bbsl complex of bacteria comprises at least 21 genospecies worldwide (7). Among the
nine genospecies present in Europe, five have confirmed human pathogenicity (Borrelia afzelii,
B. garinii, B. burgdorferi sensu stricto, B. bavariensis, B. spielmanii) - with B. afzelii and B. garinii
considered as the major cause of human illness - and four are considered to have potentially or
unknown human pathogenicity (B. bissettiae, B. lusitaniae, B. valaisiana and B. turdi) (7,8).
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Disease agent characteristics

Bbsl bacteria are helical in shape, comprising several non-cohesive coils. They range in size
from 3 to 30 um long and from 0.2 to 0.5 um wide. They are surrounded by a surface layer, an
outer membrane, periplasmic flagella, and a protoplasmic cylinder and are motile by rotation
and translational movement. The protoplasmic cylinder consists of a peptidoglycan layer and an
inner membrane which encloses the internal components of the cells.

Because of its clinical relevance, a reference genome of the Bbsl complex was obtained
before the emergence of high-throughput sequencing, based on B. burgdorferi s.s. strain B31
(9). This reference genome illustrated the genome structure of the species complex,
characterized by a linear chromosome and a large set of linear and circular plasmids, called Ip
and cp respectively. The genomic diversity of the species complex has then been explored,
benefiting from the progress of sequencing techniques, either based on the sequencing of
isolated strains (e.g. (10,11)) or the sequence capture of genome components from infected
material (12). Completed assemblies of Bbsl result in chromosomes from 850 kb to 910 kb long.
The organization of the chromosome is similar within the whole species complex. Homologous
recombination of chromosomal fragments occurs both within and among the chromosomes of
species of the complex Bbsl. However, association measures among polymorphisms suggest that
homologous recombination has a limited impact on the distribution of variability within species
and modelling suggests that chromosomal homologous recombination rate is lower between
species than within species (11).

Most of the 30 plasmid types of the species complex are distributed in different species, but
show an extensive presence/absence polymorphism, with rearrangement occurring especially
among linear plasmids (13). The most frequent plasmids are Ip17, I[p28-4, 1p36, Ip54 and cp26,
followed by 1p28-3, Ip38 and cp32-5. The critical role of some of these plasmids in the process
of vertebrate host infection has been documented (14). Most of the acquisition of new genes
occurs on plasmids, at a regular rate, mostly through duplication of lipoprotein genes rather
than by the import of heterologous material (15). The dynamics of plasmid evolution and
exchange result in non-systematic but significant associations between chromosomal and
plasmid diversity patterns (16).

Due to the relative consistency of polymorphism patterns, multilocus sequence typing (17)
and eventually single gene barcoding still represent common methods to characterize the
diversity of the Bbsl complex from either bacterial isolates or infected material (18). This is
particularly convenient as Bbsl isolation is difficult. In recent years, the use of high-throughput
sequencing, either through amplicon sequencing (e.g. (19,20)) or sequence capture (21), proved
useful to resolve and study co-infections by different Bbsl genotypes, which occur both in ticks
and vertebrate hosts.

Physiochemical properties

Bbsl isolates are wusually grown at an optimal temperature between 30 and
37°C. Isolates that have been grown in vitro are microaerophilic and have complex
nutritional requirements usually satisfied by the Barbour-Stoenner-Kelly (BSK 1) medium (22)
and later derivatives (23). They grow slowly, typically dividing every 8-12 h during the
exponential growth phase in vitro. Culture-adapted isolates can usually reach cell densities of
107 to 108 per ml after in vitro cultivation for 5-7 days.
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Priority level for EU

In 2018, the European Commission for Disease Control (ECDC) has added the neurological
form of LB called Lyme neuroborreliosis (LNB) to the list of communicable diseases (24). This is
a first step for uniformization of data retrieval from EU countries surveillance systems and will
allow comparison of incidence data at EU level.

In 2021, notification of LB human cases was mandatory in 19 European countries: Bulgaria,
Croatia, Czech Republic, Denmark, Estonia, Finland, Hungary, Iceland, Ireland, Italy, Latvia,
Lithuania, Luxembourg, Norway, Poland, Portugal, Romania, Slovakia and Slovenia (25).
However, case definitions, reporting and surveillance systems differ from one country to the
other.

Distribution of the pathogen

The pathogen is widely distributed in Europe (Figure 1), where it varies spatially, but also
temporally (26-28). The distribution of the pathogen is highly dependent on the distribution of
infected Ixodes spp. ticks (Figure 2a and 3) and hosts (Figure 2b).
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Figure 1: The map shows the European Union and European Economic Area countries that reported at least one
locally-acquired human Lyme borreliosis (hLB) case (including all clinical forms of the disease and all Bbsl
pathogenic strains).
hLB evidence was extracted either from the ECDC European Surveillance System (TESSy; Lyme neuroborreliosis
cases from 2017 to 2021) or from other sources (all clinical forms of hLB), such as national surveillance systems and
from published literature.
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Figure 2: Distribution of Bbsl in questing Ixodes spp. ticks (panel a) and animal hosts (panel b) (derived from a
literature review updated to 2023).
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Figure 3: Distribution of B. afzelii, B. burgdorferi s.s., B. garinii, B. valaisiana* (panel a); B. lusitaniae (panel b); B.
bavariensis (panel c) and B. spielmanii (panel d) in questing Ixodes spp ticks

Ecology and transmission routes

(derived from a literature review updated to 2023; *all four genospecies are present in each country).

Bbsl transmission occurs mainly during a tick bite, either from an infected tick to its host, or
from the infected host to the tick. Transmission can also take place by cofeeding (29). Trans-
ovarian transmission (vertical transmission from adult female to larvae) seems absent or
negligible in Ixodes tick (30). The occasional detection of bacteria in larvae can result either from
an infection during a first blood meal attempt on an infected host or by cofeeding. In fact,
bacteria can be detected in the larvae as early as 24 hours after the bite on an infected host
(31,32).
Vectors: Ticks of the Ixodes genus are the only confirmed vectors of Bbsl spirochetes. Among
them, three species were experimentally confirmed to transmit Bbsl spirochetes in Europe
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(Table 1). However several other species of this genus are suspected vectors of these bacteria
based on epidemiological evidence (7,8,33).

Table 1: Tick species that are experimentally confirmed vectors of B. burgdorferi s.l.

Borrelia burgdorferi sl

. References
strains

Genus Species Distribution

Widely distributed in Europe except B. burgdorferi s.s; B.

Ixodes ricinus under Mediterranean climate afzelii; B. garinii (34-41)

Ixodes persulcatus e R R el B. garinii (42,43)
Japan

Ixodes hexagonus Reported from most European B. burgdorferi s.s. (44)

countries

The main vector of the bacteria of the Bbsl complex in Europe is the hard tick I. ricinus (Figure
4).
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Ixodes ricinus
probability of
presence

Figure 4. Current 1-km probability of presence of Ixodes ricinus across Europe, produced using random forest and
boosted regression trees based spatial modelling techniques
(source: ERGO group).

Ixodes ricinus is the most common and most widely distributed tick species in Europe. It is an
exophilic tick capable of feeding on a wide number of vertebrate species including the main
reservoirs of Bbsl spirochetes (birds and rodents) and humans.

Ixodes ricinus is vulnerable to desiccation at all life stages and needs to return regularly to
the moist litter layer to rehydrate (45). Thus, tick development and questing depend strongly on
local environmental conditions, climate, meteorology and seasons. These features highly affect
the duration of tick life cycle but also the timing of its activity and distribution (46).

Ixodes ricinus goes through three life stages: larva, nymph, and adult (Figure 5). Each stage
feeds on vertebrate hosts for an average duration of seven days. During this long engorgement
period, some hosts might be able to move over large distances, thus enabling the dissemination
of ticks. After feeding, a tick falls from the host and molts to the next stage. Larvae and nymphs
mainly feed on small hosts such as birds, small mammals, and rodents, while adult ticks generally
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feed on large mammals such as wild ungulates (47,48). Mating generally occurs on the host. The
engorged female subsequently falls to the ground and lays between 2000 and 3000 eggs, leading
to local multiplication of ticks. The life cycle of the tick thus alternates between several steps: (i)
resting and developing on the ground, (ii) exophilic questing, and (iii) blood feeding on a host.
All steps are essential for the maintenance of the life cycle.
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Figure 5: The Ixodes ricinus life cycle. A. Development on the ground, B. Questing activity, C. Feeding on
a vertebrate host, D. host-mediated dispersal

Ixodes persulcatus is another confirmed vector of Bbsl spirochetes in Eastern Europe. The
species is present in at least 14 countries from Poland to Japan and, as /. ricinus, is an exophilic
species capable of engorging on a high number of different hosts increasing its capacity of
pathogen transmission (49).

The vector competence of I. hexagonus for Bbsl spirochetes was also confirmed in the
laboratory (44). I. hexagonus is an endophilic species reported from most European countries.
Their main hosts are hedgehogs and carnivorous mammals (50).

Nevertheless, other species of ticks of the genus Ixodes are suspected vectors of Bbsl. Even
if these tick species rarely bite humans, they can contribute to maintaining the zoonotic cycle of
bacteria and therefore influence their prevalence and spatial distribution. These species are .
acuminatus (51), I. arboricola (52,53), I. frontalis (52,54), I. trianguliceps (55) and /. uriae (56).
Hosts:The main reservoir hosts of B. afzelii, B. bavariensis and B. spielmanii are small mammals
(57-61), those of B. garinii and B. valaisiana are birds (57,58,62), those of B. lusitaniae are lizards
(62-64) and those of B. burgdorferi s.s. are small mammals and birds (58,65,66). Other
vertebrate species can be reservoirs of one or more Borrelia species (33). For example, B. afzelii
and B. valaisiana have been detected in the badger, Meles meles (67), B. spielmanii seems
mainly restricted to glirid rodents, namely the garden dormouse, Eliomys quercinus and the
hazel dormouse, Muscardinus avellanarius, but not the European edible dormouse, Glis glis (60).
Similarly, B. afzelii and B. burgdorferi s.s. can be found in the red squirrel, Sciurus vulgaris and
the Siberian chipmunk, Tamias sibiricus barberi (65).

Deer are not proved to be reservoirs and are considered incompetent hosts for Borrelia
genospecies (68,69), even if positive serologies were observed (70,71).
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Drivers of disease emergence and spread

Ecological drivers

Drivers responsible for tick multiplication and questing activity

Disease presence, emergence and spread are highly related to Ixodes spp. tick distribution
and questing activity. Many papers presented results of longitudinal studies performed in order
to model spatial and temporal variations in tick abundance (27,28,46,72—77). They provided
observational data useful for the comprehension of the main ecological drivers that might
contribute to disease emergence and spread.

Climate: Ixodes ricinus ticks are able to develop in a wide range of climates if local conditions,
in particular humidity and temperature, are suitable (78). To date, the species has been reported
from northern Africa to northern Russia (79) and was recently detected in Iceland (80). A wide
range of territories is thus suitable for their development in Europe. An exception is in the area
around the Mediterranean basin, where the hot and dry conditions are generally considered
unfavourable for the species (81,82).

Seasons: Due to their high sensitivity to desiccation tick questing activity highly depend on
meteorological conditions and seasons. In most of European countries, density of questing ticks
shows a high seasonality pattern with a peak of activity between April and August depending on
the latitudes of the countries (83—-85).

Altitude: Despite many studies have shown that tick densities decrease with increasing
altitude (with a sharper decrease above 1,000 m asl (77,86—89)) since 2003, expansions in the
distribution of ticks have been observed up to 1,100 m asl in the Czech Republic and Switzerland
(90,91), up to 1,250 m asl in Slovakia and the Czech Republic (77,87), and up to 1,700 m - 1,800
m asl in the northern alps (92) and the French Pyrenees (93).

Land cover: Ixodes ricinus can be encountered in many types of vegetation, but forests and,
in general, wooded areas offer better conditions for its development (94-96). In European
countries, tick abundance was found higher in deciduous such as oaks and beech forests than in
coniferous ones (92,94,97—99). The species has also been detected in suburban forests and
public parks, as well as in private gardens (97,100-102).

Hosts: The development and local abundance of I. ricinus ticks is linked with the density and
the wide variety of vertebrate hosts on which they feed. Local densities of rodents and other
small mammals play an important role in sustaining populations of larvae and nymphs (103-
105). Abundance of rodents is modulated by food availability, such as acorn density that can be
used as a proxy for rodent density (76).The density of wild ungulates has been found to affect
the local densities of /. ricinus and the risk of tick-borne disease transmission (97,106—108). Deer
specifically, play an important role in the developmental cycle of ticks, with several studies
demonstrating a significant correlation between deer population density and tick abundance
(109-112). Birds are thought to play a relatively small role in maintaining tick populations, but
an important role in tick infections and tick dissemination, through short or long-distance flights
and migratory behaviour (113).

Many other key drivers may influence the local abundance of I. ricinus, in particular local
weather conditions, soil composition, thickness of the litter layer, vegetation period, habitat
structure and human management of wildlife and forests (78,97,111,114,115).
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Drivers of tick infections: reservoirs of Bbsl

As competent reservoirs of Bbsl, rodents and birds highly contribute to tick infections.
However, it was shown that the influence of local rodent populations on tick abundance and
local infection is difficult to estimate due to their rapid development and pronounced seasonal
variations (116). Introduced c hipmunks and lizards were also proved to be competent
reservoirs of Bbsl pathogens (28,117).

On the contrary, deer are considered incompetent reservoirs of Bbsl therefore playing a
complex role in its circulation (118,119).

The dilution effect of biodiversity on Bbsl prevalence in ticks and reservoirs, defined as "the
effect that occurs when the diversity of an ecological community reduces the transmission of a
pathogen" is discussed in many articles (120—124). The concept is debated and continues to be
questioned (120-122,125). In North America, where the only species of Borrelia infecting
humans is B. burgdorferi s.s., the tick vector I. scapularis and the main hosts are the white-tailed
deer and the white-footed mice, potential dilution effects have been observed (121,123,126).
In Europe, due to the presence of several Borrelia genospecies with different reservoir hosts,
the dilution effect remains uncertain and more difficult to evaluate (118,124).

Other drivers

Studies on demographic and geographic drivers of LB emergence in Europe are lacking. In a
study performed in Wales and England, people with Lyme disease were from areas with higher
socioeconomic status (127). New studies should be performed to better understand the
consequences of such drivers on LB incidence in humans.

Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief history of the pathogen and disease

The first descriptions of clinical manifestations of Lyme disease were performed between
1883 and 1909 by Buchwald and Afzelius (128—131). Afzelius described the cutaneous
lesion now known as erythema migrans (EM) and suggested the role of the tick in the disease.
In 1922, Garin and Bujadoux, reported the first case of neuroborreliosis in France
confirming the role of the tick and the infectious nature of the disease (132). Finally, in the mid-
1970s, several patients, mainly children presented oligoarthritis with, for approximately % of
them, an expanding, annular skin lesion suggesting EM, before the onset of arthritis. All cases
clustered around the town of Lyme in Southeastern Connecticut, USA, giving the name of Lyme
disease (133). The aetiological agent was then identified first in the North American deer tick, /.
scapularis (previously named I. dammini), by Willy Burgdorfer in 1982 (134). Molecular studies
revealed the isolate to be a new species within the genus Borrelia, and the species was
subsequently named B. burgdorferi (108).
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Disease in humans

In human health, the risk of infection is linked to the risk of exposure, defined as the product
of the abundance of infected questing ticks and the human exposure to ticks. Transmission to
humans is incidental and generally occurs during outdoor activities in a suitable habitat for ticks.
The probability of pathogen transmission is considered low when the tick is removed within 24
hours (135). However, the earliest the infected tick is removed, the lower the probability of
Borrelia transmission is (136,137). Humans are more commonly bitten by /. ricinus nymphs (70%)
(138). Due to their small size, nymphs are sometimes only discovered late, typically few hours
or days after infestation. Some patients may not remember any tick bite despite confirmed Bbsl
infection (139). Thus, it is considered that the nymphal stage is the riskier for Borrelia
transmission. In large surveys performed in humans, the seroconversion rate after a Bbsl-
infected tick bite varied between 1.8% and 4.2% and the rate of clinical LB ranged between 0.7%
to 4.0% (137,140,141).

Bbsl bacteria is mainly responsible for cutaneous, neurological and musculo-skeletal
symptoms. Erythema migrans is the earliest and most common manifestation of LB and is also
defined as the early localized stage of LB. It occurs in the first weeks after a tick bite. Systemic
flu-like symptoms may accompany EM. If left untreated, the spirochetes can disseminate and
cause early disseminated LB (weeks to months after tick bite) or late disseminated LB (from
months to several years after tick bite) (142,143).

Three types of cutaneous lesions are usually observed:

e Erythema migrans (reported in 70 to 95% of cases in Europe depending on countries
and studies). The classical form of erythema migrans corresponds to a pinkish to
reddish colour cutaneous lesion, oval-shaped, with a central clearing, a regular
growth, a centrifugal extension that appear in most cases at the site of the tick bite
(144).

e Acrodermatitis Chronica Atrophicans (reported up to 10% of cases in  Europe)
corresponds to a macule or a plaque on a limb segment, of varying colour, more
visible at bone tips, with progression from an initial oedematous stage to atrophy of
the skin (145,146).

e Borrelial lymphocytoma is the rarest cutaneous manifestation of Lyme disease. It
generally corresponds to a single lesion, very slow-growing, with varying colours,
rarely pruritic with unusual localizations (ear lobe in children, breast in adults,
exceptionally on the face, thorax or limbs) (133,147).

Neurological manifestations can appear either in the early stages of the disease ( more
than 90% of cases (148)) or in the laters (approximately 10%) and follow skin manifestations.
Prevalence varies from 6 to 23% in European patients (133,147) and affects mainly
children/adolescents and adults over 50 years. LNB is generally due to infections by B. garinii
(the most frequent, % of cases) and B. afzelii and mainly manifests as meningoradiculitis and
cranial nerve palsy (facial nerve, mainly in children). Other neurological manifestations such as
clinical meningitis, acute myelitis, and encephalitis are less frequent. Cognitive disorders and
dementia are rarely linked with LB infections but should be investigated in the absence of other
aetiology (133,147).

Arthralgia monoarthritis is a common sign of LB at the early stages and generally appears in
an average time of 6 months (few weeks to two years) after an infected tick bite (133,147).
Without antibiotic therapy the affection can progress towards a chronic presentation. In Europe,
the proportion of patients with Lyme arthritis with no EM or no tick bite recall seems higher than
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in the USA. Chronic myalgia has been associated with DNA detection of Bbsl in muscle samples
(149). Many other atypical musculo-skeletal manifestations have been reported with low levels
of scientific evidence.

Cardiac manifestations are reported in up to 4% of cases of LB. Outcome is favourable if
correctly treated, but conduction disorders may require temporary cardiac pacing (147).
Myocarditis, left ventricular dysfunction or cardiac failure are very rarely associated with LB
(150,151).

Several cases of patients with ophthalmological disorders and a positive serology for LB were
reported. However, the link between symptoms and infection with Bbsl remains uncertain (147).

Other clinical manifestations are attributed to infection with the agents of LB with sometimes
poor scientific evidence of their implication. Cases of death are rarely reported in patients with
LB. Obel et al. did not show any significant differences in mortality rates between patients with
LNB and the global population (152).

Disease in animals

As for humans, the risk of transmission to animals is proportional to their probability to
encounter infected ticks in a suitable habitat (153-157).

Lyme disease in dogs and cats

Knowledge on consequences of Bbsl infection in domestic carnivores is incomplete. Most
Bbsl-seropositive dogs and cats show no clinical signs of illness, neither after experimental nor
after field infections. Koch’s postulates have only been fulfilled experimentally for a clinical
picture of transient fever, anorexia and clinical arthritis with lameness as well as reluctance to
move, which was detected in puppies but not in dogs > 6 months. In contrast to humans, no EM
has been observed in dogs (158), but synovial lesions were significant in infected dogs in all
canine experimental studies (158-160).

When clinical signs compatible with Lyme disease are observed in dogs in the field,
confirmation of the role of Lyme disease agents in the clinical outcome is difficult because
diagnosis is based mainly on serology and no DNA of viable agents is detected (159). A small
subset of infected dogs (<5%) presents transient signs of Lyme arthritis - corresponding to acute
monoarticular or polyarticular lameness with joint swelling, fever, lethargy, and mild local
lymphadenopathy - that generally responds well to an adapted antibiotic treatment. Nephritis
(immune-complex glomerulonephritis) associated with Lyme infection is another supposed
consequence of Bbsl infection described in dogs, less frequent but with the most serious impact
on health. Other forms of infections described in humans are rare or not well documented in
dogs (159). A predisposition of infection of Bernese Mountain Dogs was suggested due to a
higher rate of seropositivity in this species in Central Europe but no clear consequences on
health was found (no more risk of getting sick than other dog species) (161).

Vertical transmission and other non-vector borne modes of transmission (via semen, urine
or blood) of Borrelia spp. are considered unlikely in dogs under natural conditions (160).

Seropositivity for Bbsl was detected in cats in Europe. However, no clear evidence of the
consequence of infection with Bbsl on cats' health was demonstrated (159).
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Lyme disease in horses

Horses are often exposed to /. ricinus ticks in Europe and seroprevalence of Bbsl infections in
this group was evaluated from 12.4% to 48.4% depending on the studies and the countries
(162,163). Contrary to the high seroprevalence observed in the field, the paucity of documented
cases of Lyme disease has made Bbsl infection and Lyme disease a controversial topic in equine
practice (164). In horses, a broad spectrum of clinical manifestations, including arthritis,
lameness, anterior uveitis, encephalitis and abortion, has been attributed to Bbsl infections
(163). However, several other frequently described tick-borne pathogens — in particular A.
phagocytophilum, Babesia caballi and Theileria equi — infect horses in Europe with sometimes
similar clinical manifestations (162). Experimental inoculations in ponies led to systemic
infection, but did not induce any clinical signs nor histopathological alterations, except for skin
lesions.

The association of Bbsl infection with other clinical signs is not well documented (164). It
remains unclear if European Bbsl isolates are capable of causing such clinical manifestations in
horses.

Lyme disease in cattle

As grazing vertebrates, cattle are often exposed to Bbsl (as well as A. phagocytophilum and
Babesia) infected ticks in Europe (165). However, clinical relevance of Bbsl for ruminants is
questionable. Active B. burgdorferi s.s., and B. afzelii infections with associated symptoms (skin
erythema, fever, acute lameness due to arthritis) have been described in cattle in rare cases.
Other studies suggested a link between serological evidence of Bbsl infection and clinical signs
but causality remain uncertain. Experimental infections of cattle with B. burgdorferi s.s., B.
garinii, and B. afzelii produced no clinical signs in cattle and in sheep. Neither clinical cases nor
infection experiments have been published in goats to date (163).

Availability of preventive, therapeutic and control measures,
including licensed or pipelines vaccines

Therapy in humans

Borrelia species are susceptible to several classes of antimicrobial agents, including
penicillins, second- and third-generation cephalosporins, tetracyclines, macrolides and
glycopeptides. On the other side they are relatively resistant to aminoglycosides, trimethoprim,
rifampicin and quinolones (166,167). Treatment of human cases of LB is based on the use of a
targeted antibiotic therapy. Use of first line antibiotics depends on the age of the patient and
the clinical manifestation of the disease. Antibiotics generally recommended are (168):

e in case of erythema migrans and borrelial lymphocytoma:

- in adults and children > 8 years old: doxycycline as 1% line, amoxicillin as 2" line
- in children <8 years old: amoxicillin as 1° line, azithromycin as 2™ line;

e in case of Lyme neuroborreliosis: doxycycline (except for children <8 years old) or IV

ceftriaxone;

e in case of joint manifestations: doxycycline (except for children <8 years old) as 1*'line, IV

ceftriaxone as 2™ line and amoxicillin as 3™ line.
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Therapy in animals

Doxycycline 10 mg/kg SID or BID is the first line antibiotic recommended for use in dogs with
suspected LB because of its efficacy on Borrelia and on other tick-borne pathogens such as
Ehrlichia and Anaplasma bacteria and purported antiarthritic and anti-inflammatory properties.
B-lactams and macrolids are also antibiotic families that have proven their efficacy on the
bacteria. A rapid response to the treatment occurs generally within 1-2 days, but the treatment
is recommended for 4 weeks. As a matter of fact, in some cases, 4 weeks of high dose treatment
(10 mg/kg doxycycline g12h) is not sufficient to clear all organisms in dogs. Relapse may be
caused by coinfections or reinfections (159). Additional symptomatic treatments are
recommended depending on the clinical forms observed (arthritis or nephritis).

Consistent with human guidelines, tetracyclines and B-lactam drugs are most commonly used
to treat equine Lyme disease (164). However, the ideal treatment regimen for equine Lyme
disease is unknown and further studies are necessary to prove the pertinence of use of those
antibiotics in European horses.

Licensed or pipelined vaccines

There is actually no licensed vaccine for human prevention of LB in Europe.

An anti-Borrelia vaccine (Merilym 3 ND) using inactivated B. burgdorferi s.s., B. garinii and B.
afzelii strains is available for use in dogs in Europe. The vaccine reduces the risk of skin infection
by Borrelia, however the efficacy against the disease in dogs was not studied. This anti-Borrelia
vaccination of dogs is actually the subject of controversies in particular because the disease
remains poorly characterised in the species and infected dogs seem to respond readily to
a correctly administered antibiotic treatment (159,160,169).

In North-America, the off-label use of anti-Borrelia dog vaccine in horses is described.
However, duration of immunity with dog vaccine used in horses seems short (170).

An oral reservoir-targeted vaccine using an OspA protein was developed and gave promising
results in the USA in protecting uninfected mice from infection and reducing transmission of
Bbsl bacteria (171). However, the feasibility of the use of such a vaccine as a long-term strategy
to reduce hLB risk in Europe (by reducing infection of rodent reservoirs) remains uncertain taking
into account the diversity of Bbsl strains, the role of birds in the epidemiological cycle and the
rate of renewal of wild rodents in the field.

Other Prevention Measures

Prevention of tick bites in humans and domestic animals

Prevention of tick-borne diseases essentially relies on avoiding tick bite and early tick removal
(147,172-175).

In humans, people at risk of exposure should apply personal protective measures (wearing
long trousers tucked into socks, white clothes...), avoid walking in tall herbaceous vegetation
and can use repellents to prevent tick bites with strict compliance with the recommendations
for use. The main repellents recommended for ticks prevention in humans include DEET (Ni,N-
diethyl-mtoluamide), IR3535 (ethyl butylacetyl-aminopropionate) or picardin (1-
piperidinecarboxylic acid) (176). The use of permethrin for impregnation of clothes is no longer
recommended in prevention of arthropod bites, even for brief use in high exposure situations,
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due to skin irritation. It is also always recommended to carefully check the body for ticks after
coming back from outdoor activities (177). If bitten, one should mechanically remove the
attached tick as soon as possible using a tick remover or a tweezer. After removal, the site of
the bite must be disinfected with antiseptics and observed for at least one month in order to
see if EM occurs.

In domestic animals, prevention is essentially based on tick prophylaxis i.e.
acaricidal/repellent use. A high number of acaricidal specialities, developed to prevent tick
infestations in domestic animals, are now available in the market of veterinary drugs. However,
as 100% protection is not guaranteed, domestic animals should also be regularly checked and
ticks removed in case of exposure.

Reduction of tick population or Bbsl infection, using acaricidal treatments

Many studies tested the effects of acaricidal treatments of the environment and/or wild
animals (rodents, deer) on the reduction of tick density or of Borrelia infection (178-182). Even
if an effectiveness on the reduction of the density of ticks has been demonstrated
experimentally, consequences of these treatments on the environment and their acceptability
by the society should be widely studied before implementation in the field (149,183).

Reduction of tick population or Bbsl infection, using hosts control

Host population control can be easily managed on domestic animals, but is more complex on
wild animals.

Several studies assessed the effects of ungulate management (culling or fencing, effects of
deer density, habitat types, sizes of enclosed or unenclosed areas) on tick abundance
(107,110,118,184). Ixodes ricinus density tended to be lower in plots without deer than in those
with deer suggesting a positive correlation between deer and tick densities (110). However,
small enclosures with high deer densities were associated with reduction in tick densities as well
as rodent numbers probably linked with the effect of high deer density on vegetation height
(110,118).

In Denmark, the reduction of roe deer for several years led to a reduction in LNB with a lag
of 1to 3 years, leading to the hypothesis of a reduction in the total population of ticks (Andersen
et al., 2018). However, in the United States, deer culling or reduction had a limited effect on tick
abundance and no evidence of an effect on human disease risk reduction (126). Predators such
as red fox (Vulpes vulpes) and stone marten (Martes foina) or assemblage of predators (foxes,
raccoons and bobcat) were suggested as possible tick and Bbsl control measure (76,185). They
may act indirectly on Lyme disease risk and disease transmission by lowering the density of
reservoir-competent mammalian hosts, such as rodents. It was also suggested that predation
can change host behaviour in limiting their movement and consequently their contacts with ticks
(185-187).

Effects of landscape modifications on tick population or Bbsl infection

Many methods using landscape management such as burning, mowing, leaf litter removal,
herbicide treatment or desiccation were tested to reduce tick density and prevalence of Bbsl
(188). Mowing (vegetation management) seems to have a reduction effect (189) while cattle
grazing in forested areas was not shown to have any effect on infected nymph densities (190).

In urban areas, restoration of green areas is increasing in order to maintain human health
and well-being (188). Consequences of this revegetation on vectors dynamic remain poorly
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understood. As people are encouraged to move around and engage in outdoor physical
activities, a global study should consider the risk of tick-borne pathogen infections and
implement risk prevention communication campaigns in these specific areas (191).

To implement effective control measures, it is essential to have a clear understanding of all
factors that contribute to the risk of tick multiplication and Lyme disease. In the one hand,
factors that may favour ticks and wild animal presence and, on the other hand, factors that could
prevent tick bites and reduce human and pet exposure (drawing channel visitor routes,
developing leisure areas) should be further explored (192).

Attention should be paid to the effects of management methods on biodiversity and
environment as well as the consequences on the abundance of hosts and ticks and the risk of
Lyme disease (187). It would be useful to experiment the effects of all these factors with new
integrated management strategies through consortia involving decision-makers, managers,
scientists and citizens (183).

Disease specific recommendations

Sexual and mother-to-foetus transmission have been suggested, but never demonstrated.
Pregnant women should thus be treated as the general population taking into account their
status for the prescription of treatments (173). Similarly, there are actually no confirmed
reported cases of Borrelia transmission to humans through blood transfusions or grafts (193).

Epidemiological situation at different spatial scales: past and
current trends

The incidence of LB is difficult to estimate and to compare between years and countries
because of a marked heterogeneity in surveillance systems, monitoring scale, case definitions,
and testing methods.

In 2011, the European Concerted Action on Lyme Borreliosis (EUCALB) published a series of
LB case definitions that incorporate clinical findings and essential laboratory evidence (194);
however, implementation remains inconsistent in European countries. In 2023, only two
countries (France and Poland) use the EUCALB cases definitions in the context their national
surveillance system (195).

LNB was finally considered as the most specific form of the disease, easier to standardized
and was thus chosen for future estimation of LB cases in Europe. Since 2019, ECDC added LNB
to the communicable disease list with a standardized case definition. In 2023, only two countries
(Bulgaria and Romania) use the ECDC LNB case definition in the context their national
surveillance system of LB (195).

Past trends - results of Lyme borreliosis surveillance from 2005 to 2020

Burn et al. recently reviewed incidence data of LB in European countries from either national
surveillance systems or systematic review for the period 2005-2020 (195,196). Taking into
account all surveillance systems and considering any case definition, Burn et al. estimated an
annual average of LB case number of 128,888 in Europe (195). Comparison of incidences
suggests (i) an increase of LB incidence at the national level in some countries of Northern and
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Eastern Europe from 2005 to 2020, while it remains globally constant in the majority of other
countries during the same period (195,196).

Other studies suggest evidence of a geographical expansion of the disease in previously non-
endemic  areas as it was shown in the province of Verone, Northern Italy, using a five-years
(2015-2019) sentinel surveillance (143).

Comparison of incidences between countries is difficult due to the lack of standardized
surveillance system at the European level. Analysis of results of incidence data from surveillance
systems shows high reporting variations between countries. In particular, during the 2005-2020
period, Estonia, Lithuania, Slovenia, and Switzerland reported more than 100 cases/100,000
population per year (PPY), France and Poland from 40-80/100,000 PPY, Finland and Latvia from
20-40/100,000 PPY while Belgium, Bulgaria, Croatia, England, Hungary, Ireland, Norway,
Portugal, Romania, Scotland, and Serbia reported less than 20/100,000 cases PPY. However, at
the subnational level, hotspots of infections (>100 cases/100,000 PPY) were found in some
areas in particular in Belgium, Czech Republic, France, Germany, and Poland confirming the high
possible variations in incidence within countries (79,80).

Current trends — results of Lyme Neuroborreliosis surveillance according to the ECDC
definition of case from 2019-2021

Since 2019, the ECDC has added the neurological form of LB called Lyme neuroborreliosis
(LNB) to the list of communicable diseases (24). To estimate the current epidemiological trend,
we included all cases of LNB reported to the European Surveillance System Database (TESSy)
during the years 2019-2021. Population denominator data were provided by the Statistical
Office of the EU (Eurostat) for calculating incidence rates.

Over the 2019-2021 period, 13 EU/EEA countries reported 2645 cases of Lyme
neuroborreliosis.

Table 2. Number of reported cases of Lyme neuroborreliosis and incidence rate (number of cases reported per

country per 100,000 inhabitants) in 13 countries of the European Union and European Economic Area,
2019-2021 [data from The European Surveillance System (TESSy), released by ECDC].

2019-2021

Country

Mean incidence Imported cases
Czechia 818 2,6 0
Denmark 157 0,9 0
Hungary 0 0,0 0
Ireland 24 0,2 2 (8%)
Italy 247 0,2 0
Lithuania 5 0,1 0
Luxembourg 2 0,1 0
Norway 806 5,0 7 (0,9%)
Poland 434 0,4 1(0,0%)
Portugal 4 0,0 0
Romania 2 0,0 0
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2019-2021
Country
Mean incidence Imported cases
Slovakia 108 0,6
Slovenia 38 0,6
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Figure 6: Total number of Lyme neuroborreliosis (LNB) cases declared to ECDC during the period 2019-2021.
Yearly number of cases (bars) and incidence per 100 000 inhabitants (line) [data from The European Surveillance
System (TESSy) released by ECDC].

179/358



M@@D Grant Agreement N°: 874850 — MOOD —

H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

600 4
500 1
400 4

300 1

Number of cases

200 1

100 4

01 02 03 04 05 06 07 08 09 10 11 12

Month of disease onset

Figure 7. Number of reported Lyme neuroborreliosis cases by month of onset, 2019-2021
[data from The European Surveillance System (TESSy), released by ECDC].
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Figure 8. Number of Lyme neuroborreliosis cases by week of onset in the declaring European Union and European
Economic Area countries, 2019-2021

[data from The European Surveillance System (TESSy), released by ~ ECDC].
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Table 3: Main characteristics of reported cases of Lyme neuroborreliosis, European Union and European
Economic Area countries, 2019-2021 (n = 2645) [data from The European Surveillance System (TESSy), released

by  ECDC]. NA: not available

Characteristics Number of cases Percent Incidence per 100,000 inhabitants
Total 2645 100 0,50
Age group (years)

0-9 738 28% NA
10-19 303 11% NA
20-29 111 4% NA
30-39 166 6% NA
40-49 213 8% NA
50-59 338 13% NA
60-69 395 15% NA
70-79 305 12% NA
>80 76 3% NA
Unknown 0 NA NA
Sex

Female 1160 44% NA
Male 1483 56% NA
Unknown 2 NA NA
Importation status

Imported 10 0% NA
Locally-acquired 2367 89% NA
Unknown 268 10% NA
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Figure 9: Number of Lyme neuroborreliosis cases, by gender and age group in the reporting countries of European
Union and European Economic Area, 2019-2021
[data from The European Surveillance System (TESSy) released by ECDC].

Analyses of the European LNB surveillance data showed that:

- The number of reported LNB cases varied considerably from one country to the other from
2019 to 2021 (Table 2) with the higher number of LNB cases reported in Czechia and
Norway, followed by Poland, Italy, Denmark and Slovakia. All other countries that
participate to the surveillance reported less than 40 cases during the 2019-2021 period.

- A higher number of LNB cases was reported in 2019 compared to 2020 and 2021 (Figure
6). However, the short period of surveillance and the limited number of reported cases
do not allow to bring out any epidemiological trend.

- A peak of LNB cases was reached each year in the summer months (from June to
September) (Figures 7 and 8).

- Two age groups i.e. young people <20 years old (39% of cases) and adults between 50 and
79 years old (40% of cases) represent 79% of LNB reported cases during the reporting
period (Table 3, Figure 9).

The recent implementation of LNB records at the European level should lead to a cautious
interpretation of the results presented here. As a matter of fact, due to the short period of
reporting and the inconstant participation of European countries, it is possible that
epidemiological trends in particular incidences data are underestimated in several countries.
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The use of the ECDC LNB case definition in national surveillance systems in all European
countries could help clarify these epidemiological trends in the future.

Sociological and demographical dimension affecting
susceptibility and exposure, including gender

Many patients with confirmed LB were exposed to ticks during leisure (142,197) or outdoor
professional activities. Main categories at risk include: farmers, forestry workers, horticulturists,
hunters, rangers and veterinarians (198—209). In Poland, the seroprevalence of Bbsl infection in
people with occupational risk of tick bites and forestry workers was higher than those in the
control group composed of blood donors (203,210). In Germany, military personnel showed a
low but relevant risk of exposure to tick bites (211), while seroprevalence and incidence of Bbsl
in football players were low (212). Recently, in Europe, an enhanced threat of exposure to tick
bites has been observed in urban and peri-urban areas, green spaces and recreational parks.
Infected ticks can be present in these areas and show a high risk of infection due to high density
and activity of humans (213).

Several studies attempted to evaluate the clinical costs and economic outcomes of Lyme
disease (214,215). Many of these were conducted in the USA (68%) followed by Canada (9%)
and the Netherlands (9%) and only one study in Sweden, Scotland and Germany (215). Lohr et
al. estimated that the median medical cost for the hospitalization of a Lyme disease case ranged
from 2843 € for adults to 3917 € for adolescents between 2008-2011 (216). In Germany, using
extrapolations, the direct costs of the disease were estimated at 23 million € annually for patient
treatments and indirect costs such as loss of productivity and absence from work at 7 million €.
Inthe Netherlands, Van den Wijngaard et al. estimated a mean cost (including direct and indirect
costs) of about 5700 € per patient annually in 2014, resulting in a total cost of 23.5 million
€/ peryear (217).

Several studies reported that the general population and professionals (health care, exposed
workers) have an incomplete knowledge of tick ecology and Lyme disease. Sometimes
prevention practices are not adopted and knowledge of the recommendations is weak
(198,218-220). Improvement of knowledge and implementation of communication and health
education actions for the public are essential, especially towards children (221-224). Leaflets,
movies (225,226), posters, information on the Internet (227), information at the entrance to a
forest and mobile applications are all information and preventive tools widely used. As few
studies dealt with the perception of risk by humans (218,228,229), new sociological studies
should be performed in the future to ensure the feasibility and the acceptability of preventive
measures proposed.
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Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

There is currently no widely adopted standardized case definition for LB in Europe. Case
definitions used for routine surveillance of LB vary by country (history of a tick bite, spectrum of
clinical signs and laboratory tests used).

Laboratory: LB diagnosis relies first on a suggesting clinical presentation and a history of tick
exposure. Laboratory tests are often necessary to confirm infection. Culture of spirochaetes is
considered as the gold-standard for confirmation of bacterial infections however it is often
difficult to apply in case of LB due to the low number of viable spirochaetes usually present in
patient samples and the difficulties to culture them. Thus, culture of spirochaetes is generally
used only to confirm uncertain cases.

Serology is often used as a first line tool for the diagnosis of LB with an acceptable sensitivity
and specificity in a majority of cases (194). However, the limits of serology should be known in
particular (i) in case of negative serology in the early stages of the disease when the immune
response has not yet been established and (ii) in case of positive serology in patients with
successful antibiotic treatment due to the long persistence of antibodies despite recovery.

In Europe, recommended serology diagnosis relies on a two-step approach involving an initial
screening test (usually ELISA), followed by a western blot for reactive and equivocal samples
(168,194). Nucleic acid amplification on infected tissues can help confirm doubtful cases.
However, methods are not standardized, so test results obtained by different laboratories may
show significant variability. In case of LNB, Cerebrospinal Fluid (CSF) examination is
recommended.

In 2011, the EUCALB published a series of LB case definitions (Table 4) that incorporate
clinical findings and essential laboratory evidence.

Table 4: Summary of clinical case definitions for Lyme borreliosis (194)

Laboratory evidence Laboratory/clinical evidence :

Clinical case definition . .
: essential supporting

Expanding red or bluish-red patch

(25cm in diameter)?, with or

without central clearing. None Detection of Bbsl| by culture
Advancing edge typically distinct, and/or PCR from skin biopsy.
often intensely coloured, not

markedly elevated.

Erythema migrans

Painless bluish-red nodule or

. Seroconversion or Histology.
Borrelial plaque, usually on ear lobe, ear . 5 .
e L T positive serology Detection of Bbs/ by culture
’ ! d/or PCR f kin bi .
(rare) frequent in children (especially on amel e rom sxin blopsy

Histology in unclear  Recent or concomitant EM.

ear) than in adults. EEE
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Clinical case definition

Laboratory evidence

: essential

Laboratory/clinical evidence :
supporting

Acrodermatitis
chronica
atrophicans

Lyme
neuroborreliosis

Lyme arthritis

Lyme carditis (rare)

Ocular
manifestations
(rare)

Long-standing red or bluish-red
lesions, usually on the extensor
surfaces of extremities. Initial
doughy swelling. Lesions
eventually become atrophic.
Possible skin induration and fibroid
nodules over bony prominences.
In adults mainly meningo-
radiculitis, meningitis; rarely
encephalitis, myelitis; very rarely
cerebral vasculitis.

In children mainly meningitis and
facial palsy.

Recurrent attacks or persisting
objective joint swelling in one or a
few large joints. Alternative
explanations must be excluded.

Acute onset of atrio-ventricular (I-
111) conduction disturbances,
rhythm disturbances, sometimes
myocarditis or pancarditis.
Alternative explanations must be
excluded

Conjunctivitis, uveitis, papillitis,
episcleritis, keratitis.

High level of specific
serum IgG antibodies

Pleocytosis and
demonstration of
intrathecal specific
antibody synthesis¢

Specific serum 1gG
antibodies, usually in
high concentrations

Specific serum
antibodies

Specific serum
antibodies

Histology.
Detection of Bbsl| by culture
and/or PCR from skin biopsy.

Detection of Bbsl| by culture
and/or PCR from CSF.
Intrathecal synthesis of total
IgM, and/or 1gG and/or IgA.
Specific serum antibodies.
Recent or concomitant EM.

Synovial fluid analysis.
Detection of Bbs/ by PCR
and/or culture from synovial
fluid and/or tissue.

Detection of Bbsl by culture
and/or PCR from
endomyocardial biopsy. Recent
or concomitant erythema
migrans and/or neurologic
disorders.

Recent or concomitant Lyme
borreliosis manifestations.
Detection of Bbsl| by culture
and/or PCR from ocular fluid.

2If <5 cm in diameter, a history of tick-bite, a delay in appearance (after the tick bite) of at least 2 days and an expanding rash at
the site of the tick-bite is required.
b As a rule, initial and follow up samples have to be tested in parallel in order to avoid changes by inter-assay variation.
¢In early cases intrathecally produced specific antibodies may still be absent.

For LNB, case definition has been specified in 2018 by ECDC (24) as follows:

Confirmed case:

Neurological symptoms suggestive of LNB (according to European Federation of Neurological
Societies (EFNS) suggested case definition) without other obvious reasons AND

- Pleocytosis in cerebrospinal fluid, AND

Evidence of intrathecal production of LB antibodies, OR

Bbsl isolation, OR

Nucleic acid detection in cerebrospinal fluid

OR

- Detection of IgG LB antibodies in blood specimen only for children (age under 18) with
facial palsy or other cranial neuritis and a recent (< 2 months) history of EM

Probable case:

Neurological symptoms suggestive of LNB (according to European Federation of
Neurological Societies (EFNS) suggested case definition) without other obvious reasons AND
- Pleocytosis in cerebrospinal fluid, AND positive LB serology in cerebrospinal fluid OR
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- Specific intrathecal LB antibody production

Infrastructure capacity to identify pathogens for each member
state

Infrastructures to implement serological surveys in the general population allowed the
publication of scientific articles describing the distribution of LB seroprevalence in 22 European
countries, though only 14 studies are considered representative at the national scale (231).
There was substantial heterogeneity among studies, which limits cross-study comparisons.
Differences among studies were observed in terms of design, cohort types, periods sampled,
sample sizes, and diagnostic methods (with a minority of studies using the recommended two-
step serological approach described above).

More generally, LB incidence data are available for 25 European countries based on
heterogeneous surveillance systems (196). Depending on the countries, these surveillance
systems can be based on: i) passive or mandatory data collection, ii) defined sentinel sites or
deployed at a national scale, iii) case definitions (clinical, laboratory, or both) and if relevant
testing methods. Twenty-one countries for which statistics were available (84%) implemented
passive surveillance. Among those different countries, only four used standardized case
definitions recommended by European public health institutions.

Estimated influence of environmental change on the disease
future trends

Tick population, abundance and activities are influenced by biotic and abiotic environmental
factors (232). Knowledge of the ecology and epidemiology of Ixodes ticks and Bbsl remains a
current issue to improve the control and prevention of LB (233,234).

With climate change and global warming, Ixodes ticks are now reported in countries where
they were not before (79,80) as in higher altitude in mountains (92,93). Global changes are
susceptible to modify several key drivers that influence Ixodes ticks distribution, activity and
survival as well as human exposure to tick bite. In particular, climate change and warming may
impact (i) the life cycle of I. ricinus, the duration of interstadial development and mortality rates,
(ii) the composition and distribution of hosts on which . ricinus feeds and (iii) human and animal
exposures to ticks, due to changes in the spatial and temporal distributions of ticks and
modifications of activities.

Several longitudinal studies were conducted in order to understand how ticks respond to
environmental changes in particular weather, host density and human practices (27,28,46,72—
77). These studies allowed collection of data and development of models of tick activity (46,235).
In order to project future climate changes on tick population density, temperature, relative
humidity or precipitation, data covering a reference period (1971-2000) were compared to
similar variable in future periods (236). The future climate scenarios were applied to the near
future (2012 to 2040/2050), the mid-term future (2050-2070) and the far future (2071-2100)
taking into account different representative climate pathways (RCP) i.e. low to extreme RCP
scenarios (46,237).
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In France, if the future climate followed the RCP8.5 trajectory, approximately 65% of the
French surface area would have a Mediterranean climate, unfavourable for [. ricinus ticks by
2100 (46). In Germany, climate projections suggested that the peak of questing nymphs would
shift towards the first seasons of the year and that a greater spatial heterogeneity of nymph
densities would occur throughout the Germany (237). All of these projections describe situations
in the near or distant future and should be taken with caution. However, recent studies have
already reported perceptible changes in tick phenology in particular the presence of active ticks
in winter in places where they were not before during this season (84,238).

Anticipation of such changes in tick distribution and activity is essential since it could modify
the epidemiology, seasonality and distribution of hLB cases in the future.
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Biological, ecological and molecular features of the causative
agent

Disease name

Tick-borne encephalitis (TBE), Russian Spring and Summer Encephalitis (RSSE), Central
European Encephalitis (CEE);

Disease agent

Common, scientific and Latin name

Tick-borne encephalitis virus (TBEV), Flavivirus tick-borne encephalitis

Taxonomy

Family: Flaviviridae; Genus: Flavivirus; Species: tick-borne encephalitis
(https://ictv.global/taxonomy/, 2020 Release; Walker et al. 2020)

Disease agent characteristics

TBE mature virions are smooth spherical particles, 50 nm in diameter. The core consists of a
nucleocapsid (NC) approximately 30 nm in diameter, surrounded by a host-derived lipid bilayer
membrane in which the viral envelope (E) and membrane (M) proteins are embedded. The NC
is a positive single-stranded RNA molecule approximately 11 kb in length. It shows no discernible
symmetry, but the C protein surrounds the viral genome like a cage (1). The Open Reading Frame
of the genome, flanked by 5’ and 3’ untranslated regions, encodes one large polyprotein of
approximately 3400 amino acids which is processed into 3 structural (Capsid,C, precursor of the
membrane protein M,prM and Envelope, E) and 7 non-structural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B and NS5) (2). Among the structural proteins, E is the major target for
neutralizing antibodies and induces protective immunity. It is responsible for specific binding to
a cellular receptor and penetration of the virus into the host cell and is also believed to be a
determinant of TBEV virulence (3). In particular, amino acid substitutions in E protein often
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cause decrease in neuroinvasiveness, but not neurovirulence (4). The C protein represents a
structural component of the NC with a low sequence homology between different flaviviruses.
This protein accumulates on the surface of endoplasmic reticulum-driven organelles named lipid
droplets that may play multiple roles in the viral life-cycle (5). The prM protein is the precursor
of the membrane protein and has a major role in virus maturation, assembly and secretion (6).
Structural proteins have been proved to be the primary viral determinants of non-viraemic
transmission between ticks (7). Non-structural proteins have multi functions such as virus-host
interaction (NS1), viral replication (NS1, NS2A, NS4A and NS4B), translation and virion
production, stress response (NS4B), interference with interferon signaling (NS2A, NS4B, and
NS5), membrane re-arrangements (NS4A) and serve as RNA-dependent RNA polymerase (NS5).
Moreover, NS determines the extent of the cytopathic effect in cell culture (7).

Physiochemical properties

TBEV is readily inactivated by organic solvents and detergents. Nonionic detergents, such as
Triton X, solubilize the entire envelope, releasing M and E proteins; whereas sodium
deoxycholate appears to remove only E, leaving M associated with the nucleocapsid. Mature
virions sediment at about 200S and have a buoyant density of about 1.19gcm™ in sucrose (8).
Flaviviruses are stable at slightly alkaline pH (8.0) and low temperatures (especially at -60°C or
below), but TBEV has been reported to preserve at least residual infectivity over the broader pH
range 1.42-9.19. Total inactivation of virus suspended in blood or other protein solutions occurs
within 30 min at 56°C. Flaviviruses are stable for at least 6 h in liquid aerosol suspension at room
temperature and 23-80% humidity. On the other hand, ultra low temperatures preserve
infectivity almost indefinitely and once freeze-dried they survive almost indefinitely at room
temperature. Flaviviruses are inactivated by ultraviolet light, gamma-irradiation, and
disinfectants, including 3—8% formaldehyde, 2% glutaraldehyde, 2—3% hydrogen peroxide, 500—
5000-ppm available chlorine, alcohol, 1% iodine, and phenol iodophors (9).

Priority level for EU

In 2011, the first attempt to collect TBE surveillance data at the EU/EEA level underlined the
need for an agreed case definition and systematic data collection. Therefore, in 2012, the
European Commission included TBE in the list of notifiable diseases in the EU/ EEA (10). The
European Centre for Disease Prevention and Control (ECDC) annually collects data from 28
countries plus Iceland and Norway, based on the EU case-definition.

Distribution of the pathogen

Tick-borne encephalitis virus (TBEV) has expanded its distributional range during the last
decades and shows an irregular distribution over a large geographical range with a patchy
occurrence in restricted foci of limited size where it circulates among vertebrate hosts and ticks.
At continental scale TBEV has a Palearctic distribution, along the 8 °C isotherm, in Eurasia and
northern Africa (Tunisia). At the European scale, TBEV is reported in 25 countries, specifically 22
EEA countries, 2 EFTA countries, 1 EU candidate countries and UK, with a distribution range from
Spain and The Netherlands to the West, the Baltic countries to the east, the Southern coastal
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areas of Scandinavia and UK to the north and Greece to the south (Figure 1). TBEV currently
includes five recognized main subtypes or lineages:

Western European subtype (TBEV-Eu) is endemic in rural and forest areas mainly of central,
eastern and northern Europe including the European part of Russia and South Korea and has /.
ricinus as its principal tick vector (Figure 2). Recently, it has been reported also in northern Africa
(Tunisia) (11). Infections are typically biphasic and are characterized by a viraemic phase with
fever, malaise, headache, myalgia, leukocytopenia, thrombocytopenia and elevated liver
enzymes; after a 1-week latency period, 25% of patients develop clinical signs of neurological
involvement. Residual sequelae are observed in 25-50% of patients, but < 2% of cases are fatal
(12).

Far Eastern subtype (TBEV-FE): is endemic in far-eastern Russia and in forest regions in China
and Japan and has I. persulcatus as its principal tick vector (13,14). Cases infected with TBEV-FE
were reported in Estonia and Latvia (15) (Figure 2). This subtype causes the most severe central
nervous system disorder with a development of focal meningoencephalitis or polyencephalitis
accompanied by loss of consciousness and fatigue during recovery. Major damage to neurons in
different parts of the brain and spinal cord is possible. A fatality rate of 20-60% and an absence
of chronic forms are reported.

Siberian subtype (TBEV-Sib): is endemic in the Ural region, Siberia, far-eastern Russia and
some areas in north-eastern Europe (Estonia and Finland) (Figure 2) and has I. persulcatus as its
principal tick vector (16). TBEV infections in Siberian—Ural regions present as a less severe
disease with a high prevalence of the non-paralytic febrile form of encephalitis, while chronic
forms seem to be more frequent. Case fatality rates rarely exceed 6—8%

Baikalian subtype (TBEV-Bkl): This subtype was detected in the Irkutsk region (Ekhirit-
Bulagatskiy district), Buryat Republic (Bichurskiy and Barguzinskiy district) and Transbaikalia
(National Park Alkhanay, Duldurginskiy district and Krasnochikoiskiy district). The amino acid
sequences of 886-84 subtypes confirmed that its genetic structure is a unique mixture of the
three common subtypes. Thirty unique substitutions were detected. Genetic difference from
the three common subtypes (TBEV-Eu, TBEV-FE, and TBEV-Sib) is more than 12%. The
pathogenic potential is high (17-19).

Himalayan subtype (TBEV-Him): the strains (Himalaya-1 and Himalaya-2) have been detected
in  Marmota himalayana in Qinghai-Tibet Plateau, China (20). Phylogenetic analysis
demonstrated that this could be considered as a new member of TBEV-FE group. At amino acid
level, the diversity of the E protein was less than 2.2% within the subtype and 3.6-5.6% between
the subtypes. TBEV-Him differed by 5.0-7.3% from the other subtypes, while polyprotein
diverged of 4.8-7.4%. Him-TBEV displayed 69 amino acid substitutions in complete polyprotein
of which 36 were unique. The profile of pathogenic associated amino acid substitution of Him-
TBEV is similar to low virulence strain Oshima (5-10) (TBEV-FE).

Other TBEV subtypes differing from the main ones namely Sallandse strain from The
Netherlands (21) and 178-179 single strain from Irkutsk (22) are still under review.

In some countries, two or three subtypes co-circulate (e.g., Baltic States, Siberia, Ukraine)
(23) (Figure 2).
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Figure 2. The map shows the European Union and European Economic Area countries that reported at least one
locally-acquired TBE human case in the period 2010-2021.
(Data extracted from the ECDC European Surveillance System (TESSy), or other sources such as national surveillance
systems (Switzerland, Serbia) and published literature (24-26)).
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Figure 3. Map of the eurasian distribution and abundance of the main TBEV subtypes sequences
(number of sequences used= 1928) (data sources: https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/ and
https://www.bv-brc.org/).

Ecology and transmission routes

TBEV circulates in natural cycles involving several vertebrate hosts and vectors. A map
showing evidence of TBE virus occurrence in vector or host is provided in Figure 3. Ticks are both
vectors and main reservoirs of the virus remaining infected throughout their life cycle due to the
transstadial and transovarial transmission. The tick life-cycle needs three blood meals to be
completed and the same number of hosts. The larvae mainly feed on small mammals, nymphs
feed on small-and medium-sized mammals, birds, and reptiles, and adults on large animals such
as ungulates. Uninfected ticks can also acquire the infection while feeding on a viremic
competent host (systemic transmission). However, especially in case of TBEV-Eu, the most
effective amplification route is through co-feeding where viral transmission takes place when
naive ticks at different developmental stages (particularly nymphs and larvae) co-feed with
infected ticks on the same animal host. According to this mechanism, the virus is transmitted
non-systemically, even in an immune host, to the next tick generation (27). For an effective
TBEV-Eu transmission and amplification, synchronous activity of larvae and nymphs supported
by specific climatic conditions (autumnal cooling and spring warming) are needed (28,29).
However, in areas with ineffective co-feeding transmission, such as in the northern distribution
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areas (30) and at high altitudes, other mechanisms for maintaining virus circulation, as the
transmission from infected host to ticks, in natural foci become relatively more important.

a) TBE in ticks b) TBE in hosts

! Present

l._ Present
Unknown Unknown

Figure 4. Distribution of TBEV presence in vectors (panel a) and vertebrates hosts (panel b)

(derived from a literature review updated to 2021).

Vectors: ticks are the main vectors and reservoirs of TBEV, although it has also been isolated
from mosquitoes (TBEV-FE in Aedes vexans, (31)). All the tick species involved in the eco-
epidemiological cycle of TBEV belong to the Ixodidae family. The most common and widespread
species are Ixodes ricinus (also main vector for the TBEV-EU subtype) and I. persulcatus. I. ricinus
is widely distributed throughout Europe, West to East from Ireland to the Urals, and North to
South from northern Sweden to North Africa (Figure 4a), while I. persulcatus is predominant in
northern Europe (Figure 4b). The 14 species of ticks listed in Table 1 are proven to transmit TBEV.
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Figure 5. Current 1-km ecological suitability estimates for /. ricinus and I. persulcatus across Europe, produced
using random forest and boosted regression trees analyses
(source: ERGO group).

Table 5. List of Ixodidae species that transmit TBEV.

Genus Species Reference
Ixodes ricinus (32,33)
Ixodes arboricola (34)
Ixodes hexagonus (35,36)
Ixodes trianguliceps (37)
Ixodes persulcatus (33)
Ixodes ovatus (38)
Dermacentor marginatus (39-41)
Dermacentor reticulatus (39,40,42,43)
Haemaphysalis concinna (44)
Haemaphysalis inermis (40)
Haemaphysalis punctata (41)
Haemaphysalis longicornis (45)
Haemaphysalis flava (45)

210/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

Genus Species Reference

Haemaphysalis nipponensis (45)

Hosts: various animal species are susceptible and can be infected with TBEV. However, their
ecological role in viral transmission can vary. They can act as dead-end hosts or maintain and
amplify the virus (reservoir hosts), with or without evident symptoms of the disease. In some
species, the viraemia is followed by viral shedding in urine and milk, therefore enhancing the
risk of transmission through milk and milk products. In other cases, although being incompetent
as reservoir for the virus, they participate in maintaining or amplifying the tick population and
therefore affecting indirectly the viral transmission.

Rodents and insectivores are considered the main reservoir hosts for TBEV maintenance and
circulation. Once infected with TBEV, they are supposed to develop a chronic infection, although
the duration of viraemia and thus their infectivity to ticks are commonly considered short (two
to nine days). A recent experimental study in bank voles (Myodes glareolus) showed that
viraemia might last up to 28 days, but infectivity to ticks was not tested (46). Also the possibility
exists that low viral replication in latently infected rodent hosts may occur under the influence
of fluctuations in stress of sexual hormone levels during their life cycle (30,47,48). In laboratory
mice, sexual transmission has also been reported (49). Domestic ruminants, such as goats, sheep
and cattle, rarely show any clinical symptom, although they develop a detectable viremia that
can be a source of infection either directly or indirectly (milk, milk products and blood), although
not sufficient to be uptaken by feeding ticks (50). The role of birds as TBEV reservoirs still needs
to be demonstrated, although they contribute to the dispersal of the virus including the
introduction into new areas by carrying infected ticks. TBEV was isolated occasionally from
Turdus pilaris, T. iliacus, other Turdus spp., Corvus monedula, C. corone, Pica pica, Sturnus
vulgaris, Lanius collurio, Fringilla montifringilla, F. coelebs, Loxia curvirostra, Carduelis flammea,
Anthus trivialis, Erithacus rubecula, Motacilla alba, M. flava, Emberiza spp., Jynx torquilla,
Bonasa bonasia, Crex crex, Scolopax rusticola, Clangula hyemalis, Melanitta fusca, Anas
querquedula, Fulica atra. TBEV-infected larvae were collected from Anthus trivialis, Phoenicurus
phoenicurus, Erithacus rubecula and Turdus philomelos (51), while a potential for transovarial
transmission by isolation of the virus from the eggs, was demonstrated in T. iliacus, T. pilaris, T.
ruficollis, T. pallidus, Lanius cristatus, Emberiza fucata, Troglodytes troglodytes, Accipiter gentilis
(52).

Wild ungulates are important hosts for the maintenance of tick populations, by providing a
sufficient blood meal to adult stages, although they are not competent for viral transmission
(53).

Carnivores can be locally important, specifically, the role of red foxes (Vulpes vulpes) deserves
more investigations as they are exposed to TBEV both from infected tick bites and from eating
TBE-infected preys (54-56). In Table 2 are listed the vertebrate species for which TBEV
symptoms or viremia or both are reported
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Table 6. List of vertebrate species that reported TBE symptoms and/or developed viremia.

Species (Latin name)

Goat (Capra hircus)

Sheep (Ovis aries)

Cow (Bos taurus)

Dog (Canis lupus familiaris)

Horse (Equus caballus)

Roe deer (Capreolus capreolus)

Red deer (Cervus elaphus)

Fallow deer (Dama dama)

Wild boar (Sus scrofa)

White-tailed deer (Odocoileus virginianus)
Moose (Alces alces)

Mouflon (Ovis ammon musimon)

European bison (Bison bonasus bonasus)
Red fox (Vulpes vulpes)

Racoon dog (Nyctereutes procyonoides)
Mountain hare (Lepus timidus)

European hare (Lepus europaeus)

Bank vole (Myodes glareolus)

Grey-sided vole (Myodes rufocanus)
Northern red-backed vole (Myodes rutilus)
Field vole (Microtus agrestis)

Common vole (Microtus arvalis)

Hedgehog (Erinaceus europaeus)

Northern white-breasted hedgehog (Erinaceus roumanicus)
Eastern hedgehog (Erinaceus concolor)
Yellow-necked mouse (Apodemus flavicollis)
Wood mouse (Apodemus sylvaticus)

Striped field mouse (Apodemus agrarius)
Large japanese field mouse (Apodemus speciosus)
Small japanese field mouse (Apodemus argenteus)
Red squirrel (Sciurus vulgaris)

Eastern grey squirrel (Sciurus carolinensis)
Brown rat (Rattus norvegicus)

Northern birch mouse (Sicista betulina)

European mole (Talpa europaea)

Symptoms
No
Yes(57)
No
Yes(58)
Yes(59,60)
Yes(61)
No
No
No
No
No
Yes(62)
No
No
No
No
No
No
No
No
No
No
Yes(63)
No
No
No
No
No
No
No
No
No
No
No
No

Viremia
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
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Species (Latin name) Symptoms Viremia
European polecat (Mustela putorius) No Yes
Common shrew (Sorex araneus) No Yes
Barbary macaque (Macaca sylvanus) Yes (64) Yes

Drivers of disease emergence and spread

Ecological drivers

TBE epidemiology typically shows a profound fluctuation in the annual cases reported and a
patchy distribution. Explanation could be found in the complex interplay of biotic and abiotic
factors which characterize the transmission chain of the TBE virus (65).

In Table 3, the ecological and environmental covariates included in the sixty-two studies
selected are reported.

Table 7. List of ecological and environmental covariates included in the selected studies in decreasing order
according to the number of studies including them.

Environmental drivers N. of papers (n. % of impact
62)
Temperature (average daily, monthly seasonal and annual temperature, 40 65%
autumnal cooling rate, spring warming rate, mean diurnal temperature
range)
Land use (forest, agriculture, vegetation cover) 19 31%
Precipitation (total daily, monthly, seasonal and annual precipitation) 15 24%
Deers (roe deer, red deer, fallow deer, moose, white-tailed deer 13 21%
abundance or density)
Vegetation (Mean NDVI, EVI, Beech fructification index) 12 19%
Humidity (daily, monthly, annual mean relative humidity) 11 18%
Rodents (yellow-necked mouse, bank vole abundance or density) 10 16%
Topography (distance from forest or meadow, distance to sea or water 9 15%
course, latitude, exposition, slope)
Altitude 8 13%
Feeding ticks (number or density of feeding and co-feeding ticks) 8 13%
Time (Year and season) 7 11%
Questing ticks (density of questing larvae and nymphs) 6 10%
Foxes (abundance or density) 5 8%
Atmosphere (Scandinavian Index, NAO Index) 5 8%
Hares (European hare, mountain hare abundance or density) 5 8%
Wild boars (abundance or density) 4 6%
Soil (mean soil temperature and humidity, soil types) 4 6%
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Environmental drivers N. of papers (n. % of impact
(7))

Saturation deficit 4 6%

Snow Cover 3 5%

Other Hosts (lynx, racoon abundance or density) 3 5%

Tick ecology (birth and mortality rate, average egg production..) 2 3%

Light (Daily, annual sunshine hours) 2 3%

Climate change is generally considered a primary driver of TBE trend and temporal
fluctuations, although its complex role in affecting the zoonotic system or human behaviour is
still debated (66). One of the most efficient mechanisms of TBEV transmission involves the co-
feeding of larvae and nymphs through the seasonal synchrony of the different tick life stages
that is in turn affected by climatic variables. In particular, it has been shown that a high rate of
autumnal cooling (i.e. a rapid decrease in late summer temperatures) induces a behavioural
diapause in larvae and nymphs therefore reducing the delay between nymphal and larval activity
during the following spring (28,29,67—70). Similarly, rapidly rising temperatures in spring,
referred to as “spring warming rate”, cause larvae to become active at the same time as nymphs
(71,72).

Abiotic factors directly affect off-host stages of the ticks, in particular temperature and
relative humidity. The known temperature threshold values for tick activity range between 5
and 10 °C (73-76), with significant differences found for larvae (6°C) and for nymphs and adults
(5°C) (77). Regarding relative air humidity (RH), a peak in activity for larvae has been reported at
75-85% RH and for nymphs and adults between 50-100% RH (77). It has been demonstrated that
tick abundance is positively correlated with temperature and relative humidity, which affects
the hydration of tick’s body (78,79), but negatively with saturation deficit (an index combining
temperature and relative humidity) (72,80). The effect of severe winters on annual nymphal
density (81) and on subsequent TBE incidence (82) has also been proved. The latitudinal and
altitudinal expansion of ticks and their increase of the activity range have consequences on
increased probability of contacts between humans and parasites.

Density of animal host’s population and/or their tick load are key drivers for TBEV circulation.
Small rodents (mainly Apodemus spp. and Myodes spp.) play a crucial role both as a source of
bloodmeal for immature ticks and as bridge hosts for the virus (83). The TBE incidence was
repeatedly demonstrated to be correlated with their 1-year lagged population density (84).
Among medium-sized and large mammals, deer and hares are reported to affect the presence
of TBE foci. In particular, ungulates are able to greatly amplify tick abundances, but at the same
time divert tick bites from competent hosts, and thus may cause a dilution effect of TBEV
prevalence in ticks above certain threshold densities (85,86). Hares and red foxes might also
contribute to such dilution effect, as high host species diversity and high population numbers
weaken the incidence of TBE-infected ticks on any given host (87). A similar relationship has
been found between the number of co-feeding tick groups and A. flavicollis density, with a
decline in the number of co-feeding ticks after a threshold of approximately 10 mice/ha (70).
Sylvatic carnivores may have an indirect effect on TBEV incidence through predation of deer and
small mammals. Other hosts such as ruminants are considered non-competent, but due to their
long-term persistent viremia and antibody respone, they are often used as sentinels. Birds,
especially migratory, contribute to the dispersal of the ticks over long distances.
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Regarding the environment, forests, especially well-connected coniferous, broad-leaf and
mixed forest patches with open areas, provide suitable habitat and resources for ungulates,
rodents, and ticks, thus favouring their encounter and boosting the risk of occurrence of TBE
human cases (88-93). Evidence has been found for a significant correlation between TBE
incidence and an increasing ratio of high stand forest to coppice cover, which corresponds to an
increase in habitat suitability for small mammals, especially Apodemus spp. (94). Landscape
characteristics also affect human risk to tick exposure, as people engaged in recreational or
occupational outdoor activities in a risk area are at increased risk of tick bites. Therefore proxies
for forest accessibility, such as forest road length (95,96) and the maximum distance from
forests or meadows (97) are associated with higher TBE risk. Greener and healthier vegetation,
which can be evaluated by the satellite derived Normalized Difference Vegetation Index (NDVI)
and Enhanced Vegetation Index (EVI), promotes tick presence, availability of food resources for
primary consumers and their coexistence, in turn reflecting ina higher TBE suitability (93,97).

In the current context of global biodiversity loss, recent efforts (mostly focused on Lyme
disease) were made to understand the effect of biodiversity on vector-borne diseases
transmission, with contrasting conclusions. Species diversity might be important in the ecology
of infectious diseases, particularly vector-borne zoonosis: on one hand, high species diversity in
vertebrate hosts may play a beneficial role by acting as competent or not competent reservoirs
of the pathogen (98); on the other hand, high diversity of vertebrate hosts may help generalist
vectors or pathogens to avoid local extinction and therefore may play a role in increasing the
disease risk to humans. At broad spatial scales, habitat alteration can also influence disease risk
(99,100): habitat destruction and the fragmentation of landscapes into small, isolated units are
known to cause reduction or elimination of some vertebrate species and therefore diversity
(101,102). Often, species that occupy high trophic levels are the most sensitive to such habitat
destruction. Loss of these species, which are generally non competent reservoirs for vector-
borne zoonosis, may increase disease risk both via reduction of diverted blood meals from these
incompetent hosts and via the loss of a regulatory “predator” effect on typically more reservoir-
competent hosts.

Environmental variables are not the only ones that can explain the spatio-temporal
distribution of TBE cases. Human activity and behaviour can act in synergy with them by
increasing the chances of coming in contact with infected ticks. Low economic status has been
identified as a significant risk factor for TBE infection in some parts of Europe, forcing people to
exploit the rural and natural habitat in search for food products or wood. For example, for eight
central and eastern European countries, the differential degree of TBE upsurge in the early
1990s was significantly positively correlated with contemporary poverty indicators, including the
percentage of total household expenditure spent on food (103). An increase in TBE incidence
has been also reported in Europe in 2020. A possible explanation could be an enhanced exposure
to people to infected ticks as a consequence of the post lock-down human behaviour.
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Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief history of the pathogen and disease

In the early 1920s, residents and workers of villages in the Taiga forest from the far eastern
region of Russia, reported a severe form of brain disease. An expedition led by Prof. Lev A. Zilber
was sent in 1937 to Khabarovsk Territory to investigate the origins and causes of this disease.
Despite extremely difficult conditions of the remote taiga location and the absence of
infrastructures, the expedition successfully isolated the virus from patients, vertebrates and
ticks. Furthermore, the pioneer researchers expounded on basic eco-epidemiology of the
disease and provided some useful prophylactic information on how to avoid infection (104). The
first cases in China were reported in 1943 and virus isolation from patients in 1944 (105). The
first documented TBEV isolation in Europe was made from I. ricinus ticks in Belarus in 1939
(strain 256), while the second was reported in former Czechoslovakia in 1948 (strain Hanzalova)
from both patients and ticks in Beroun near Prague and in Moravia (106). The alimentary route
of infection was first identified in the European part of Russia between 1947 and 1951 (9). In the
early 1990’s, non-viremic transmission of TBEV between co-feeding . ricinus ticks was proved
by prof. Labuda and collaborators from the Institute of Zoology SAS (Slovakia) in collaboration
with the Institute of Virology NERC (Oxford, UK), using ticks and TBE virus strain from Central
Bohemia (107). The European TBE vaccine was made available in 1976 (108).

Disease in humans

Humans are dead-end accidental hosts for TBEV. The infection can be primarily contracted
through the TBEV-infected saliva injected from the bite of a tick. Among the most relevant
developmental stages involved in human transmission, nymphs of I ricinus are the most
abundant, aggressive and less host specific, while for I. persulcatus the adult tick’s stage is
considered the most important. It is assumed that dairy unpasteurized products from infected
animals (cattle, sheep, goats) stand for 1% of all TBE cases and has been reported mostly in
eastern Europe and the Balkans; however, small outbreaks of foodborne TBE have also been
reported in central and western Europe and Russia (109-113) (Figure 5). Other non-vectorial
routes of infection include: single cases of tick-borne encephalitis after slaughter of probably
viraemic goats, blood transfusions, solid organ transplantation (114), breastfeeding and
laboratory investigations (see references in (115,116)).
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Figure 6. European countries with reported cases of TBE foodborne infections
(literature review updated to 2021).

Most of the infections (between 70 and 98%) with TBE virus strains of the European subtype
are either sub-clinical or asymptomatic. Clinically, the course of infection may depend on the
virus subtype, the inoculation dose, the age and immune status of the host. The European
subtype typically take a biphasic course (about two-thirds of patients), characterized by a first
stage with non-specific symptoms and a second one with additional neurological involvement.
Symptomatic infection without central nervous system (CNS) involvement is defined as
“abortive TBE”. The incubation period ranges from 2 to 28 days, and is usually 7-14 days.

217/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

Foodborne TBEV transmission has a shorter incubation period (3 to 4 days) and exhibits a
monophasic course of the disease in 50% of recorded cases.

When symptoms of TBE infection progress in two phases, the initial one correlates with
viremia and usually presents with non-specific symptoms such as moderate fever, headache,
body pain (myalgia and arthralgia), fatigue, general malaise, anorexia, nausea, and others. This
phase lasts for 2-7 days and is followed by amelioration or even an asymptomatic interval that
usually lasts for about 1 week (range 1-21 days). If a second phase appears, it presents as
meningitis in approximately 50% of adult patients, as meningoencephalitis in about 40%, and in
meningoencephalomyelitis in around 10%. Meningitis typically manifests with high fever,
headache, nausea, and vomiting; many patients have photophobia, and some vertigo.
Encephalitis can be manifested by impaired consciousness ranging from somnolence to stupor
and, in rare cases, coma. Other manifestations comprise personality changes, behavioural
disorders, concentration and cognitive function disturbances, tongue fasciculations and tremor
of extremities; very rarely focal or generalized seizures, delirium and psychosis develop. Flaccid
paresis, which are a typical characteristic of meningoencephalomyelitis, usually arise during the
febrile phase of the disease, and are occasionally preceded by severe pain in the affected muscle
groups.

Viral genotypes or the apparent virulence of a particular TBEV subtype and infection dose
can determine different degrees of disease severity. TBEV-Eu infection usually results in a rather
mild form of TBE. TBEV-Sib infection generally results in a mild illness associated with a non-
paralytic febrile form of encephalitis (9), with a tendency towards persistent TBE caused by
chronic viral infection. TBEV-FE infection is believed to cause the most severe forms of TBE (117).
In addition, in Russia, hemorrhagic forms of TBE and chronic (or progressive) forms have been
reported (9,117-119). Other factors affecting the severity of the symptoms include age (TBE
tends to be more severe in elderly people); presence of comorbidities; immunosuppressed
individuals and co-infection with other tick-borne pathogens (120-127). Genetic predisposition
is currently under study, polymorphisms in genes such as CCR5D32, TLR3, OAS2, OAS3, IL28B,
IL10, CD209 and MMP-9 are associated with more severe forms. Finally, the monophasic course
of the infection is usually more severe.

Many patients with neurologic forms of TBE are left with chronic sequelae of infection with
significant consequences for daily activities and the quality of life. The most frequently reported
signs are neuropsychiatric disorders, such as apathy, irritability, memory and concentration
dysfunction, sensory disturbances, persistent flaccid paresis, or paralysis and altered sleep
patterns. A particular form following infection by TBEV-FE and -Sib is reported in Russia. Some
patients may develop a chronic (progressive) TBE that manifests after several months or years
under certain circumstances (hypothermia, physical or psychological trauma, overwhelming
physical labor, alcohol intoxication, abortion, labour or even physiotherapy) or as a continuously
progressive form with an increase in focal CNS lesions, leading to patient death after 9-20 years
post infection (23).

Studies on the three main TBEV genotypes showed the following mortality rates: TBEV-Eu
<2%; TBEV-Sib 3-6%; TBEV-FE 20-40%.

Disease in animals

Animals can get TBEV from the bite of an infected tick and develop neurological symptoms
similarly to humans. Usually, the veterinary aspects of this disease are poorly recognized even
in domestic animals.
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TBE in dogs: Canine TBEV infection is possible in endemic areas and seroprevalence varies
from country to country ranging from 0.1% in Belgium to 53.6% in Germany. Results are of
difficult comparison due to different diagnostic factors considered and type of tests performed.
In general, infection can have an acute course with complete remission within 1-2 weeks (31-
59%), although a longer period is possible (12-25%). Late sequelae like paresis, muscle atrophy,
epileptic seizures or blindness are described. A definite diagnosis is rarely achieved due to low
sensitive PCRs availability. Virus detection is very difficult, due to the fast immunological virus
clearance from the brain and CSF or the quick fatal outcome (58).

TBE in horses: Horses are prone to TBE infection although they remain mostly asymptomatic.
Few cases have been reported so far (59,60,128,129) and the clinical signs mainly depend on
the affected brain region(s). The outcome displays a broad spectrum of neurological symptoms
such as ataxia, tonic-clonic seizures, apathy, and stupor, inappetence, mydriasis, convulsions of
the legs, skittishness, bruxism and altered reaction to environmental stimuli.

TBE in ruminants (sheep, roe deer and mouflon): Domestic and wild ruminants are important
amplifier hosts for tick populations and capable of developing a detectable viremia in the blood
that is not transmissible to feeding ticks although it can pass on the milk and eventually milk
products. Few cases of sub-clinical and clinical infections have been reported, all with
neurological signs and fatal outcomes. A lamb and a roe deer suffered from ataxia, torticollis,
tremor, nystagmus, hypersalivation and finally somnolence with inappetence and recumbency,
while a muflon was found moribund before suppression (57,61,62).

TBE in other animals: Insectivores are known to be reservoirs of TBEV, but records of clinical
signs are rare. A study screening the presence of TBEV in several European hedgehogs, detected
antibodies and virus RNA from an animal that contemporarily showed neurological symptoms
(63). Monkeys have been used as animal models to test the efficacy of vaccines. For viruses such
as TBEV, clinical manifestation and pathomorphological lesions in the Central Nervous System
in the monkeys are similar to humans (64).

Availability of preventive, therapeutic and control measures,
including licensed or pipelines vaccines

Therapy in humans

No specific antivirals are approved for the treatment of TBE in Europe (23), and patient care
is mainly symptomatic and supportive, including intensive care interventions in severe cases.
Specific anti-TBEV immunoglobulins, nonspecific immunoglobulins or recombinant anti-TBEV
immunoglobulins are used or tested for prophylaxis or treatment. Vaccines can also be used in
a therapeutic context as well. Specific small molecule antivirals are not yet recognized or widely
used.

Therapy in animals

Dogs and horses develop similar clinical symptoms as humans. There is no licensed anti-TBE
vaccine for dogs. Symptomatic therapy is strongly recommended for dogs with TBE. Sedation
and relaxation are necessary in the case of seizures. Steroid use is controversial, as
immunosuppression may prolong the presence of the virus, although in dogs with marked
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cerebrospinal fluid pleocytosis, steroids seem to be mandatory to effectively protect the brain
tissue from further fulminant immune response. In cases of muscle atrophy and paresis,
physiotherapy as early as possible has been shown to improve the general outcome and shorten
the time of rehabilitation. TBE in horses is a rare event. Regarding therapeutic options and
prognosis, a horse with recumbent status due to TBE has a poor prognosis if it is not possible to
force the horse to stand up again.

Licensed or pipelined vaccines

Currently, all six licensed vaccines (two from Europe, three from Russia and one from China)
are based on inactivated whole viruses containing various strains of the European or Far-Eastern
TBEV subtype. The two European vaccines are based on the Austrian isolate Neudoerfl (FSME-
IMMUN®, Pfizer, USA) approved in 1976 (130) and the German isolate K23 (Encepur®,
GlaxoSmithKline) approved in 1991 (131,132). Sucrose is used as a stabilizer in Encepur®,
whereas human serum albumin in FSME-IMMUN®. Both vaccines have the pediatric
formulations namely FSME-IMMUN® (Junior) and Encepur-K®. Data from clinical studies and
post-marketing surveillance show that FSME-IMMUN® and Encepur® are safe, efficacious (with
seroconversion rates reaching 92%-100% after complete vaccination) and interchangeable
(133-135). Three vaccines are produced in the Russian Federation: TBE vaccine Moscow and
Tick-E-Vac (Klesch-E-Vac) are both produced by the Chumakov FSC R&D IBP RAS in Moscow and
are based on the Sofjin strain of TBEV-FE; EnceVir® vaccine is produced by Microgen in Tomsk
using strain 205 of TBEV-FE (in: (23,136)) (Table 4). In China, SenTaiBao based on the Chinese
TBEV-FE strain Sen-Zhang is approved as a TBEV vaccine (in: (137)).
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Table 8. TBE vaccines licensed in Europe and Russia (From (23)).

Name Strain Amount of antigen

FSME-IMMUN?® (Pfizer) Neudoerfl (TBEV-Eu) 2.4 pg (adults)/1.2 pg (children)

Encepur® (GSK) K23 (TBEV-Eu) 1.5 pg (adults)/0.75 pg (children)

TBE Moscow (FSBSI "Chumakov FSC R&D IBP  Sofjin (TBEV-FE) 1.0 £ 0.5 pg/ml (dose 0.5 ml for children
RAS") from 3 years old and adults)
Tick-E-Vac/Klesch-E-Vac (FSBSI "Chumakov Sofjin (TBEV-FE) 1.0 £ 0.5 pg/ml (dose 0.25 ml for children
FSC R&D IBP RAS") 1-13 years old; 0.5 ml for adults)
EnceVir® (Microgen) 205 (TBEV-FE) 2.0-2.5 ug

Other prevention measures

Other than active immunization as a protective measure against infection with TBEV, those
preventing tick bites are also very important. These include: the use of chemical repellents with
DEET, permethrin or picaridin; wear light-coloured protective clothing; tuck pant legs into socks;
avoid tick-infested areas and most importantly careful body check after visiting tick infested
areas. The virus in tick saliva increases ten to 100-fold during feeding, therefore early removal
of ticks does not prevent disease.

Disease specific recommendations

TBEV is transiently present in the blood, therefore it could be hypothetically transmitted
through blood transfusion or organ transplantation. A cluster with a fatal outcome has been
recently reported (114) recognising the fragility of transplant recipients and the need to screen
organ donors who live or have recently visited TBE-endemic areas.

The course of acute TBEV infections during pregnancy has not yet been investigated
systematically. Moreover, the transmission and impact on foetal development is not fully
understood. According to the few cases reported from literature, intrauterine transmitted
infection doesn't occur (138), while trans placental transmission of IGg maternal antibodies has
been detected with decreasing titres over time, where they no longer could be found after nine
months of the infants (139). Finally, also breast-feeding transmission should be carefully
considered especially in areas with high TBEV-endemicity (140).

Epidemiological situation at different spatial scales: past and
current trends.

Since 2012, the European Centre for Disease Prevention and Control (ECDC) requires all 27
EU Member States, plus Iceland and Norway, to annually report their TBE data to the European
Surveillance System (TESSy) repository. More detailed information on surveillance systems is
available in the ECDC Annual Epidemiological Report (AER) (141).
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Past trends

The number of TBE cases reported in Europe, excluding Russia, increased over the years
1990-1994, probably reflecting the start of surveillance in many countries (33). Over the
following 15 years (1995-2009), the trend was stable with an annual number of TBE cases
fluctuating between 2,000 and 4,000 cases. Peaks occurred when a set of countries reported
unusually high numbers of TBE cases, e.g. 2006 and 2009 (33). An analysis carried out in eight
European countries suggested that human behavior in response to good weather conditions,
e.g. increased outdoor recreational activities, was the main explanation for the 2006 spike rather
than tick abundance (142).

Current trends

In 2012, TBE became a notifiable disease in Europe and uniform clinical and laboratory data
were adopted as case definition. To analyse the current epidemiological trend, we included all
cases reported to the European Surveillance System Database (TESSy) during the years 2012—
2020. Population denominator data were provided by the Statistical Office of the EU (Eurostat)
for calculating incidence rates. Annual rates of change and their 95% confidence intervals (Cl)
were estimated using a log-linear regression, while the goodness of fit was assessed using F
statistics, according to (15). We used RStudio software (R Core Team (2021)) for all data
management and statistical analyses.

Table 9. Number of reported cases of tick-borne encephalitis, incidence (number of cases per 100,000
inhabitants), imported cases and trend, in 25 countries of the European Union and European Economic Area,
2012-2020 [data from The European Surveillance System].

Country 2012 - 2020

N. Cases Mean Imported cases* Annual 95% ClI

incidence variation (%)

Austria 1043 1.33 13 (1%) 15.3 6to 25
Belgium 2 0.00 2 (100%) NA NA
Bulgaria 6 0.01 NA NA NA
Croatia 63 0.17 NA 8.74 -75t0 93
Czechia 5552 5.83 29 (1%) 6.5 -1to 14
Denmark 4 0.01 NA NA NA
Estonia 897 7.55 6 (1%) -8.3 -14to -3
Finland 574 1.16 NA 10.4 6to 15
France 121 0.02 20 (17%) 29.3 -4 to 63
Germany 3670 0.50 139 (4%) 12.3 4to021
Greece 4 0.00 2 (50%) 19.1 -39to 77
Hungary 255 0.29 4 (2%) -11.7 -21to-3
Ireland 1 0.00 1 (100%) NA NA
Italy 210 0.04 6 (3%) 34.3 -12 to 81
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Country 2012 - 2020

N. Cases Mean Imported cases* Annual 95% CI

incidence variation (%)

Latvia 1692 9.53 0 -0.8 -7to6
Lithuania 4551 17.59 42 (1%) 5.9 -2to 14
Luxembourg 1 0.02 1 (100%) NA NA
Netherlands 21 0.01 9 (43%) 3.8 -31to 39
Norway 165 0.35 16 (10%) 23.0 16 to 30
Poland 1943 0.57 8 (%) 0.8 -7to9
Romania 12 0.01 3 (25%) -1.8 -49 to 45
Slovakia 1215 2.49 6 (%) 4.6 -6 to 15
Slovenia 1270 6.82 1(%) -2.2 -18to0 13
Spain 1 0.00 1 (100%) NA NA
Sweden 2552 2.86 43 (2%) 4.0 -3to 11
EU/EEA 25825 0.65 352 (11%) 5.4 Oto 11

Over the 2012-2020 period, 25 EU/EEA countries reported 25,825 TBE cases, of which 24,088
(93.0%) were confirmed cases and 1737 (7.0%) probable cases (Table 5). We excluded 59 cases
with unknown classification. Cyprus, Iceland, Malta, and Portugal had no TBE surveillance. In the
same period, the annual incidence increased with an annual variation of 5.4% (p = 0.05) (Table
5). Such a trend is mainly driven by a constant and significant increase in TBE mean annual
incidence, which increased of 33% between the period 2012-2016 to 2017-2020 from
0.75/100,000 to 0.56/100,000, respectively 24,355 cases reported the date of onset of
symptoms. Among these, 22,601 (93%) were recorded between April-October, with a peak in
June and July, and 290 (1.2%) in December—March (Figure 6). The weekly distribution of the
cases over the whole period reveals the seasonal intra and inter-annual heterogeneity of this
disease (Figure 7)

In 2020, 3,808 TBE cases were reported to TESSy from 17 EU/EEA countries with an incidence
rate of 0.72 cases/100,000. Top five incidence rate countries were: Lithuania 25.7/100,000,
Slovenia 8.5/100,000, Czechia with 7.9/100.000, Latvia 7.2/100,000 and Estonia 5.1/100,000. In
2019, the average mortality rate in Europe was 0.7%.
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Figure 7. Number of reported tick-borne encephalitis cases by month of onset, 2012-2020
[data from The European Surveillance System (TESSy), released by ECDC].
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Figure 7. Number of reported tick-borne encephalitis cases by week of onset, and 52-week moving average in the
European Union and European Economic Area countries, 2012-2020
[data from The European Surveillance System (TESSy), released by ECDC].

Table 10. Main characteristics of reported cases of tick-borne encephalitis, European Union and European
Economic Area countries, 2012-2020 (n = 25825) [data from The European Surveillance System (TESSy), released by
ECDC].

Characteristics Number of Percent Incidence rate per 100,000
cases persons
Total 25,825 100 5.81
Age group (years)
<20 3,043 12% 0.68
20-29 2,332 9% 0.52
30-39 3,271 13% 0.74
40-49 4,344 17% 0.98
50-59 5,140 20% 1.16
60-69 4,470 17% 1.01
70-79 2,589 10% 0.58
>80 629 2% 0.14
Unknown 7 NA NA
Sex
Female 10,439 40% 0.00
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Characteristics Number of Percent Incidence rate per 100,000
cases persons

Male 15,375 60% 0.00

Unknown 11 NA NA

Importation status

Imported 352 1% NA
Locally-acquired 24,320 94% NA
Unknown 1153 4% NA

Vaccination status

Four doses 185 1% NA
Three doses 226 1% NA
Two doses 192 1%

One dose 200 1% NA
Vaccinated unknown doses 137 1% NA
Not vaccinated 17,881 69% NA
Unknown 7,004 27% NA

From the total cases recorded, 72.9% had a known vaccination status. Among these 18,821
cases, 17,881 (95 %) were not vaccinated, 392 received one or two doses (2%), 411 (2.2%) three
doses or more and 137 (0.7%) an unknown number of doses (Table 6).

In conclusion, the European TBE surveillance data highlighted an increasing trend over the
years since the disease became notifiable. This is mainly driven by a few countries reporting the
majority of cases. For example, three countries (Czech Republic, Germany, and Lithuania)
accounted for 53% of all reported TBE cases, while two countries (Estonia, Hungary), which
accounted for 4% of all reported TBE cases, showed a significant negative trend in the period
2012-2020. The reported TBE cases followed a pronounced seasonality with most cases
occurring during the warmer months May—October, which correspond to the period when
people tend to spend a greater amount of time outdoors (48) and tick populations are more
active. No vaccination data are available at European level.

Finland

In Finland, TBE is endemic, with a mean of 64 cases reported annually and an average
incidence of 1.16 per 100,000 inhabitants over the period 2012-2020 (Figure 8a). The total
number of cases reported is 574. The trend is generally increasing. TBE cases affect mainly males
both in adult and older age (Figure 8b). The place of infection was reported to TESSy from 2017
onwards. Since then, the most cases were reported from the Aland Islands  (Figure 9).
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Figure 8. Number of TBE cases in Finland (n=574) during the period 2012-2020. a) Yearly number of cases (bars)

and incidence per 100 000 inhabitants (line) and b) distribution of TBE incidence by gender and age group
[data from The European Surveillance System (TESSy) released by ECDC].
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TBE incidence

Figure 9. TBE average incidence rate per 100 000 inhabitants by NUTS3, Finland (n. 257, period 2017-2020)
[data from The European Surveillance System (TESSy), released by ECDC].
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France

A total of 121 cases of TBE are reported in France from 2012 to 2020, with a mean of 15 cases
reported annually and an average incidence of 0.02 per 100 000 inhabitants (Figure 10a). Age
and gender distribution includes mainly males from 50 to 69, but also categories from 30 to 49
are affected (Figure 10b). The place of infection was reported to TESSy from 2017 onwards. In
2020 there was a steep increase in the number of reported cases (n. 46) with respect to the
previous year (n. 4), mostly due to an alimentary outbreak located in the eastern part of France
(Figure 11) (143).
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Figure 10. Number of TBE cases in France (n. 121) during the period 2012-2020. a) Yearly number of cases (bars)
and incidence per 100 000 inhabitants (line) and b) distribution of TBE incidence by gender and age group
[data from The European Surveillance System (TESSy) released by ECDC].
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Figure 11. TBE average annual incidence rate per 100 000 inhabitants by NUTS2, France (n. 64, period 2017-2020)
[data from The European Surveillance System (TESSy), released by ECDC].

Italy

The total number of cases reported from Italy over the period 2012-2020 is 210, with a mean
of 35 cases reported annually and an average incidence of 0.04 per 100 000 inhabitants (Figure
12a). It involves mainly males included in the 40-49 to 70-79 age groups (Figure 12b). The place
of infection was reported to TESSy from 2017 onwards, evidencing that TBE incidence is mainly
located in the north-eastern part of the country (Figure 13).
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Figure 12. Number of TBE cases in Italy (n. 210) during the period 2012-2020. a) Yearly number of cases (bars) and
incidence per 100 000 inhabitants (line) and b) distribution of TBE incidence by gender and age group
[data from The European Surveillance System (TESSy), released by ECDC].
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Figure 13. TBE average annual incidence rate per 100 000 inhabitants by NUTS3, Italy (n. 123, period 2017-2020)
[data from The European Surveillance System (TESSy), released by ECDC].

Spain and Serbia

At the current date there is no evidence of locally-acquired TBE human cases in Spain,
asduring the period 2012-2020 Spain reported only 1 imported case.

Information about TBE human infections in Serbia were provided by the Department for
Communicable Diseases Prevention and Control of National Public Health Institute “Dr Milan
Jovanovic-Batut”. Data are available for the years 2017-2018 only, with a total of 18 reported
cases.
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Sociological and demographical dimension affecting
susceptibility and exposure, including gender

Human infections arise principally through tick bites to which people are exposed as they
enter the forests for occupation and recreation. Socio-economic conditions have been identified
as part of a network of independent but synergistic factors significantly correlating with TBE
incidence. These conditions may operate with different force and at different time-scales
depending on the cultural, societal and political contexts characteristic of each country. Abrupt
socio-economic transitions could explain the TBE upsurge in ex-communist countries, while
slower increases in western countries may have happened such as more retired people engaging
in outdoor activities. Furthermore, changes in public health services (144) and the recent
economic crisis (2009) (145) have been shown to explain annual spikes in incidence via their
effects on human behaviour.

TBE has been observed with a higher incidence among risk groups such as: agricultural and
forest workers, hunters, and in general people spending time outdoors such as hikers, bikers,
foragers of mushrooms and berries, etc. In Europe 25,818 cases recorded in TESSy between 2012
and 2020 had information on sex (Table 6). TBE was more common in males, with a male-to-
female ratio of 1.5:1 (Table 6). This proportion could be explained by the fact that men are less
prone to use protective measures and have a lower risk perception (146—148) than women.
Moreover, they present a 5-fold higher risk of neurological/neurocognitive sequelae than
women (OR: 5017, 95%Cl: 1199-20,987) (149).

With respect to the demographic distribution, 25,814 cases between 2012 and 2020 reported
information on age (Table 6) with 13,954 cases (54%) in the 40—69 years old group. TBE incidence
increased with age in both sexes, peaking at 0.66 cases per 100,000 population in males aged
50-59 years, and then decreasing in older age groups (Figure 14).
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Figure 14. Incidence of tick-borne encephalitis per 100,000 population, by gender and age group in the European
Union and European Economic Area countries, 2012-2020
[data from The European Surveillance System (TESSy), released by ECDC].

The burden of TBE is mostly represented by its incidence and is generally not expressed in
Disability-Adjusted Life Years (DALYs) in Global Burden Diseases studies, nonetheless it’s long-
term sequelae. Disability-Adjusted Life Years (DALYs) measures the burden of diseases
combining information on incidence, mortality and sequelae associated with them. As far as we
know, only Slovenia performed such analysis revealing the importance of this approach in terms
of vaccination policy (150,151).

Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

ECDC publishes weekly and annual epidemiological reports regarding communicable diseases
of concern to the EU. Data provided by EU Member States are uploaded into the European
Surveillance System (TESSy) which is a flexible database for collection, validation, cleaning,
analysis and dissemination of data for public health actions. All European Union Member States
(28) and EEA countries (3) report their available data on communicable diseases as described in
Decision No 2119/98/EC, to the system. TBE reporting and data retrieving is yet not
homogeneous (Table 7). For 2020, 24 EU/EEA countries reported data on TBE, among these 19
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used various versions of the EU case definition for TBE (2008, 2012 and 2018), three reported
using another case definition and two did not specify which case definition was used. 19
countries over 24 compulsory report TBE.

Cases are notified on a case-based level for all countries except Belgium and Bulgaria, and
different administrative geographical units (NUTS) are used.

TBE is a notifiable disease in European Union since 2012 (152).

Case definition: a confirmed case is defined as any person meeting the clinical i.e. symptoms
of inflammation of the central nervous system AND laboratory criteria i.e. at least one of the
following five:

TBE specific IgM AND IgG antibodies in blood;

TBE specific IgM antibodies in CSF;

Seroconversion or four-fold increase of TBE-specific antibodies in paired serum samples;

Detection of TBE viral nucleic acid in a clinical specimen;

Isolation of TBE virus from clinical specimen.

A probable case is defined as any person meeting the clinical criteria and the laboratory
criteria for a probable case i.e. detection of TBE-specific IgM-antibodies in a unique serum
sample OR any person meeting the clinical criteria with exposure to a common source
(unpasteurised dairy products).

Anamnestic: patient medical records should include: age, gender, vaccination coverage for
TBEV, consciousness of tick bite, Charlson Comorbidity Index (CCl), type of course (biphasic or
monophasic), clinical manifestations, and professional exposure.

Clinical: regarding the TBE European subtype, a series of symptoms are possible including:
fever, headache, asthenia, arthromyalgia, nausea, vomiting, ataxia, constipation, thremor,
diarrhea, abdominal pain, visual disorders, limb palsy, disorientation, paresthesia, ideomotor
slowing, hearing disorders, syncope, lymphadenopathy, urinary retention, sore throat, aphasia,
dizziness, stupor, and amnesia.

Laboratory: TBEV can be detected in blood samples during the first febrile phase and in brain
tissue during the phase involving CNS symptoms. Therefore RT-PCR is a valuable diagnostic tool
when there’s the need to confirm an infection of a febrile illness following a tick bite or as a
confirmation in fatal cases or in immunosuppressed patients. RT-PCR can detect viral RNA in
urine samples for up to 19 days after the start of neurological symptoms. During the initial phase,
leukopenia as well as thrombocytopenia are found in about 70% of patients (153). During the
second phase, elevated white blood cell count may be present, C-reactive protein (CRP)
concentration and erythrocyte sedimentation rate (ESR) may be elevated, especially in long-
lasting severe cases. Analysis of cerebrospinal fluid (CSF) usually shows pleocytosis and a
moderately raised protein level (153). Changes in blood count during clinical manifestations
include  mostly neutropenia, lymphocytopenia, monocytosis, leukocytosis and
thrombocytopenia. C-reactive protein (CRP) concentration and erythrocyte sedimentation rate
(ESR) are elevated. Pleocytosis and raised protein levels are found in cerebrospinal fluid. Other
laboratory findings are: high levels of bilirubin, gamma-glutamyltransferase (GGT) or
transaminase level, electrolyte disorders, increase of fibrinogen and amylase, creatine
phosphokinase and lactate dehydrogenase (149). Computed tomography (CT), Magnetic
Resonance Imaging (MRI) and Electroencephalogram (EEG) abnormalities could be found.
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Table 11. Surveillance system overview for Tick-borne encephalitis (from: https://www.ecdc.europa.eu/en/publications-data/surveillance-systems-overview-2020).

Country Data source Data reported by Case definition used

Compulsory (Cp), voluntary (V), other(O)
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©
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() [T
2 ©
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< 2 s
o 2 W
-
8 ki
Austria AT-Epidemiegesetz Cp P C EU-2012
Belgium BE-REFLAB Vv P A Y N N N EU-2018
Bulgaria BG-NATIONAL_SURVEILLANCE Cp P A Y Y Y Y EU-2018
Croatia HR-CNIPH C Not specified/unknown
Czechia CZ-ISIN Cp A C Y Y Y N EU-2008
Estonia EE-NAKIS Cp P C Y Y Y N EU-2012
Finland FI-NIDR Cp P C Y N N N EU-2012
France FR-NATIONAL_REFERENCE_CENTRES \Y P C Y N N N EU-2012
Germany DE-SURVNET@RKI-7.1/6 Cp P C Y Y Y Y Other
Greece EL-NOTIFIABLE_DISEASES Cp P C Y Y Y EU-2018
Hungary HU-EFRIR Cp P C Y Y Y N EU-2012
Ireland IE-CIDR Cp P C Y Y Y N EU-2012
Italy IT-ARBO Cp P C N Y Y Other
Latvia LV-BSN Cp P C Y Y Y N EU-2012
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Country Data source Data reported by Case definition used

Compulsory (Cp), voluntary (V), other(O)
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Lithuania LT-COMMUNICABLE_DISEASES Cp P C Y Y N N EU-2018
Luxembourg LU-SYSTEM1 \Y C N N N N Not specified/unknown
Netherlands NL-TBE \ P C Y N N N EU-2012
Norway NO-MSIS_A Cp P C Y Y Y N EU-2012
Poland PL-NATIONAL_SURVEILLANCE Cp P C Y Y Y N EU-2012
Romania RO-RNSSy Cp P C N N Y N EU-2018
Slovakia SK-EPIS Cp A C Y Y Y N EU-2012
Slovenia SI-SURVIVAL Cp P C Y Y Y N EU-2008
Spain ES-STATUTORY_DISEASES Cp P C Y Y Y N EU-2018
Sweden SE-SMINET Cp P C Y Y N N Other
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M@@D

Infrastructure capacity to identify pathogens for each member

state

In 2007, the EU-funded dedicated surveillance network for enteric pathogens subsequently
broadened to cover 21 food- and waterborne diseases and zoonoses, the European Food- and
Waterborne Diseases and Zoonoses Network (FWD-Net). FWD-Net is coordinated by ECDC with
the support of a coordination committee (CC). Each Member States nominated an Institute to
be referred to as National Focal Point (Table 8).

Table 12. List of National Focal Points.

Country Institute Address Website
Austria Austrian Agency | Beethovenstrale | http://www.ages.at/
for Health and 6, AT-8010 Graz
Food Safety
Belgium Sciensano Rue Juliette https://www.sciensano.be/en
Wytsmanstraat
14, 1050 Brussels
Bulgaria National Centre | 26 Yanko http://www.ncipd.org/
of Infectious Sakazov Blvd,
and Parasitic 1504 Sofia
Diseases
Croatia Croatian Rockefellerova 7, | http://www.hzjz.hr/epocetna.htm
National 10000 Zagreb
Institute of
Public Health
Cyprus Directorate of 1, Prodromou http://www.moh.gov.cy/moh/moh.nsf/index_en/index_
Medical and str, CY-1448 en
Public Health Nicosia
Services
Czech National Srobérova 48, http://www.szu.cz
Republic Institute of 100 42 Praha 10/
Public Health Na Belidle 7, 702
(NIPH)/ 00 Ostrava
Regional Public
Health
Authority
Moravian-
Silesian Region
in Ostrava
Denmark Statens Serum 5 Artillerivej, DK- | http://www.ssi.dk/
Institut 2300
Copenhagen S
Estonia Health Board 81 Paldiski Mnt, http://www.terviseamet.ee
10617 Tallinn
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Country Institute Address Website

Finland National Mannerheimintie | http://www.thl.fi
Institute for 166, (00)271
Health and Helsinki
Welfare

France Institute for 12 rue du Val
Public Health d'Osne, FR-94410 | http://www.invs.sante.fr/
Surveillance Saint-Maurice

cedex

Germany Robert Koch SeestralRe 10, http://www.rki.de
Institute 13353 Berlin

Greece National Public 3-5 Agrafon St., https://eody.gov.gr/eody/
Health EL-15123 Athens
Organization

Hungary National Center | Gyali ut 2-6, http://www.oek.hu
for Budapest
Epidemiology

Iceland Centre of Health | Bardnsstig 47, IS http://www.landlaeknir.is/
Security and - 101 Reykjvik
Communicable
Disease
Prevention

Ireland Health 25-27 Middle https://www.hpsc.ie/
Protection Gardiner Street,
Surveillance IR-1 Dublin
Centre

Italy National Viale Regina http://www.iss.it/
Institute of Elena 299,
Health (00)161 Rome

Latvia Centre for Duntes 22, 1005 http://spkc.gov.lv/
Disease Riga

Prevention and
Control

Liechtenstei
n

Principality of
Liechtenstein

Aulestrasse 51,
9490 Vaduz

http://www.ag.llv.li

Lithuania Centre for Nugaletoju st. http://www.vvspt.It/
Communicable 14D, LT-10105
Diseases and Vilnius
AIDS
Luxembourg | Ministry of Villa Louvigny- https://msan.gouvernement.lu/
Health Allée Marconi,
2120 Villa
Louvigny-Allée
Marconi
Malta Superintendenc | 37-39 Rue http://ehealth.gov.mt
e of Public D'Argens, MT-5
Health Msida MSD
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Country Institute Address Website
Netherlands | National Antonie van http://www.rivm.nl/
Institute for Leeuwenhoeklaa
Public Health n9, POBox1,
and the 3720BA
Environment Bilthoven
(RIVM)
Norway Norwegian PO Box 4404 http://www.fhi.no/
Institute of Nydalen, (0)403
Public Health Oslo
Poland National 24 Chocimska http://www.pzh.gov.pl/
Institute of Street, (00)791
Public Warsaw
Health/National
Institute of
Hygiene
Portugal Directorate Alameda D. http://www.dgs.pt/
General of Afonso
Health Henriques, 45-
29, 1049-005
Lisbon
Romania National Dr. Leonte http://www.insp.gov.ro/
Institute of Anastasievici 1-3,
Public Health (0)50463
Bucharest
Slovakia Public Health Trnavska cesta http://www.uvzsr.sk/en/
Authority of the | 52, SK-826 45
Slovak Republic | Bratslava
Slovenia National Trubarjeva 2, SL- | http://www.nijz.si
Institute of 1000 Ljubljana
Public Health
(NIZ)
Spain National Centre | Monforte de http://www.isciii.es/
of Lemos, 5, ES-
Epidemiology, 28029 Madrid/
Health Institute | Ctra.
Carlos lll/ Majadahonda a
Instituto de Pozuelo, Km. 2,
Salud Carlos Ill: 28220 Madrid
National Centre
for
Microbiology
Sweden Public Health Nobels vag 18, https://www.folkhalsomyndigheten.se/
Agency of Solna, 17182
Sweden Stockholm
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Estimated influence of environmental change on the disease
future trends

TBEV circulation in nature require the co-occurrence of several biotic components
(competent tick vectors, competent reservoirs, and feeding hosts for ticks) that interplay in a
complex way and whose abundance, temporal and spatial dynamics are affected or modulated
by abiotic factors (e.g. climatic condition, habitat structure, food availability etc) other than by
biotic and socio-economic factors (trophic interaction, wildlife management etc). Climate
change is expected to affect all these component, starting from the spatial and temporal
distribution of /. ricinus complex (154-157), and consequently with an expected increase of the
probability of TBE occurrence at higher altitude and northern latitude, beyond the current edges
of its range (158,159). The northern shift and increased tick activity are related to milder winters
and longer spring and autumn seasons combined with increased vegetative cover and rise of
ungulates abundance, as already observed in Sweden, Norway and in the Baltic countries (160).
Similarly, in the Alps and in the Carpathian mountains of Central Europe, an altitudinal shift of /.
ricinus from about 700 to 1200 m a.s.l. has also been already reported (161,162). Similarly, forest
expansion and altered synchronized seed crops that affect density and distribution of rodents
and wild ungulates and that in turn drive up the density of infected ticks has been reported
(94,163-165). In some cases, enhanced human exposure to infected ticks driven by changes in
socio-economical condition have been considered the most important driver of upsurge in TBE
cases (71). Estimating and predicting the transmission risk of TBEV under a global change
scenario is essential for planning public health interventions including vaccination programs.
Most of the proposed models infer TBE morbidity against some indicative environmental
variables (e.g. mean annual temperature, precipitation, NDVI etc.) or population estimates of
key hosts (e.g. rodents or ticks), or most commonly combining both (166—169), in order to get
an estimate of future trends.

TBE interannual fluctuations in the number of cases are not yet well parametrized, due to
the difficulties to obtain information such as the vaccination coverage and human behaviour.
The actual trend is toward an increasing, facilitated by the fact that the human population is
ageing and growing in numbers and with a higher probability of exposure. Moreover, the
expected extension of tick questing season, the periodic variations in food availability for key
hosts and the consequent increase of infected ticks through non-systemic transmission (co-
feeding) (168), support this trend. At the same time, it has also been reported that climate
warming will to some extent reduce TBE incidence in Southern and lowland areas (170) as well
as the impact of extreme meteorological events or prolonged drought conditions on ticks
occurrence (171).

On a large European scale, the affected countries might exhibit different and contrasting
oscillations of TBE human cases according to the matching of several cycles (e.g. 2 to 6 years for
the tick /. ricinus, 2 to 5 years for muridae rodents, 4-6 years for beech masting production,
quasi-decadal for large and medium-sized herbivores, some insectivores and predators, quasi-
biennial for some climatic oscillations, (172).

The complexity of the disease system, at this large-scale, makes a long-term prediction too
uncertain to be realistic therefore the use of validated covariates that can forecast the disease
trend 1-2 years in advance would be enough for the health system to be prepared.

Finally, to assess the actual effective occurrence of TBE and therefore make more robust
predictions of the potential future trend under a climate change scenario, quantitative data
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related to the aforementioned biotic factors (host community composition, host density etc.)
and other abiotic factors (such as land use) should be retrieved at a high-resolution spatial scale.

References

1.

10.

11.

12.

13.

14.

15.

Pulkkinen LIA, Butcher SJ, Anastasina M. Tick-borne encephalitis virus: A structural view. Viruses.
2018;10(7):1-20.

Heinz FX, Mandl CW. The molecular biology of tick-borne encephalitis virus. Review article. APMIS
Acta Pathol Microbiol Immunol Scand. 1993;101(10):735-45.

Gritsun TS, Holmes EC, Gould EA. Analysis of flavivirus envelope proteins reveals variable domains
that reflect their antigenicity and may determine their pathogenesis. Virus Res. 1995;35(3):307-21.

McMinn PC. The molecular basis of virulence of the encephalitogenic flaviviruses. J Gen Virol.
1997;78 ( Pt 11:2711-22.

Kofler RM, Heinz FX, Mandl CW. Capsid protein C of tick-borne encephalitis virus tolerates large
internal deletions and is a favorable target for attenuation of virulence. J Virol. 2002;76(7):3534—

43.

Yoshii K, Yokozawa K, Kariwa H, et al. A conserved region in the prM protein is a critical determinant
in the assembly of flavivirus particles. J Gen Virol. 2012;93(1):27-38.

Khasnatinov MA, Tuplin A, Gritsun DJ, et al. Tick-borne encephalitis virus structural proteins are the
primary viral determinants of non-viraemic transmission between ticks whereas non-structural

proteins affect cytotoxicity. PLoS ONE. 2016;11(6).

King AMQ, Adams MJ, Carstens EB, et al. Virus Taxonomy, Classification and nomenclature of
viruses. Ninth report of the International Committee of Taxonomic of Viruses. Amsterdam; 2012.

Gritsun TS, Lashkevich VA, Gould EA. Tick-borne encephalitis. Antiviral Res. 2003;57(1-2):129-46.

Amato-Gauci A, Zeller H. Tick-borne encephalitis joins the diseases under surveillance in the
European Union. Vol. 17, Euro surveill. 2012; 17(42):20299.

Fares W, Dachraoui K, Cherni S, et al. Tick-borne encephalitis virus in Ixodes ricinus (Acari: Ixodidae)
ticks, Tunisia. Ticks Tick-Borne Dis. 2020; 12:101606.

RGzek D, Dobler G, Mantke OD. Tick-borne encephalitis: Pathogenesis and clinical implications.
Travel Med Infect Dis. 2010;8(4):223-32.

Leonova GN, Belikov SI. Phylogenetic analysis and distribution of far eastern tick-borne encephalitis
virus subtype (Flaviridae, Flavirus, TBEV-FE) from Asia. Vopr Virusol. 2019;64(5):250-6.

Kovalev SY, Kokorev VS, Belyaeva | V. Distribution of Far-Eastern tick - borne encephalitis virus
subtype strains in the former Soviet Union. J Gen Virol. 2010;91(12):2941-6.

Beauté J, Spiteri G, Warns-Petit E, et al. Tick-borne encephalitis in europe, 2012 to 2016. Euro
Surveill. 2018;23(45).

242/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tkachev SE, Babkin | V, Belokopytova PS, et al. Genetic diversity and geographical distribution of
the Siberian subtype of the tick - borne encephalitis virus. Ticks Tick Borne Dis. 2020;11(2):1877—-
9603.

Adelshin R V., Sidorova EA, Bondaryuk AN, et al. “886-84-like” tick-borne encephalitis virus strains:
Intraspecific status elucidated by comparative genomics. Ticks Tick-Borne Dis. 2019;10(5):1168-72.

Kovalev SY, Mukhacheva TA. Reconsidering the classification of tick - borne encephalitis virus within
the Siberian subtype gives new insights into its evolutionary history. Infect Genet Evol J Mol
Epidemiol Evol Genet Infect Dis. 2017;20171100(55):159-65.

Kozlova V, Demina V, Tkachev E, et al. Characteristics of the baikal subtype of tick-borne
encephalitis virus circulating in eastern siberia. Acta Biomed Sci. 2018;3(4):53-60.

Dai XY, Shang GB, Lu S, et al. A new subtype of eastern tick - borne encephalitis virus discovered in
Qinghai-Tibet Plateau, China. Emerg Microbes Infect. 2018;25(7):1751-2222.

Weststrate AC, Knapen D, Laverman GD, et al. Increasing evidence of tick - borne encephalitis ( TBE
) virus transmission, the Netherlands, June 2016. Euro Surveill. 2017;22(11):1560-7917.

Demina T V., Dzhioev YP, Verkhozina MM, et al. Genotyping and characterization of the
geographical distribution of tick-borne encephalitis virus variants with a set of molecular probes. J
Med Virol. 2010;82(6):965-76.

Ruzek D, Avii¢ Zupanc T, Borde J, et al. Tick-borne encephalitis in Europe and Russia: Review of
pathogenesis, clinical features, therapy, and vaccines. Antiviral Research. 2019; 164, p. 23-51.

Stoefs A, Heyndrickx L, De Winter J, et al. Autochthonous Cases of Tick-Borne Encephalitis, Belgium,
2020. Emerg Infect Dis. 2021 Aug;27(8):2179-82.

Mohareb E, Christova I, Soliman A, et al. Tick - borne encephalitis in Bulgaria, 2009 to 2012. Euro
Surveill. 2013;14(18):1560-7917.

Mansbridge CT, Osborne J, Holding M, et al. Autochthonous tick-borne encephalitis in the United
Kingdom: A second probable human case and local eco-epidemiological findings. Ticks Tick-Borne
Dis. 2022;13(1):101853.

Labuda M, Kozuch O, Zuffova E, et al. Tick-borne encephalitis virus transmission between ticks
cofeeding on specific immune natural rodent hosts. Virology. 1997;235(1):138—43.

Randolph SE, Miklisova D, Lysy J, et al. Incidence from coincidence: patterns of tick infestations on
rodents facilitate transmission of tick - borne encephalitis virus. Parasitology. 1999;118(Pt 2):177—
86.

Randolph SE, Green RM, Peacey MF, et al. Seasonal synchrony: the key to tick-borne encephalitis
foci identified by satellite data. Parasitology. 2000;121(01):15-23.

Tonteri E, Jaaskelainen Anu E, Tikkakoski T, et al. Tick - borne encephalitis virus in wild rodents in
winter, Finland, 2008-2009. Emerg Infect Dis. 2011;17(1):72-5.

Pukhovskaya NM, Morozova O V, Vysochina NP, et al. Tick-borne encephalitis virus in arthropod
vectors in the Far East of Russia. Ticks Tick-Borne Dis. 2018;9(4):824-33.

243/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Benda R. The common tick Ixodes ricinus L. as a reservoir and vector of tick-borne encephalitis virus,
I, Il. J Hyg Epidemiol Microbiol Immunol. 1958;2:314—-44.

Suss J. Tick-borne encephalitis 2010: epidemiology, risk areas, and virus strains in Europe and Asia-
an overview. Ticks Tick-Borne Dis. 2011;2(1):2-15.

Lichard M, Kozuch O. Persistence of tick-borne encephalitis virus in nymphs and adults of Ixodes
arboricola and its transmission to white mice. Acta Virol. 1967;11(5):480.

Krivanec K, Kopecky J, Tomkova E, et al. Isolation of TBE virus from the tick Ixodes hexagonus. Folia
Parasitol (Praha). 1988;35(3):273-6.

Jemersi¢ L, Dezdek D, Brni¢ D, et al. Detection and genetic characterization of tick-borne
encephalitis virus (TBEV) derived from ticks removed from red foxes (Vulpes vulpes) and isolated

from spleen samples of red deer (Cervus elaphus) in Croatia. Ticks Tick-Borne Dis. 2014;5(1):7-13.

Valarcher JF, Hagglund S, Juremalm M, et al. Tick - borne encephalitis. Rev Sci Tech. 2015;34(2):453—
66.

Takeda T, Ito T, Chiba M, et al. Isolation of tick-borne encephalitis virus from Ixodes ovatus (Acari:
Ixodidae) in Japan. J Med Entomol. 1998;35(3):227-31.

Kozuch O, Nosek J. Transmission of tick-borne encephalitis (TBE) virus by Dermacentor marginatus
and D. reticulatus ticks. Acta Virol. 1971;15(4):334.

Nosek J. The ecology and public health importance of Dermacentor marginatus and D. reticulatus
ticks in Central Europe. Folia Parasitol (Praha). 1972;19(1):93-102.

Abdiyeva K, Turebekov, N Yegemberdiyeva, et al. Vectors, molecular epidemiology and phylogeny
of TBEV in Kazakhstan and central Asia. Parasit Vectors. 2020;1(13):504.

Lickova M, Fumacova Havlikova S, Slavikova M, et al. Dermacentor reticulatus is a vector of tick -
borne encephalitis virus. Ticks Tick Borne Dis. 2020;11(4):1877-9603.

Chitimia-Dobler L, Lemhofer G, Dobler G, et al. Repeated isolation of tick - borne encephalitis virus
from adult Dermacentor reticulatus ticks in an endemic area in Germany. Parasit Vectors.

2019;12(12):1756-3305.

Kozuch O, Nosek J. Experimental transmission of tick-borne encephalitis (TBE) virus by
Haemaphysalis concinna ticks. Vol. 24, Acta virologica. Slovakia; 1980. p. 377.

Yun SM, Song BG, Choi W, et al. Prevalence of tick-borne encephalitis virus in ixodid ticks collected
from the republic of Korea during 2011-2012. Osong Public Health Res Perspect. 2012;3(4):213-21.

Michelitsch A, Tews BA, Klaus C, et al. In Vivo Characterization of Tick-Borne Encephalitis Virus in
Bank Voles (Myodes glareolus). Viruses 2019 Vol 11 Page 1069. 2019 Nov 15;11(11):1069.

Lindquist L. Tick - borne encephalitis. Handb Clin Neurol. 2014;123:531-59.

Lindquist L, Vapalahti O. Tick-borne encephalitis. The Lancet. 2008;371(9627):1861-71.

244/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Gerlinskaya LA, Bakhvalova VN, Morozova OV, et al. Sexual transmission of tick-borne encephalitis
virus in laboratory mice. Bull Exp Biol Med. 1997;123(3):283—4.

Knap N, Avsi¢-Zupanc T. Factors affecting the ecology of tick-borne encephalitis in Slovenia.
Epidemiology and Infection. 2015; 143:2059-67.

Waldenstrom J, Lundkvist A, Falk KI, et al. Migrating birds and tickborne encephalitis virus. Emerg
Infect Dis. 2007;13(8):1215-8.

Hubalek Z, Rudolf I. Tick-borne viruses in Europe. Parasitol Res. 2012;111(1):9-36.
Jaenson TGT, Petersson EH, Jaenson DGE, et al. The importance of wildlife in the ecology and
epidemiology of the TBE virus in Sweden: incidence of human TBE correlates with abundance of

deer and hares. Parasit Vectors. 2018;29(11):1756—3305.

Rieger MA, Nubling M, Miller W, et al. Foxes as indicators for TBE endemicity - A comparative
serological investigation. Zentralblatt Bakteriol. 1999;289(5-7):610-8.

Haemig PD, Lithner S, de Luna SS, et al. Red fox and tick-borne encephalitis (TBE) in humans: Can
predators influence public health? Scand J Infect Dis. 2008;40(6—7):527-32.

Radda A. Die Zeckenenzephalitis in Europa. Z FurAngewandte Zool. 1973;60:409-61.

Bohm B, Schade B, Bauer B, et al. Tick-borne encephalitis in a naturally infected sheep. BMC Vet
Res. 2017; 22;13(1):1-6.

Pfeffer M, Dobler G. Tick - borne encephalitis virus in dogs - is this an issue? Parasit Vectors.
2011;59:1756-3305.

Fouché N, Oesch S, Ziegler U, et al. Clinical Presentation and Laboratory Diagnostic Work-Up of a
Horse with Tick-Borne Encephalitis in Switzerland. Viruses. 2021;13(8).

Conze TM, Bagd Z, Revilla-Fernandez S, et al. Tick-Borne Encephalitis Virus (TBEV) Infection in Two
Horses. Viruses. 2021;13(9).

Da Rold G, Obber F, Monne |, et al. Clinical Tick-Borne Encephalitis in a Roe Deer (Capreolus
capreolus L.). Viruses. 2022;14(2):300.

Bagd Z, Bauder B, Kolodziejek J, et al. Tickborne encephalitis in a mouflon (Ovis ammon musimon).
Vet Rec. 2002;150(7):218-20.

Schonbachler K, Hatt JM, Silaghi C, et al. Confirmation of tick-borne encephalitis virus in an
european hedgehog (Erinaceus europaeus). Schweiz Arch Tierheilkd. 2018;161(1):23-31.

Suss J, Gelpi E, Klaus C, et al. Tickborne Encephalitis in Naturally Exposed Monkey (Macaca sylvanus).
Emerg Infect Dis J. 2007;13(6):905.

Dagostin F, Tagliapietra V, Marini G, et al. Ecological and environmental factors affecting the risk of
tick-borne encephalitis in Europe, 2017 to 2021. Euro Surveill . 2023;28(42).

Nuttall PA. Climate change impacts on ticks and tick-borne infections. Biologia (Bratisl).
2022;77:1503-12.

245/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Labuda M, Randolph SE. Survival strategy of tick - borne encephalitis virus : cellular basis and
environmental determinants. Zentralblatt Bakteriol Int J Med Microbiol. 1999;289:5-7.

Perkins SE, Cattadori IM, Tagliapietra V, et al. Empirical evidence for key hosts in persistence of a
tick-borne disease. Int J Parasitol. 2003;33(9).

Carpi G, Cagnacci F, Neteler M, et al. Tick infestation on roe deer in relation to geographic and
remotely sensed climatic variables in a tick - borne encephalitis endemic area. Epidemiol Infect.
2008;136(10):1416-24.

Rosa R, Tagliapietra V, Manica M, et al. Changes in host densities and co-feeding pattern efficiently
predict tick - borne encephalitis hazard in an endemic focus in northern Italy. Int J Parasitol.
2019;20190900(49):779-87.

Sumilo D, Asokliene L, Bormane A, et al. Climate Change Cannot Explain the Upsurge of Tick - Borne
Encephalitis in the Baltics. PLoS One. 2007;6(2):1932-6203.

Andreassen A, Jore S, Cuber P, et al. Prevalence of tick borne encephalitis virus in tick nymphs in
relation to climatic factors on the southern coast of Norway. Parasit Vectors. 2012;22(5):1756—
3305.

Randolph SE. Tick-borne encephalitis incidence in Central and Eastern Europe: consequences of
political transition. Microbes Infect. 2008;10(3):209-16.

Jaenson TGT, Eisen L, Comstedt P, et al. Risk indicators for the tick Ixodes ricinus and Borrelia
burgdorferi sensu lato in Sweden. Med Vet Entomol. 2009;23(3):226-37.

Barandika Jesus F, Hurtado A, Juste Ramon A, et al. Seasonal dynamics of Ixodes ricinus in a 3-year
period in northern Spain: first survey on the presence of tick - borne encephalitis virus. Vector Borne
Zoonotic Dis. 2010;10(10):1027-35.

Daniel M, Maly M, Danielova V, et al. Abiotic predictors and annual seasonal dynamics of Ixodes
ricinus , the major disease vector of Central Europe. Parasit Vectors. 2015; 8(478):1-12.

Cuber P, Andreassen A, Vainio K, et al. Risk of exposure to ticks (Ixodidae) and the prevalence of
tick-borne encephalitis virus (TBEV) in ticks in Southern Poland. Ticks Tick-Borne Dis. 2015;6(3):356—
63.

Randolph SE. Dynamics of tick-borne disease systems: minor role of recent climate change. Rev Sci
Tech Int Off Epizoot. 2008;27(2):367-81.

Burri C, Bastic V, Maeder G, et al. Microclimate and the zoonotic cycle of tick-borne encephalitis
virus in Switzerland. J Med Entomol. 2011;48(3):615-27.

Tagliapietra V, Rosa R, Arnoldi D, et al. Saturation deficit and deer density affect questing activity
and local abundance of Ixodes ricinus (Acari, Ixodidae) in Italy. Vet Parasitol. 2011;183(1-2).

Brugger K, Schiffner-Rohe J, Walter M, et al. Modeling the Distribution of Tbev-Infected Ticks in
Germany To Estimate Tbhe-Infections in Humans. Value Health. 2018;21(1):5379.

Daniel M, Kriz B, Danielova V, et al. Correlation between meteorological factors and tick - borne
encephalitis incidence in the Czech Republic. Parasitol Res. 2008;103(1):113-932.

246/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Rosa R, Tagliapietra V, Manica M, et al. Changes in host densities and co-feeding pattern efficiently
predict tick-borne encephalitis hazard in an endemic focus in northern Italy. Int J Parasitol.
2019;49(10):779-87.

Tkadlec E, Vaclavik T, Siroky P. Rodent host abundance and climate variability as predictors of
tickborne disease risk 1 year in advance. Emerg Infect Dis. 2019;25(9):1738—41.

Cagnacci F, Bolzoni L, Rosa R, et al. Effects of deer density on tick infestation of rodents and the
hazard of tick-borne encephalitis. I: Empirical assessment. Int J Parasitol. 2012;42(4).

Bolzoni L, Rosa R, Cagnacci F, et al. Effect of deer density on tick infestation of rodents and the
hazard of tick - borne encephalitis . Il: population and infection models. Int J Parasitol.
2012;42(4):373-81.

Palo RT. Tick-borne encephalitis transmission risk: Its dependence on host population dynamics and
climate effects. Vector-Borne Zoonotic Dis. 2014 May 1;14(5):346-52.

Vanwambeke SO, Sumilo DS, Bormane A, et al. Landscape predictors of tick - borne encephalitis in
Latvia: land cover, land use, and land ownership. Vector-Borne Zoonotic Dis. 2010;10(5):497-506.

Kiffner C, Vor T, Hagedorn P, et al. Factors affecting patterns of tick parasitism on forest rodents in
tick-borne encephalitis risk areas, Germany. Parasitol Res. 2011;108(2):323-35.

Knap N, Avsic-Zupanc T. Factors affecting the ecology of tick - borne encephalitis in Slovenia.
Epidemiol Infect. 2015;143(10):2059-67.

Kriz B, Daniel M, Benes C, et al. The role of game (wild boar and roe deer) in the spread of tick-borne
encephalitis in the Czech Republic. Vector-Borne Zoonotic Dis. 2014;14(11):801-7.

Kolar J, Potdickova M, Stefanova E. Tick-born encephalitis risk assessment based on satellite data.
Acta Univ Carol Geogr. 2016;51(2):155-67.

Uusitalo R, Siljander M, Pellikka P, et al. Modelling habitat suitability for occurrence of human tick -
borne encephalitis ( TBE ) cases in Finland. Ticks Tick Borne Dis. 2020;11(5):1877-9603.

Rizzoli A, Hauffe HC, Tagliapietra V, et al. Forest structure and roe deer abundance predict Tick-
borne encephalitis risk in Italy. PLoS ONE. 2009;4(2).

Zeimes CB, Olsson GE, Hjertqvist M, et al. Shaping zoonosis risk: Landscape ecology vs. landscape
attractiveness for people, the case of tick-borne encephalitis in Sweden. Parasit Vectors. 2014;7(1).

Stefanoff P, Rubikowska B, Bratkowski J, et al. A predictive model has identified tick-borne
encephalitis high-risk areas in regions where no caseswere reported previously, Poland, 1999-2012.
Int J Environ Res Public Health. 2018 Apr 4;15(4).

Kjaer Lene J, Klitgaard K, Bodker R, et al. Predicting and mapping human risk of exposure to ixodes
ricinus nymphs using climatic and environmental data, Denmark, Norway and Sweden, 2016. Euro

Surveill. 2019;24(9):1560-7917.

Keesing F, Ostfeld RS. Impacts of biodiversity and biodiversity loss on zoonotic diseases. Proc Nat/
Acad Sci US A. 2021;118(17):1-8.

247/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

McCallum H, Dobson A. Disease, habitat fragmentation and conservation. Proc Biol Sci.
2002;269(1504):2041-9.

Allan BF, Keesing F, Ostfeld RS. Effect of Forest Fragmentation on Lyme Disease Risk. Conserv Biol.
2003;17(1):267-72.

Krauss J, Bommarco R, Guardiola M, et al. Habitat fragmentation causes immediate and time-
delayed biodiversity loss at different trophic levels. Ecol Lett. 2010;13(5):597—-605.

Wilkinson DA, Marshall JC, French NP, et al. Habitat fragmentation, biodiversity loss and the risk of
novel infectious disease emergence. J R Soc Interface. 2018;15(149).

Sumilo D, Bormane A, Asokliene L, et al. Socio-economic factors in the differential upsurge of tick -
borne encephalitis in Central and Eastern Europe. Rev Med Virol. 2008;18(2):81-95.

Zlobin VI, Pogodina V V., Kahl O. A brief history of the discovery of tick-borne encephalitis virus in
the late 1930s (based on reminiscences of members of the expeditions, their colleagues, and
relatives). Ticks and Tick-borne Dis. 2017; 8(6):813-20.

Yoshii K, Song JY, Park SB, et al. Tick - borne encephalitis in Japan, Republic of Korea and China.
Emerg Microbes Infect. 2017;20(6):1751-2222.

Daniel M, Rudenko N, Golovchenko M, et al. The occurrence of Ixodes ricinus ticks and important
tick-borne pathogens in areas with high tick-borne encephalitis prevalence in different altitudinal
levels of the Czech Republic Part Il. Ixodes ricinus ticks and genospecies of Borrelia burgdorferi sensu
lato complex. Epidemiol Mikrobiol Imunol. 2016;65(3):182-192.

Labuda M, Danielova V, Jones LD, et al. Amplification of tick-borne encephalitis virus infection
during co-feeding of ticks. Med Vet Entomol. 1993;7(4):339-42.

Kunz C. Vaccination against TBE in Austria: the success story continues. Int J Med Microbiol.
2002;291 Suppl:56-7.

Kohl O, KoZzuch O, Eleckova E, et al. Family outbreak of alimentary tick-borne encephalitis in Slovakia
associated with a natural focus of infection. Eur J Epidemiol. 1996;12(4):373-5.

Gresikova M, Sekeyova M, Stupalova S, et al. Sheep milk-borne epidemic of tick-borne encephalitis
in Slovakia. Intervirology. 1975;5(1-2):57-61.

Holzmann H, Aberle SW, Stiasny K, et al. Tick-borne encephalitis from eating goat cheese in a
mountain region of Austria. Emerg Infect Dis. 2009;15(10):1671-3.

Caini S, Szomor K, Ferenczi E, et al. Tick - borne encephalitis transmitted by unpasteurised cow milk
in western Hungary, September to October 2011. Euro Surveill. 2012;22(12):17-21.

Hudopisk N, Korva M, Janet E, et al. Tick - borne encephalitis associated with consumption of raw
goat milk, Slovenia, 2012. Emerg Infect Dis. 2013;19(5):806-8.

Lipowski D, Popiel M, Perlejewski K, et al. A cluster of fatal Tick-borne encephalitis virus infection in
organ transplant setting. J Infect Dis. 2017;215(6):896—901.

248/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Lickova M, Havlikova SF, Slavikova M, et al. Alimentary infections by tick-borne encephalitis virus.
Viruses. 2022;14(1).

Martello E, Gillingham EL, Phalkey R, et al. Systematic review on the non-vectorial transmission of
Tick-borne encephalitis virus (TBEv). Ticks Tick-Borne Dis. 2022;13(6).

Gritsun TS, Frolova TV, Zhankov Al, et al. Characterization of a siberian virus isolated from a patient
with progressive chronic tick-borne encephalitis. J Virol. 2003;77(1):25-36.

Ternovoi VA, Kurzhukov GP, Sokolov YV, et al. Tick-borne encephalitis with hemorrhagic syndrome,
Novosibirsk region, Russia, 1999. Emerg Infect Dis. 2003;9(6):743-6.

Mickiene A, Laiskonis A, Giinther G, et al. Tickborne encephalitis in an area of high endemicity in
lithuania: disease severity and long-term prognosis. Clin Infect Dis 2002;35(6):650-8.

Mickiene A, Pakalniene J, Nordgren J, et al. Polymorphisms in chemokine receptor 5 and Toll-like
receptor 3 genes are risk factors for clinical tick - borne encephalitis in the Lithuanian population.
PloS One. 2014;9(9):1932-6203.

Kaiser R. Tick-borne encephalitis: Clinical findings and prognosis in adults. Wien Med Wochenschr.
2012;162(11-12):239-43.

Zajkowska J, Czupryna P, Pancewicz S, et al. Fatal outcome of tick - borne encephalitis - a case series.
Neurol Neurochir Pol. 2011,45(4):402—6.

Barkhash AV, Voevoda MI, Romaschenko AG. Association of single nucleotide polymorphism
rs3775291 in the coding region of the TLR3 gene with predisposition to tick - borne encephalitis in
a Russian population. Antiviral Res. 2013;99(2):136-8.

Barkhash AV, Babenko VN, Voevoda M, et al. Association of 1L28B and IL10 gene polymorphism
with predisposition to tick - borne encephalitis in a Russian population. Ticks Tick Borne Dis.
2016;7(5):808-12.

Barkhash AV, Perelygin AA, Babenko VN, et al. Variability in the 2’-5’-oligoadenylate synthetase
gene cluster is associated with human predisposition to tick - borne encephalitis virus -induced
disease. J Infect Dis. 2010;15(202):1813-8.

Barkhash AV, Perelygin AA, Babenko VN, et al. Single nucleotide polymorphism in the promoter
region of the CD209 gene is associated with human predisposition to severe forms of tick - borne
encephalitis. Antiviral Res. 2012;93(1):64-8.

Barkhash AV, Yurchenko AA, Romaschenko AG, et al. A matrix metalloproteinase 9 (MMP9) gene
single nucleotide polymorphism is associated with predisposition to tick - borne encephalitis virus -

induced severe central nervous system disease. Ticks Tick Borne Dis. 2018;(9):763-7.

Rushton JO, Lecollinet S, Hubalek Z, et al. Tick - borne encephalitis virus in horses, Austria, 2011.
Emerg Infect Dis. 2013;19(4):635-7.

Mdiller K, Kénig M, Thiel HJ. [Tick-borne encephalitis (TBE) with special emphasis on infection in
horses]. DTW Dtsch Tierarztl Wochenschr. 2006;113(4):147-51.

249/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Barrett PN, Schober-Bendixen S, Ehrlich HJ. History of TBE vaccines. Vaccine. 2003;21(SUPPL.
1):541-9.

Harabacz |, Bock H, Jiingst C, et al. A randomized phase |l study of a new tick-borne encephalitis
vaccine using three different doses and two immunization regimens. Vaccine. 1992;10(3):145-50.

Girgsdies OE, Rosenkranz G. Tick - borne encephalitis : development of a paediatric vaccine. A
controlled, randomized, double-blind and multicentre study. Vaccine. 1996;14(15):1421-8.

Zavadska D, Anca |, Andre F, et al. Recommendations for tick - borne encephalitis vaccination from
the Central European Vaccination Awareness Group (CEVAG). Hum Vaccines Immunother.
2013;9(2):362-74.

Zavadska D, Odzelevica Z, Liepina L, et al. Tick - borne encephalitis: A 43-year summary of
epidemiological and clinical data from Latvia (1973 to 2016). PloS One. 2018;13(11):1932-6203.

Demicheli V, Debalini MG, Rivetti A. Vaccines for preventing tick - borne encephalitis. Cochrane
Database Syst Rev. 2009;1(59):1469-493X.

Kollaritsch H, Paulke-Korinek M, Holzmann H, et al. Vaccines and vaccination against tick - borne
encephalitis. Expert Rev Vaccines. 2012;11(9):1103-19.

Xing Y, Schmitt HJ, Arguedas A, et al. Tick - borne encephalitis in China: A review of epidemiology
and vaccines. Vaccine. 2017;1(35):1227-37.

Divé |, Veje M, Dobler G, et al. Tick-borne encephalitis virus (TBEV) infection in pregnancy: Absence
of virus transmission to the fetuses despite severe maternal disease — A case study. Ticks Tick-Borne
Dis. 2020;11(5).

Bjonholm E, Soderholm S, Stephansson O, et al. Tick-borne encephalitis in pregnant women: A mini
narrative review. New Microbes New Infect. 2022;48:101017.

Kerlik J, Avdicova M, Musilova M, et al. Breast Milk as Route of Tick-Borne Encephalitis Virus
Transmission from Mother to Infant. Emerg Infect Dis. 2022;28(5):1060-1.

European Centre for Disease Prevention and Control. Tick-borne encephalitis. In: ECDC. Annual
epidemiological report for 2020. European Centre for Disease Prevention and Control. Stockholm;
2022.

Randolph SE, Asokliene L, Avsic-Zupanc T, et al. Variable spikes in tick-borne encephalitis incidence
in 2006 independent of variable tick abundance but related to weather. Parasit Vectors.
2008;1(1):1-18.

Gonzalez G, Bournez L, Moraes RA, et al. A One-Health Approach to Investigating an Outbreak of
Alimentary Tick-Borne Encephalitis in a Non-endemic Area in France (Ain, Eastern France): A
Longitudinal Serological Study in Livestock, Detection in Ticks, and the First Tick-Borne Encephalitis
Virus . Front Microbiol. 2022;13.

Sumilo D, Bormane A, Vasilenko V, et al. Upsurge of tick-borne encephalitis in the Baltic States at

the time of political transition, independent of changes in public health practices. Clin Microbiol
Infect. 2009;15(1):75-80.

250/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Godfrey ER, Randolph SE. Economic downturn results in tick -borne disease upsurge. Parasit
Vectors. 2011;15(4):1756-3305.

Lalani T, Yun H, Tribble D, et al. A comparison of compliance rates with anti-vectorial protective
measures during travel to regions with dengue or chikungunya activity, and regions endemic for
Plasmodium falciparum malaria. J Travel Med. 2016;23(5).

Hasler T, Fehr J, Held U, et al. Use of repellents by travellers: A randomised, quantitative analysis of
applied dosage and an evaluation of knowledge, Attitudes and Practices (KAP). Travel Med Infect
Dis. 2019;28:27-33.

Borsan SD, Trif SR, Mihalca AD. Recreational behaviour, risk perceptions, and protective practices
against ticks: a cross-sectional comparative study before and during the lockdown enforced by the
COVID-19 pandemic in Romania. Parasit Vectors. 2021;14(1):1-15.

Barp N, Di Nuzzo M, Contini C, et al. Clinical and laboratory findings in tick - borne encephalitis virus
infection. Parasite Epidemiol Control. 2020;10(19):2405-6731.

Smit R, Postma MJ. The burden of tick-borne encephalitis in disability-adjusted life years (DALYs)
for Slovenia. PLoS ONE. 2015;10(12).

Fafangel M, Cassini A, Colzani E, et al. Estimating the annual burden of tick-borne encephalitis to
inform vaccination policy, Slovenia, 2009 to 2013. Euro Surveill. 2017;22(16).

ECDC. Commission Implementing Decision (eu) 2018/945 of 22 June 2018 on the communicable
diseases and related special health issues to be covered by epidemiological surveillance as well as
relevant case definitions. Official Journal of the European Union. 2018. p. 1-74.

Bogovic P, Strle F. Tick - borne encephalitis : A review of epidemiology, clinical characteristics, and
management. World J Clin Cases. 2015;16(3):430-41.

Jaenson TGT, Jaenson DGE, Eisen L, et al. Changes in the geographical distribution and abundance
of the tick Ixodes ricinus during the past 30 years in Sweden. Parasit Vectors. 2012;10(8):1756—
3305.

Medlock JM, Hansford KM, Bormane A, et al. Driving forces for changes in geographical distribution
of Ixodes ricinus ticks in Europe. Parasit Vectors. 2013;6(1) 1-11.

Alkishe AA, Peterson AT, Samy AM. Climate change influences on the potential geographic
distribution of the disease vector tick Ixodes ricinus. PLoS ONE. 2017;12(12):1932-6203.

Rizzoli A. Changes Expected in Ixodes ricinus Temporal and Spatial Distribution in Europe. In: Nuttall
P, editor. Climate, Ticks and Diseases. CABI Clima. CABI, UK; 2022. p. 171-5.

Danielova V, Kliegrova S, Daniel M, et al. Influence of climate warming on tickborne encephalitis
expansion to higher altitudes over the last decade (1997-2006) in the Highland Region (Czech
Republic). Cent Eur J Public Health. 2008;16(1):4-11.

Suss J. Tick - borne encephalitis in Europe and beyond--the epidemiological situation as of 2007.
Euro Surveill. 2008;26(13):1560-7917.

251/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Lindgren E, Talleklint L, Polfeldt T. Impact of climatic change on the northern latitude limit and
population density of the disease-transmitting European tick Ixodes ricinus. Environ Health
Perspect. 2000;108(2):119-23.

Garcia-Vozmediano A, Krawczyk Al, Sprong H, et al. Ticks climb the mountains: ixodid tick
infestation and infection by tick-borne pathogens in the Western Alps. Ticks Tick-Borne Dis.
2020;1(5):101489.

Daniel M, Danielova V, Kriz B, et al. Shift of the tick Ixodes ricinus and tick - borne encephalitis to
higher altitudes in Central Europe. Eur J Clin Microbiol Infect Dis. 2003;22(5):327-8.

Krawczyk Al, Duijvendijk GLA van, Swart A, et al. Effect of rodent density on tick and tick-borne
pathogen populations: consequences for infectious disease risk. Parasit Vectors. 2020;13(1):34.

Bregnard C, Rais O, Voordouw MJ. Climate and tree seed production predict the abundance of the
European Lyme disease vector over a 15-year period. Parasit Vectors. 2020;13(1):1-12.

Bregnard C, Rais O, Voordouw MJ. Masting by beech trees predicts the risk of Lyme disease. Parasit
Vectors. 2021;14(1):1-22.

Haemig PD, Sjostedt De Luna S, Grafstrom A, et al. Forecasting risk of tick-borne encephalitis (TBE):
Using data from wildlife and climate to predict next year’s number of human victims. Scand J Infect

Dis. 2011;43(5):366-72.

Palo RT. Tick-borne encephalitis transmission risk: Its dependence on host population dynamics and
climate effects. Vector-Borne Zoonotic Dis. 2014;14(5):346-52.

Nah K, Bede-Fazekas A, Trajer Al, et al. The potential impact of climate change on the transmission
risk of tick-borne encephalitis in Hungary. BMC Infect Dis. 2020;20(1).

Honig V, Svec P, Marek L, et al. Model of risk of exposure to lyme borreliosis and tick-borne
encephalitis virus-infected ticks in the border area of the Czech republic (South Bohemia) and

Germany (lower bavaria and upper palatinate). Int J Environ Res Public Health. 2019;16(7).

Brabec M, Daniel M, Maly M, et al. Analysis of meteorological effects on the incidence of tick-borne
encephalitis in the Czech Republic over a thirty-year period. Virol Res Rev. 2017;1(1):1-8.

Danielova V, Daniel M. Climate, ticks and tick-borne encephalitis in Central Europe. In: Nuttall PA,
editor. Climate, Ticks and Diseases. Cabi Clima. CABI, UK; 2022. p. 331-40.

Zeman P. Predictability of tick-borne encephalitis fluctuations. Epidemiol Infect. 2017;145:2781-6.

252/358



M@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD
TULARAEMIA

Maria Bellenghi (a), Claudia Cataldo (a), Alessandra Ciervo (b), Francesca Dagostin (c), Giovanni Marini
(c), Annapaola Rizzoli (c), Valentina Tagliapietra (c), Luca Busani (a)

(a) Centro di Riferimento per la Medicina di Genere, Istituto Superiore di Sanita, Rome

(b) Dipartimento di Malattie Infettive, Istituto Superiore di Sanita, Rome

(c) Centro Ricerca e Innovazione, Fondazione Edmund Mach, San Michele all’Adige, Trento

Biological, ecological and molecular features of the causative
agent

Disease name

Tularaemia

Disease agent

Common, scientific and Latin name

Francisella tularensis is the causative microbial agent of tularaemia, a rare zoonotic disease
that affects many animal species and humans. F. tularensis subsp. tularensis is extremely
virulent, whereas F. philomiragia and F. tularensis subsp. novicida are opportunistic pathogens,
causing disease in immunocompromised patients.

Taxonomy

The taxonomic tree of F. tularensis is:
e Domain: Bacteria
e Phylum: Proteobacteria
e Class: Alphaproteobacteria
e Order: Thiotrichales
e Family: Francisellaceae
e Genus: Francisella
F. tularensis includes three subspecies of significant clinical relevance for humans i.e.,
subspecies tularensis (type A), subspecies holarctica (type B), and subspecies mediasiatica. The
genus Francisella also involves opportunistic pathogens that can cause disease in
immunocompromised patients (i.e. F. novicida, F. hispaniensis, and F. philomiragia). In addition,
the genus Francisella includes Francisella-like endosymbionts (FLE) found in ticks and ciliates
(i.e. F. persica, F. endociliophora, and F. adeliensis).

Disease agent characteristics

F. tularensis is a small (0.7-1.7 um), Gram-negative coccobacillus, strict aerobes, non motile,
non-spore-forming, heterotrophic, oxidase negative and requires cysteine for growing. This
microorganism is ease to spread by aerosol and due to its low infectious dose and its virulence,
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is included in the CDC category A of  the bioterrorism agent
(https://emergency.cdc.gov/agent/agentlist-category.asp).

Physiochemical properties

Francisella is associated with different clinical and environmental sources. Survival of
Francisella spp in water. Experimental studies suggest a long-term survival from 1 to 70 days in
various water environments. F. tularensis survival seems to be influenced by both water
temperature and salinity. In water milieu F. tularensis subsp. holarctica remains cultivable up to
28 days at 8°C. Both type A and type B strains remain cultivable up to 8-10 days in fresh-water,
or 3042 days in brackish-water at 21°C. F. tularensis can be metabolically active in water but
not cultivable “in vitro” on agar plates. This microbial ability was observed for up to 140 days in
water. This condition is defined as ‘viable but non-culturable’ (VBNC) and could be responsible
for long-term survival of bacteria in the water environment. The VBNC state has been defined
as a state from which bacterial cells cannot be cultured but maintain a metabolic activity and
cellular integrity. In addition, the VBNC state may be reversible, as bacteria may become
cultivable under favorable conditions. This reversion in the ability to grow on agar plates is called
‘resuscitation’ of VBNC bacteria. F. tularensis subsp. holarctica possesses a mechanosensitive
channel that protects this bacterium from hypoosmotic shock when it is released from an
infected animal to water. In vitro studies have demonstrated that both F.tularensis subsp.
holarctica and F. tularensis subsp. tularensis can form biofilms which is compatible with its
natural aquatic reservoir (1) (2) (3) (4) (5) (6) (7). Multiple experimental studies have focused on
the interaction between Francisella species and several amoebae particular in Acanthamoeba
castellanii. Francisella was localized within vacuoles in amoeba trophozoites but were also able
to survive in amoebal cysts for several weeks. This latter finding suggested that amoeba could
be a long-term reservoir of Francisella spp. in water environments. Mosquito larvae may also
represent a long-term F. tularensis reservoir in the aquatic environment. It has been shown that
these larvae present in water can ingest Francisellae and ingested bacteria can survive
throughout the different maturation stages of these arthropods up to adult mosquitoes (8) (9).

Priority level for EU

Tularaemia is a communicable diseases subjected to the Commission Implementing Decision
(EU) 2018/945. Since 2008, data on human cases have been collected by the European
Surveillance System (TESSy) and maintained by ECDC. In Europe, the surveillance of tularaemia
is mandatory and surveillance systems are comprehensive with full national coverage in all EU
Member States. In 2021, a total of 876 confirmed cases of tularaemia were reported among 26
Member States (10). In general Sweden is the country that reports the highest number of cases,
followed by Finland. Many European countries have reported sporadic cases, imported cases or
outbreaks in the past 30 years. The disease has been identified in new areas, with an increasing
tendency to emerge and/or re-emerge locally in Europe. The range of known hosts has also
expanded to include animal not previously linked to Francisella, such as red fox (Vulpes vulpes),
wild boar (Sus scrofa), and raccoon dog (Nyctereutes procyonoides). However, surveillance
systems in the European countries are not the same, consequently data should be interpreted
with caution.
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Distribution of the pathogen

Tularaemia is widely distributed in humans, wildlife and arthropod vectors, it is endemic
throughout most of European countries, northern and central Asia, and North America. The
maps in Figures 1 and 2 represent the distribution of reported cases of F. tularensis from human,
animal or arthropod-vectors. Compared to previously known maps, the pathogen has been
found in some new countries in Africa and Asia.

M Presence of Francisella tularensis
1 No information

Midway Istands
Wake Island
Johnston Atoll Northern Mariana Istands

iribati
Jarvis Island

Howland Island
Baker Istand
Tokelau
. Western Samoa
- Wallis and Futuna . French Pobmesia
Tonga Niue Conk Islands
i

Antarctica

Figure 1. Global distribution of F. tularensis detected in human, animal and the environment
(paper selected from 2000 to 2020).
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M Presence of Francisella tularensis
[ No information

Figure 2. European distribution of F. tularensis detected in human, animal and the environment (paper selected
from 2000 to 2020).

Ecology and transmission routes

The distribution and maintenance of F. tularensis may include a system of small natural foci
associated to a physical (climate, geology) and biological (flora, fauna) element and to a different
mode of transmission. In this scenario, the pathogen is maintained and can be diffused for long
time. The pathogen distribution and its ability to persist in many different ecological niches is
related to the high adaptability to different animal reservoirs, vectors and environmental
conditions. In nature, F. tularensis is characterized in a terrestrial and aquatic lifecycle. The
terrestrial stage involves different animal reservoir, while the aquatic cycle includes mainly
mosquitoes, mosquito larvae, and aquatic rodents. In particular environmental conditions, the
aquatic lifecycle may be prevalent over the terrestrial lifecycle, amplifying the persistence, the
spreading and the maintenance of the microbial agent (11). F. tularensis has been detected in a
high number of wild species including lagomorphs, rodents, insectivores, carnivores, ungulates,
marsupials, birds, amphibians, fish, and invertebrates.

Vectors: F. tularensis natural infections have been documented in different arthropods,
although only a subset of these have been identified as important in F. tularensis transmission
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to humans. Arthropods found infected in nature include ticks of the genera Amblyomma,
Dermacentor, Ixodes and Ornithodoros, mosquitoes of the genera Aedes, Culex, Anopheles and
Ochlerotatus excrucians, and flies from the Tabanidae family (Tabanus spp., Chrisozona spp. and
Chrisops spp.). Ticks appear to play an important key role in the ecology of tularaemia among
arthropods, as they may carry pathogens over several years and life stages, thus maintaining
enzootic tularaemia foci between epizootic periods. The genus Dermacentor reticulatus seems
to be the most frequent carrier of F. tularensis in Central Europe. In Sweden, mosquito-borne
infections, which are related to the aquatic life cycle, are a common route for transmission of
tularaemia in humans and can lead to major outbreaks. Studies have also provided evidence
that mosquito larvae may be infected with F. tularensis via water, possibly by ingesting
predatory protozoa. In Table 1 is reported the list of arthropod vectors for this pathogen. Specific
bibliography for vectors: (8,9,12-27,29-37).

Table 1. % List of arthropod vectors for F. tularensis data analysis from literature.

Vector % positive Method Tested
Aedes cinereus 4.2-42.9% POOLS <50
Aedes intrudens 0.0% POOLS <50
Aedes punctor 20.0% POOLS <50
Aedes spp. 20.0% POOLS <50
Aedes sticticus 50.0% POOLS <50
Aedes vexans 50.0% POOLS <50
Amblyomma americanum 0.0% POOLS >300
Amblyomma maculatum 0.0% POOLS <50
Amblyomma spp. 0.0% POOLS <50
Culex pipiens/torrentium 0-100.0% POOLS <50
Culiseta alaskaensis 0.0% POOLS <50
Culiseta annulata 0.0% POOLS <50
Dermacentor marginatus 0-33.3% POOLS <50
Dermacentor reticulatus 0-0.3% POOLS <50
Dermacentor reticulatus 0.7-0.9% EXP INF >300
Dermacentor variabilis 0.0% POOLS 50-300
Haemaphysalis concinna 0.3% POOLS >300
Haemaphysalis inermis 0.0% POOLS 50-300
Haemaphysalis parva 0.0% POOLS <50
Haemaphysalis punctata 0.0% POOLS <50
Haemaphysalis sulcata 0.0% POOLS <50
Hyalomma aegyptium 0.0% POOLS <50
Hyalomma excavatum 0.0% POOLS <50
Hyalomma marginatum 0.0% POOLS 50-300
Hyalomma marginatum marginatum 0.0% POOLS <50
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Vector % positive Method Tested
Hyalomma marginatum rufipes 0.0% POOLS 50-300
Hyalomma spp 0.0% POOLS <50
Ixodes ricinus 0-2.2% POOLS 50-300
Ixodes scapularis 0.0% POOLS <50
Ixodes spp. 0.0% POOLS <50
Rhipicephalus bursa 0.0% POOLS <50
Rhipicephalus turanicus 0.0% POOLS <50

Reservoirs: the ecology of tularaemia is not sufficiently clarified because of the different
potential host species involved, and may depend on geographical factors, as well as on the
susceptibility and sensitivity of respective organisms to the pathogen. Recent observations
provide evidence that most of the animals do not serve as amplifying hosts, but are “incidental”
dead-end hosts, and therefore may not play a role in the persistence and spread of the
pathogen.

The European hare (Lepus europaeus), also known as the brown or field hare, is considered
an important host of F. tularensis and a common vector for the pathogen’s transmission to
humans in Europe. In case of chronic infection, European hares may act as long-term reservoir
for F. tularensis, persistent risk of transmission to humans, either directly or via vectors.
Experimental studies showed that infected voles may also show a protracted course of disease
representing a prolonged source of environmental contamination. Specific bibliography for
reservoirs: (1,14,16,21,22,34,35,38-45).

Drivers of disease emergence and spread

Ecological drivers

Water: long-term survival of F. tularensis in various water environments has been confirmed
by several studies. Consumption or contact with surface water from natural springs, ponds or
rivulets, or from wells have been identified as significant risk factors for tularaemia infection.
Water salinity and levels of macro- and micronutrients are considered important factors that
can contribute to the survival of F. tularensis in water environments. Experimental studies
demonstrated that survival was enhanced in brackish-water compared to freshwater, probably
because higher concentration of sulfur residues and salinity, that are usually required for the
cultivation of F. tularensis. Because brackish-water and normal saline support the culturability
of F. tularensis compared to what observed in freshwater, salinity may be an important factor
for stability; however, it is likely that the presence of sulfur would enhance the effects of salinity.

Presence of animals: Indirect evidence of the role of animals was the association between
mouse and hare faeces and risk of infection during two outbreaks in Kosovo. During the
outbreaks, faeces of small rodents were regularly found by the investigation teams in products
stored in food stores linked to affected households. It is of interest that presence or proximity
of domestic animals is protective towards the risk of F. tularensis detection (23) (5). In Table 2,
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3 and 4 are reported the main F. tularensis vector environmental and animal drivers,
respectively.

Table 2. List of F.tularensis vector covariates identified from the selected studies in decreasing order according
to the number references.

Vector drivers N. of papers#(n. 45) % of impact*(n. 51)
Tick 40 78.4%
Mosquito 8 15.7%
Other 3 5.9%

# number of papers extracted, the number of reference per covariates is higher because from one paper more covariates could
have been extracted *% calculated on the total number of references

Table 3. List of F.tularensis environmental covariates identified from the selected studies in decreasing order
according to the number references.

Environmental drivers N. of papers#(n. 31) % of impact*(n. 36)
Water (brackish/saline or fresh water) 16 44.44%
Land use (distance from animal market or main 7 19.44%
road; percentage grassland; sediment)

Location (city or rural areas) 4 11.11%
Time 2 5.5%
Altitude 2 5.5%
Air 1 2.77%
Chemical characteristic 1 2.77%
Humidity 1 2.77%
Precipitation (total rainfall) 1 2.77%
Soil 1 2.77%

# number of papers extracted, the number of reference per covariates is higher because from one paper more covariates could
have been extracted *% calculated on the total number of references

Land cover: land cover is an important risk factor for arthropod vectors of F. tularensis as far
as it can ensure the suitability is to live in newly urbanized/suburban areas, residences
surrounded by areas dominated by grassland vegetation. A serosurvey in Rural Azerbaijan
identified a possible associations between village-level tularaemia seroprevalence and suitable
tick habitats, annual rainfall, precipitation in the driest quarter, and altitude (25) (46) (47).

Economical and socio-demographic drivers: Any difference was observed in the risk for
females and males, but there is a gender issue related to the risk of professional exposure. Some
activities, like hunting, wood cutting or other outdoor activities are associated to higher risk of
infection. On the contrary, contact with farming animals or agriculture practices are considered
at lower risk. The infection is more frequent in adults and young adults over 14 years of age, but
in case of waterborne outbreaks, age ranged from 2 to 81 years can be included. The disease is
more common in people residing in rural area compared to those who live in cities, and among
risk factor associated to the infection, arthropod bites, drinking water from springs, handling
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dead animals, or having rodents in the house and surroundings are the most frequently
reported. Specific bibliography for economical and socio-demographic drivers: (5,32,47-56).

Table 4. List of F.tularensis animal covariates identified from the selected studies in decreasing order according
to the number references.

Animal drivers N. of papers#(n. 69) % of impact*(n. 115)
Rodents 28 24.3%
Hares 19 16.3%
Canidae 10 8.7%
Mustelidae 6 5.2%
Swine 6 5.2%
Deer 5 4.35%
Host 5 4.35%
Ursidae 5 4.35%
Birds 4 3.48%
Bovidae 4 3.48%
Rabbit 4 3.48%
Felids 3 2.6%
Sheep 3 2.6%
Bat 2 1.74%
Mammals 2 1.74%
Monkeys 2 1.74%
Anatidae 1 0.87%
Badger 1 0.87%
Camelidae 1 0.87%
Lynx 1 0.87%
Opossum 1 0.87%
Skunk 1 0.87%
Viverrids 1 0.87%

# number of papers extracted, the number of reference per covariates is higher because from one paper more covariates could
have been extracted *% calculated on the total number of references.

Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief hystory of the pathogen and disease

F. tularensis has been recognized as a human pathogen since the beginning of the 20th
century. Reports of diseases strongly resembling to tularaemia disease preceded to first
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confirmed report in 1911. For example, there were cases reported from Utah in 1908, from
Norway of a disease called lemming fever during the 1890s, and of Yato-Byo (hare disease) from
Japan as early as 1818. There is also a description from Norway from 1653 of a tularaemia-like
disease of lemmings. The first human cases were reported in 1914 in Ohio. As suggested by
Edward Francis, the etiological agent became known as Bacterium tularense, named after Tulare
County where the disease was endemic among rodents. A similar disease was reported under
different names from various regions of the United States during the next decade. Francis
published a report in 1919 entitled “Deer-fly fever—a disease of man of hitherto unknown
etiology.” The same author wrote a comprehensive review in 1921, in which he suggested that
the disease was transmitted to man from rodents by bites of blood-sucking insects. Moreover,
he proposed the disease be named tularaemia. In the commemoration of the pioneering work
of Francis, the bacterium eventually received its present-day name, F. tularensis. For many
years, F. tularensis has been considered as a potential biological weapon and, in the 1940s and
1950s, it was one of the agents that was given the highest priority in the offensive programs of
the United States and the Soviet Union and it was stockpiled by the U.S. military even in the late
1960s. The high costs and high morbidity justify the inclusion of F. tularensis as an agent of the
highest priority together with, for example, anthrax, smallpox, and pandemic influenza.
Accordingly, it is one of six agents designated as a category A Select Agent by Centers for Disease
Control and Prevention (CDC). These traits are also reflected by the fact that F. tularensis is highly
contagious for laboratory workers (57-59).

Disease in humans

F. tularensis can be transmitted to humans via different routes, such as direct contact with
infected animals (e.g., during animal processing, through ingestion of uncooked meat, and
animal bites), arthropods (ticks, horseflies, and mosquitos) and through the consumption of
contaminated water or inhalation of contaminated soil, occurring in farming works. The human
to human contagious was not reported until now, and the tularaemia disease is transmitted to
humans by direct contact with infected animals, tissues or fluids from infectious animals, by
ingestion of contaminated water and/or food, or by inhalation of infective aerosols. Early
diagnosis and treatment may be difficult because of the aspecific clinical manifestations and its
similarity to a wide variety of acute infectious diseases. The acute phase of the disease is
characterized by rapidly bacteria proliferation; the severity of the disease depends on the
patient’s immunological response. This response depends on cell-mediated immunity rather
than en antibodies, which are good indicators of exposure to the bacterium but do not play a
crucial role in protection. The mean incubation period of tularaemia is 3-5 days, but may range
from 1-21 days. Onset of tularaemia is sudden, occurring 1 to 10 (usually 2 to 4) days after
exposure, with headache, chills, nausea, vomiting, fever of 39.5 to 40° C, and severe prostration.
Extreme weakness, recurring chills, and drenching sweats develop. lliness ranges from mild to
life-threatening. Main forms of this disease are listed below:

e Ulceroglandular: This is the most common form of tularaemia and usually occurs
following a tick or deer fly bite or after handing of an infected animal. A skin ulcer,
accompanied by swelling of regional lymph nodes, appears at the site where the
bacteria entered the body.

e Glandular: It is similar to ulceroglandular tularaemia but without the presence of ulcer.
Similarly is acquired through the bite of an infected tick or deer fly or from handling
sick or dead animals.
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e Oculoglandular: This form occurs when the bacteria enter through the eye. This can
occur when a person is butchering an infected animal and touches his or her eyes.
Symptoms include irritation and inflammation of the eye and swelling of lymph
glands.

e Oropharyngeal: This form results from eating or drinking contaminated food or water.
Patients with orophyangeal tularaemia may have sore throat, mouth ulcers,
tonsillitis, and swelling of lymph glands in the neck.

¢ Typhoidal: This form is characterized by general symptoms without the localizing ones
of other syndromes.

e Pulmonary: This is the most severe or aerosolization of contaminated milieu form of
tularaemia, occuring after inhalation. Symptoms include cough, chest pain, and
difficulty breathing and occasional rales may be the only symptom in pneumonia. A
dry, nonproductive cough is associated with a retrosternal burning sensation. In
untreated cases, temperature remains elevated for 3 to 4 weeks and resolves
gradually. Mediastinitis, lung abscess, and meningitis are rare complications.

Mortality is generally related to untreated cases and about 6% in untreated cases of
ulceroglandular tularaemia; it is higher for type A infection and for typhoidal, septicemic, and
pulmonary form. Death usually results from overwhelming infection, pneumonia, meningitis, or
peritonitis. Relapses can occur in inadequately treated cases. One infection confers immunity.

Disease in animals

Signs and symptoms of tularaemia in wild animals are not well documented and are mostly
based on postmortem examinations. The clinical presentation of tularaemia depends on the
host species, subspecies of the bacteria, and route of infection. The incubation period is 1-10
days. Type A tularaemia is particularly pathogenic for lagomorphs, with fatal infections also
reported in cats and nonhuman primates.

The most common finding upon necropsy is an enlarged spleen and pinpoint white necrotic
lesions in the spleen and liver. The best-documented clinical cases are in domestic cats and dogs,
captive monkeys, prairie dogs and laboratory animals. Sheep and cats may be subclinically
infected or develop bacteremia, fever, and respiratory infection. Cats may also develop
ulceroglandular or oropharyngeal disease, presumably through exposure to infected prey items.
Outbreaks in untreated lambs may have up to 15% mortality.

Clinical signs include:

e increased pulse and respiratory rates

e coughing

e diarrhea

e oral ulceration

e pollakiuria with lymphadenopathy and hepatosplenomegaly

In particular: The European hare (Lepus europaeus), also known as the brown or field hare,
is characterized by variable clinical courses ranging from acute deadly septicemia to protracted
courses with only subacute lesions in various organs. In case of chronic infection,
histopathological examinations demonstrated differences in the pathogenicity of clade
B.FTNF002-00 (subgroup of B.6 and specific for Western Europe) and clade B.13 (subgroup of
B.12 and specific for Central and Eastern Europe): while infections with strains of clade B.13
were reported to be associated with polyserositis, affecting the kidneys, pleura, and
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pericardium, histopathological findings in hares infected with B.FTNF002-00 have been almost
invariably characterized by splenitis and hepatitis. These results are in accordance with further
observations in experimentally infected rats, showing significant differences in weight loss,
mortality rate, and time to recovery between the two genotypes.

Rodents are very susceptible to F. tularensis, and commonly present with severe infection,
leading to early death. Nevertheless, experimental studies showed that infected voles may also
show a protracted course of disease with chronic nephritis and bacteriuria, and could therefore
also serve as a prolonged source of environmental contamination.

Availability of preventive, therapeutic and control measures,
including licensed or pipelines vaccines

Therapy in humans

Three situations are to be considered:

1. Accidental exposure: antibiotic treatment should be initiated within 24 h and a treatment
period of 14 days is recommended with either ciprofloxacin and doxycycline;

2. Exposure most likely did not occur: an increased vigilance may be sufficient, including daily
measurement of body temperature for 14 days and a readiness to treat if symptoms appear;

3. Incidental spread of F. tularensis by aerosol: potentially exposed persons should be
instructed to be alert to the development of fever within 14 days of exposure, and treatment
initiated if necessary.

The preferred drugs are Gentamicin (for moderate to severe disease), Doxycycline (for mild
disease), Chloramphenicol (used only for meningitis because there are more effective and safer
alternatives), and Ciprofloxacin (for mild disease). Continuous wet saline dressings are beneficial
for primary skin lesions and may diminish the severity of lymphangitis and lymphadenitis.
Surgical drainage of large abscesses is rarely necessary unless therapy is delayed. Intense
headache usually responds to oral analgesics. No natural resistance in F. tularensis to antibiotics
used for clinical therapy has been demonstrated. This is true for aminoglycosides, tetracyclines,
chloramphenicol, and quinolones. Due to the potential use of F. tularensis for biological weapon,
antibiotic resistance remains of concern. Consequently, methods for rapid determination of the
susceptibility to various antibiotics, including aminoglycosides, tetracyclines, chloramphenicol,
quinolones, and rifampicin are needed.

Therapy in animals

Early treatment is important to minimize risk of fatality. Streptomycin, gentamicin, and
tetracyclines are effective at recommended dosage levels. Gentamicin should be continued for
10 days. Because tetracycline and chloramphenicol are bacteriostatic, they should be continued
for 14 days to minimize the risk of relapse. Because of the substantial sylvatic (wildlife and tick)
component of the Francisella life cycle, control involves reducing arthropod infestations and
limiting exposure to wildlife, for example by keeping cats and dogs indoors. In some jurisdictions,
tularaemia in animals is reportable to public health authorities.
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Licensed or pipelined vaccines

There is currently no effective and safe vaccine available against F. tularensis.

Other prevention measures

Prevention measures consist in avoiding ingestion, breathing and inoculation of the bacteria.
This includes: avoiding drinking untreated surface water; using insect repellent and clothes
covering legs and arms to avoid tick and mosquito bites; avoiding contact with dead animals,
using gloves when handling wild animals especially skinning of diseased hares, wild rabbits and
rodents; not mowing over sick or dead animals, cooking thoroughly game meat before eating;
handling biological samples potentially contaminated with F. tularensis in biosafety level-3 (BSL-
3) laboratories.

Disease specific recommendations

No specific recommendations are reported for tularaemia.

Epidemiological situation at different spatial scales: past and
current trends

Tularaemia usually causes epizootics (spillover of local amplification with clusters of human
cases), but in some areas there is an endemic trend, with regular occurrence of human
infections. Sweden has consistent annual numbers of mosquito-borne infections, and Sweden,
Finland and Norway reported about 66 percent of the entire number of cases notified in Europe
between 2019 and 2020 (Figure 3). On the other hand, in Europe there are countries that did
not notified cases in the last time period (UK, Ireland, and Iceland). Other European countries
that consistently notified human cases were France, Hungary, the Czech Republic, and Germany,
almost all with an increasing trend, probably due in part to better surveillance and increased
public awareness. Outbreaks in humans are often sporadic and likely to be spatially and
temporally variable, in addition to specific sites with potential for clusters of infection. Based on
the reporting of human cases the major hotspots for tularaemia at the European level are
located in Scandinavia and Central Europe. Data reporting in the period 2012-2020 (Figure 4)
has been quite consistent through the years, and considering all the EU/EEA countries together,
a slight increasing trend can be observed. Trends were more apparent in individual countries:
Norway, France, Czech Republic and Germany showed a trend towards an increasing number of
cases, while a trend of decreasing case numbers was apparent in Finland, Hungary and Slovakia,
and no trends appeared in data from Sweden.
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Figure 3. Number of reported cases of tularaemia reported in 29 countries of the European Union and European
Economic Area, 2019-2021
[data from http://atlas.ecdc.europa.eu/public/index.aspx].
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Figure 4. Number of reported cases of tularaemia reported in 29 countries of the European Union and European

Economic Area, 2012-2021

[data from http://atlas.ecdc.europa.eu/public/index.aspx].
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Figure 5. Number of cases of tularaemia reported in animals in 13 countries of the European Union and European
Economic Area, 2012-2020
[data from WOAH-WAHIS].

Animal cases of tularaemia are voluntarily notified to the World Organization for Animal
Health (WOAH), and in the period 2012-2020, 13 EU/EAA countries notified 1475 wild and
domestic animal cases to the World Animal Health Information System (WAHIS). Germany
notified more than 50 percent of cases and, together with Spain and Finland, accounted for 84
percent of total cases during the period (Figure 5). Among the infected animal species, brown
hare accounted for 64 percent and bank vole 10 percent. The other 26 species contributed less
than 5% each. Most cases occurred in wildlife, but domestic animals, particularly dogs (4%),
sheep (3%) and cattle (1%) also tested positive.

Sociological and demographic dimension affecting susceptibility
and exposure, including gender

Although the age-related incidence rate of tularaemia is unknown, the disease is known to
occur at all ages. Males have a higher incidence in all age categories. In Sweden, an over
representation among males has been attributed to their more frequent outdoor professional
and leisure activities (60). In most countries where tularaemia is endemic, the disease is
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seasonal; its incidence seems to be highest during late spring, the summer months and early
autumn (61) (62) (63). Often, the number of cases shows wide variations from one year to
another and this is probably related to climatic factors such as temperature and precipitation.
However, there are virtually no data linking specific climatic conditions and outbreaks of
tularaemia. This is an important area for future research that may yield important tools for
predicting and possibly preventing outbreaks. In Table 5 are reported the most F. tularensis
human covariates which impact on disease spreading, while in Figure 6 and 7 is reported the
gender and age distribution.

Table 5. List of F.tularensis human covariates identified from the selected studies in decreasing order according
to the number references.

Human drivers n. of papers* (n. 23) % of impact®(n. 77)
Infection (rate of infections) 40 51.9%

Age (median age) 15 19.5%

Sex (male or female) 11 11%
Profession (healthcare workers, hunters, butchers, 7 9.1%

rangers, woodcutters)

Outcomes (hospitalization rate or duration; 2 2.6%
fatality rate)

Activity (schooling) 1 1.3%

Human density (n. of households) 1 1.3%

# number of papers extracted, the number of reference per covariates is higher because from one paper more covariates could
have been extracted *% calculated on the total number of references
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igure 7. Distribution of F. tularensis % of cases by age
[data from The European Surveillance System (TESSy) released by ECDC].

Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

Human: diagnosis of suspected tularaemia is based on a history of contact with rabbits, hares,
rodents or exposure to arthropod vectors, the sudden onset of symptoms, and the characteristic
primary lesion. Because this organism is highly infectious, samples and culture media from
patients suspected of having tularaemia should be handled with extreme caution and, if
possible, processed by a high-level biosafety containment-equipped laboratory with a level 3
rating.

Tularaemia can be difficult to diagnose. It is a rare disease, and the symptoms are aspecific
and common to other illnesses. For this reason, it is important to share an epidemiology report
and any likely exposures, such as tick and deer fly bites, or contact with sick or dead animals.
The case definitions that describe the criteria for diagnosis of tularaemia are: suspect,
presumptive and confirmed. The criteria for each are:

Suspect: an exposure history consistent with risks known to be associated with tularaemia
together with clinical symptoms compatible with tularaemia.

Presumptive: suggestive clinical symptoms and a clinical sample that tests positive for
tularaemia by antigen or DNA detection. A single positive serum is also considered presumptive.

Confirmed: Isolation and identification of F. tularensis from biological specimen, specific
antigen or DNA detection.

The choice of specimen for diagnostic testing is dependent on the form of clinical illness;
ulceroglandular, glandular, oculoglandular, oropharyngeal, respiratory, or typhoidal. The
following specimens are acceptable for the various forms of illness as specified:

¢ Blood: Whole blood (for all clinical forms of illness);

e Serum: A first specimen should be collected in early course of infection, followed by a
second specimen taken in the convalescent period (at least 14 days later and
preferably 3—4 weeks after onset of symptoms). Serum is acceptable for all clinical
forms of illness;

e Respiratory secretions: Pharyngeal swabs, bronchial/tracheal washes or aspirates,
sputum, transthoracic lung aspirates, or pleural fluid collection (for respiratory,
typhoidal, oropharyngeal forms of illness);

e Swabs: Swabs of visible lesions or affected areas should be collected (for
ulceroglandular and oculoglandular forms of illness);

e Aspirates: Aspirates from lymph nodes or lesions (for ulceroglandular, glandular, and
oropharyngeal forms of illness);

e Tissue biopsies: Tissue samples from lymph nodes (for ulceroglandular, glandular, and
oropharyngeal forms of illness). Invasive sampling, such as incision of an affected
lymph node, should be avoided during the acute stage of disease;

e Autopsy materials: Samples from visible abscesses and from lymph node, lung, liver,
spleen, cerebrospinal fluid, and bone marrow.
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Serology is commonly used for confirmation of tularaemia. Antibody responses against F.
tularensis are generally detectable in patients 10—-20 days post-infection. Agglutination, either
microagglutination or tube agglutination, is the standard serological test used for determining
the presence of antibody to F. tularensis. More recently an ELISA (directed against LPS)
combined with Western blot (against antigen extracted from whole killed cells) showed very
good sensitivity and specificity for diagnosis of infection. Culture provides a conclusive diagnosis
of infection and an invaluable resource for molecular epidemiology, subtyping and discovery of
novel species and subspecies. Whenever possible, culture should be attempted. F. tularensis
grows well on several types of cysteine/cystine-supplemented agar including enriched chocolate
agar (CA), cystine heart agar with 9% chocolatized blood (CHAB), buffered charcoal yeast extract
(BCYE), thioglycollate-glucoseblood agar (TGBA), and GC Agar Il with 1% haemoglobin and 1%
IsoVitaleX. A variety of molecular methods have been described for the molecular detection of
F. tularensis. PCR can be a valuable diagnostic tool when organisms are non-cultivable or when
culture is not recommended due to biosafety concerns. Consist conventional PCR assays
targeted at the genes fopA or tul4 encoding the outer membrane proteins. A multiplex real-time
TagMan PCR assay for F. tularensis has also been developed.

Animal: confirmation is by culture, serology, or PCR. When individual animals present with
consistent clinical signs of septicemic disease, generalized or acute lymphadenopathy, or
pneumonia, tularaemia must be considered a possible cause. Tularaemia should also be ruled
out when large numbers of sheep show typical signs during periods of heavy tick infestation or
when large numbers of rodents or lagomorphs are found dead. Affected sheep should be
evaluated for tularaemia and tick paralysis, whereas the etiologic agents to consider in cats and
small mammals should also include agents of plague and pseudotuberculosis. When tularaemia
is suspected, laboratory personnel should be alerted as a precaution to reduce the risk of
laboratory-acquired infection. The infective dose required to transmit this pathogen is extremely
low; thus, risk of infection during necropsy or to laboratory personnel is significant, and special
procedures and facilities are essential. Diagnosis of acute infection of tularaemia is confirmed
by bacterial culture and identification of the bacterium, serology, or PCR. Organisms can be
readily isolated from necropsy specimens by use of special media using stringent personal
protection protocols. A direct or indirect fluorescent antibody test, or tube agglutination test
with a single titer of 21:80, is presumptive evidence of exposure, whereas a 4-fold increase in
antibody titer between acute and convalescent serum specimens confirms acute infection. PCR
can be used to confirm infection rapidly.

European Commission implementing decision (EU) 2018/945 of 22 June 2018 on the
communicable diseases and related special health issues to be covered by epidemiological
surveillance as well as relevant case definitions.

Infrastructure capacity to identify pathogens for each member
state

Tularaemia is among the communicable diseases that according to the Commission
Implementing Decision (EU) 2018/945 are covered by epidemiological surveillance. It means
that EU Member sStates are required to establish national capacity of detection and reporting
of human cases. The decision provides a case definition and laboratory criteria for case
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confirmation that are at least one of the following three cases: 1) Isolation of Francisella
tularensis from a clinical specimen

2) Detection of F. tularensis nucleic acid in a clinical specimen 3) F. tularensis specific antibody
response. Diagnosis is routinely made by clinical microbiology laboratories, and there is no
specific European-wide reference laboratory network or national laboratories in most EU
countries. Due to the potential biological weapon role, in many countries there is the
involvement of Defence Research Agencies or laboratories. In animals, the disease is not
reportable at the EU level (Regulation (EU) 2016/429 and Commission Implementing Regulation
(EU) 2020/2002) but is reportable at the international level to the World Organization for Animal
Health (WOAH). Human surveillance is reported by each EU Member State to ECDC through the
surveillance Tessy System.

Estimated influence of environmental change on the disease
future trends

Tularaemia is widely distributed in Europe and has local emergence and re-emergence trends
in humans and wildlife. The disease has a clear seasonality in humans, but this pattern has not
been conclusively demonstrated in wildlife. Assessment of eco-epidemiological trends and
estimation of infection risk in relation to projected environmental and climate change are
difficult. Different geographical areas have different ecosystems, which influence the
epidemiology and disease presentation. Such factors include temperature and humidity, the
presence of different types of arthropod vectors, and the variety of small rodent and other
wildlife species present. The important role of vectors in tularaemia transmission in the northern
Hemisphere and the seasonality of the disease mean that climate change may have an effect on
tularaemia transmission patterns in highly endemic areas. Statistical models used to study
climate change include mosquito abundance as the main variable; however, the role of animal
reservoirs is not often considered in the estimates. Overall, in northern Europe, along a
latitudinal gradient, climate change scenarios respectively indicate a future decrease in disease
in some Southern areas and an increase in disease in more northern areas. For the rest of
Europe, estimating the impact of climate on disease is more difficult. Among the aspects that
need better understanding, knowledge of the specific variables that influence the activity of
natural tularaemia foci in Europe is one that needs to be improved for effective monitoring of
this disease.
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Biological, ecological, and molecular features of the causative
agent

Disease name

Usutu virus infection/ USUV infection

Disease agent

Common, scientific and Latin name
Usutu virus (USUV)

Taxonomy

USUV, a RNA arbovirus, is member of the Japanese encephalitis serocomplex of the
Flaviviridae family and of the Flavivirus genus (1-3), and is phylogenetically close to Japanese
encephalitis virus (JEV) and West Nile virus (WNV) (4,5). Phylogenetic studies based on the
nucleic acid sequence of the NS5 gene divided USUV strains isolated into eight lineages: three
African and five European (6), and that the level of genetic relatedness was found dependent on
their geographical origin and the host from which they have been isolated.

Disease agent characteristics

USUV is an enveloped virus of approximately 40—60 nm in diameter, with a single-stranded
positive sense RNA comprised of 11064 base pairs with a 5' N7-methylguanosine-triphosphate
cap but lacking a polyA tail at the 3’ end (7,8). The genome of USUV comprises a single open
reading frame coding for a polyprotein of 3434 amino acids that, which following cleavage,
generates three structural proteins (capsid C, pre membrane prM and envelope E) and eight
non-structural (NS) proteins (NS1/NS1’, NS2a, NS2b, NS3, NS4a, 2K, NS4b and NS5) (4). The
capsid protein (C) forms the central body of the virion and is associated with the viral RNA. The
prM protein is required for virion assembly and maturation of virions through the folding of the
envelope glycoprotein (E) (9). The NS5 of the virus ensures viral RNA replication by its RNA-
dependent RNA polymerase domain and a methyltransferase (MTase) domain, which catalyzes
the capping of new viral RNA molecules (7,10).
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Priority level for EU

Usutu virus infection in humans is not a mandatory notifiable disease at the EU/EEA level.
The sequences of USUV strains obtained in Italy in 2009 from mosquitoes, birds and humans,
demonstrated that the sequences obtained from human hosts clustered with the sequences
obtained from birds, indicating an endemic distribution of USUV in Europe (11). In Europe, USUV
was isolated for the first time in 2001 from dead blackbirds (Turdus merula) during an epizootic
near Vienna, Austria (12—14). A retrospective analysis of the high mortality of blackbirds in
Tuscany, Italy in 1996 was attributed to USUV (15). The virus has since been detected in
epizootics in Western, Southern, and Central European countries in birds and mosquitoes (3,16).
Although USUV infections in humans remain asymptomatic, sporadic neuroinvasive disease
cases have been reported in Europe, predominantly among immunocompromised and elderly
patients (17,18).

Distribution of the pathogen

In 2015, USUV was reported from mosquitoes, birds or horses in 12 European countries
(Germany, Austria, Belgium, Croatia, Spain, France, Greece, Hungary, Italy, the Czech Republic,
Serbia and Switzerland) (19-23). USUV infection has also been serologically identified in Slovakia
and in Poland in equine and avian populations (24,25). In the summer of 2016, Belgium, France,
Germany and for the first time, the Netherlands reported widespread Usutu virus (USUV) activity
based on live and dead bird surveillance (6,26,27). In 2018, USUV spread rapidly across Western
Europe suggesting a continuous geographical spread of the virus, along with the colonization of
new ecological niches. As of September 2023, 15 out of 30 EU/EEA countries reported USUV
circulation among avian and equine animals (Austria, Belgium (28,29), Croatia, Czechia, France,
Germany, Greece (30), Hungary, Italy, Luxembourg, the Netherlands, Poland, Slovakia, Slovenia
and Spain (31,32)) (Figure 1).
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Figure 1: Geographical distribution of Usutu virus infections in humans, animals (birds-equids) and mosquitoes in
the EU/EEA,
adapted from the “Surveillance, prevention and control of West Nile virus and Usutu virus infections in the EU/EEA”
(33).

USUV has been predominantly detected in ornithophilic mosquito species of the Culex genus
like Cx. modestus, Cx. neavei, Cx. perexiguus, Cx. perfuscus, Cx. pipiens, Cx. quinquefasciatus, Cx.
univittatus but also to other genera such as Aedes albopictus, Ae. japonicus, Ae. minutus,
Anopheles maculipennis, Culiseta annulata, Mansonia africana, Coquilletidia aurites,
Ochlerotatus caspius and Oc. Detritus. Culex pipiens, an ornithophilic species, but which can also
feed on humans, is considered to be the main vector in Europe (34). Cx. pipiens is well distributed
in Central Europe as illustrated in Figure 2.
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Figure 2: Current known distribution of the Cx pipiens group in Europe, as of August 2023. Source: European
Centre for Disease Prevention and Control and European Food Safety Authority. Mosquito maps [internet].
Stockholm: ECDC; 2023. Available from: https://ecdc.europa.eu/en/disease-vectors/surveillance-and-disease-
data/mosquito-maps

Previous studies have detected USUV in nine mosquito species across Europe as summarized
in Table 1.

Table 1: Mosquito species found infected by USUV (1,38) across Europe.

Species Country

Aedes albopictus Italy, (35—37) Croatia (38)

Aedes japonicus Austria (39)

Anopheles maculipennis Italy (37)

Culex modestus Czech Republic (40), Italy (41), Belgium (42)

Culex perexiguus Spain (43)

Culex pipiens Austria (39), France (22), Germany (21,44,45), Italy (35-37,46-51), Serbia (20), Spain (52),

Switzerland (53)
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Species Country

Culiseta annulata Italy (37)
Ochlerotatus caspius Italy (35,37)
Ochlerotatus detritus Italy (37)

Ecology and trasmission routes

As with a majority of aroboviruses, the transmission dynamics of USUV is influenced by
biological and environmental factors, such as distribution and population density of vector and
reservoir species, the extrinsic incubation period, humidity, temperature, host immunity, etc (8).
USUV and WNV are genetically, antigenically, and epidemiologically closely related. There is a
significant interest on the possibility of overlapping in transmission cycles influencing the
spatiotemporal trends of circulation of the two viruses in Europe (1) as both viruses are mainly
transmitted by Culex mosquitoes, with migratory birds acting as the major amplifying host. Viral
RNA was detected simultaneously for both viruses (54,55), confirming that co-infection does
occur. However, the co-circulation and co-infection remains uncertain at a population level.

The transmission cycle of USUV involves the vectors, ornithophilic mosquitos and the
amplifying hosts and reservoirs, birds (Figure 3). Infected ornithophilic mosquitos feed on birds,
often species belonging to Passeriformes and Strigiformes (56). The infected birds develop
sufficient viremia to allow transmission of the virus to a new mosquito during a subsequent bite.
Some mosquitos of the Culex species may also take their blood meal from a mammalian host
including humans, equids dogs, etc.
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Figure 3: Transmission route of USUV infection.

Reservoir of USUV: USUV is maintained through an enzootic cycle, similar to WNV, between
passerine birds mainly Eurasian blackbirds (Turdus merula) or magpies (Pica pica) and
Strigiformes, such as the Great Gray Owl (Strix nebulosa) as amplifying hosts and ornithophilic
mosquitoes as vectors. Thus, the main USUV natural hosts are birds, with infection being
reported in 93 different species belonging to 35 families (57). The most affected species is the
Eurasian blackbirds (Turdus merula) followed by gray owls (Strix nebulosa), and house sparrows
(Passer domesticus) (12,58). Occasionally, USUV was detected in birds in captivity (59) in
Germany (60) (i.e. marabou stock, ruddy shellducks, red-breasted geese, Humboldt penguins,
laughing kookaburras, steamer ducks, greater flamingos, snowy owls, Ural owls, white storks,
Egyptian vultures, and Eurasian eagle owls), France (61) (i.e. Abyssinian ground hornbills,
common peafowls, emus, scarlet ibis, and greater rheas) and Slovenia (62) (i.e. pelicans,
Eurasian eagle-owls, barn and snowy owls). The list of birds detected with USUV infections in
Europe is summarized in Table 2.
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Table 2: An updated list of birds with USUV clinical infections adapted from a previous study (1).

Common name Scientific name

Countries with USUV RT-PCR (+)

Passeriformes Austria (13,63,64), Czech Republic (65), France
. (23), Germany (34,66), Hungary (63), Italy
Blackbird Turdus merula (11,41,67), Netherlands (26), Belgium (68),
Switzerland (69)
Common Starling Sturnus vulgaris Germany (34,66), Italy (11,41,67)
Song Trush Turdus philomelos  Austria (64), Germany (70) Spain (31)
Serinus canaria
Canary domestica Germany (34)
House sparrow Passer domesticus  Austria (13,64), Germany (66), Switzerland (69)
Blue (great) tit Part{s L) Austria (13), Switzerland (69)
(major)
Europejan Chloris chloris Switzerland (69)
greenfinch
European robin Erithacus rubecula  Austria (13), Switzerland (69)
Bullfinch Pyrrhula pyrrhula  Belgium (71)
Nuthatch Sitta europaea Austria (13)
. Garrulus
Eurasian Jay glandarius Hungary (63), Italy (67)
Magpie Pica pica Italy (11,72)
Barn Swallows Hirundo rustica Austria (14)
Strigiformes Austria (13), Germany (60,70,73), Switzerland

Coraciiformes

Piciformes

Charadriiformes

Great Grey owl

Long-eared owl
Snowy owl
Tengmaml's owl

Hawk owl
Pygmy owl

Tawny owl
Eurasian scops owl
Little owl

Common
Kingfisher

European Bee-
eater

Great spotted
woodpecker

European Green
Woodpecker

Inca Tern

Yellow-legged gull

Strix nebulosa

Asio otus

Bubo scandiacus
Aegolius funereus
Surnia ulala

Glaucidium
passerinum

Strix aluco
Otus scops

Athene noctua

Alcedo atthis

Merops apiaster

Dendrocopos
major

Picus viridis
Larosterna inca

Larus michahellis

(69), France (74), Italy (75), Netherlands (26)

Germany (60), Italy (76)
Germany (60), Switzerland (69)

Switzerland (69), IT
Switzerland (69), DE

Switzerland (69)

Germany (60), Italy (76)

Italy (76)
Italy (76)

Germany (77)

Italy (78)

Belgium (71)

Germany (66,79)

Germany (66,79)
Italy (41)
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Common name Scientific name Countries with USUV RT-PCR (+)

Greater Spotted

Accipitriformes Eagle Aquila clanga Italy (41)

. . S Caprimulgus
Caprimulgiformes Nightjar —— Italy (41,80)
Pelecaniformes Grey Heron Ardea cinerea Italy (41)
Columbiformes Collared Dove Szl Italy (41,80)

decaocto

. Red-legged .

Galliformes Partridge Alectoris rufa Italy (76)

Vector of USUV: Ornithophilic mosquito species of the Culex (Cx) genus are the predominant
vectors of USUV with Cx pipiens being the main vector in Europe (Table 1). Mosquito vectors are
responsible for virus transmission between birds and to susceptible mammals, such as humans
and horses, which are incidental dead-end hosts, with short-lasting and low-level viraemia. The
transmission rate of USUV not only varies between different mosquito species and virus strains
but also their geographical location (40).

Table 3: Infection, dissemination and transmission rates for mosquitoes following oral exposure to USUV.

Country Dissemination

Species Infection rate? rateb Transmission rate¢
Culex pipiens Netherlands (81) 80% 69%

Culex pipiens Belgium (40) 16.2% 0 0

Aedes albopictus Italy (46) 0

Culex modestus Belgium (40) 60% 66.7% 50%

Culex pipiens France (82) 4.3%% 100% 100%

Aedes rusticus France (82) 0 0 0

Anopheles plumbeus France (82) 0 0 0

Aedes albopictus France (82) - - 4.2% at 10 dpi

29.2% at 14dpi
12.5% at 17dpi
16.7% at 21dpi
16.7% at 28dpi

Culex pipiens biotype Germany (83) 80% 37.5% 100% at 10dpi
molestus 66.7% 100% 75% at 21dpi
Culex pipiens biotype Serbia (83) 81.3% 100% 15.4% 16dpi
TREEI 80% 100% 50% at 21dpi
Cx. torrentium Germany (83) 12.5% 100% 100%

Cx. pipiens biotype pipiens Netherlands (84) - - 18%

Cx. pipiens biotype molestus Netherlands (84) - - 30%

aNo. infected mosquito bodies/no. mosquitoes tested ®No. infected mosquitoes with virus in organs/no. mosquitoes tested. °No.
infected mosquitoes with virus in saliva/no. mosquitoes tested.
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Cx pipiens that were exposed to USUV and WNV simultaneously via infectious blood meal
displayed significantly reduced USUV transmission compared to mosquitoes that were only
exposed to USUV (from 15% to 3%), while the infection and transmission of WNV was unaffected
(85). In contrast, when mosquitoes were pre-infected with USUV via infectious blood meal, WNV
transmission was significantly reduced (from 44% to 17%).

Incidental hosts of USUV: Humans and non-human mammals are incidental dead-end hosts.
These hosts are not involved in the transmission cycle as they correspond to epidemiological
dead ends for viral propagation because the viremia in the infected mammals is not high enough
to ensure transmission through mosquito bites. Apart from humans, USUV (or antibodies against
it) has been detected in several mammals, including horses (Poland (25), Italy, Croatia, Serbia
and Spain (86)), dogs (ltaly (87) and Slovenia (88)); squirrels (Italy (89)); bats (Belgium (28),
Germany (90)); wild boars (Serbia (91)); roe deers (Serbia (91)); various deer species (Spain (92))
and zoo mammals (i.e. Asian lions, maned wolves, lberian wolves, grey and northwestern
wolves, African wild dogs, chimpanzees, common elands, giant pandas, Malayan tapirs, white
rhinoceros, guinea pigs, rabbits, and red foxes) in France (61,93), Spain (92,94), Slovenia (62)
and other Central European country (59). USUV was detected for the first time in reptiles, green
lizards, in Slovakia (95).

Drivers of the disease emergence and spread

Ecological drivers

Studies report an increase in mosquito-borne disease outbreaks including USUV in Europe
(6,96) in the last decade due to changes in the temperature and precipitation attributable to
climate change (97,98) and anthropogenic landscape modifications (99-101). There is a lack of
evidence on the impact of climate change on the epidemiology of USUV infection, particularly
considering that the weather can influence bird movements, vector abundance and virus
replication in the vectors. Cx pipens, the main vector of USUV in humans, was observed to have
a strong relation with temperature (102). The study demonstrated that higher temperatures
lead to higher mosquito abundances regardless of soil type. Larvel stages of Cx. pipiens and
related sibling species can inhabit a wide range of habitats, including artificial habitats (103).
Land cover in urban areas consists mostly of artificial surfaces, which offer plenty of breeding
sites filled with a small volume of water without the risk of predation (104-106). Studies also
observed that artificial and clay surfaces, frequent in urban landscapes, increased mosquito
abundance due to water stagnation in comparison to sandy soils (102).

Climate, land use, and biodiversity loss impact the distribution of bird populations which has
an indirect effect on USUV emergence and spread. European breeding birds have shifted their
range by 2.4 km per year, on average in the recent three decades (107). Studies also
demonstrate that Strigiformes (owl, amplifying hosts of USUV) will shift to higher altitudes due
to anthropogenic climate change (108). Further ecological studies are required to get an
understanding of the relationship between climate variables and human case incidence and to
refine models or predictions of outbreak occurrences. Modeling the epidemiology of WNV
throughout Europe under different climate change scenarios (IPCC scenarios) could help
mapping the potential distribution of USUV, as co-circulation of both viruses is frequent.
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Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief history of the pathogen and disease

Following its first identification in South Africa in 1959, USUV has been detected in avian,
equid and mosquito species in several African countries: Central African Republic, Senegal, Ivory
Coast, Nigeria, Uganda, Burkina Faso, Tunisia, and Morocco (109—112). The first case of human
infection by USUV was reported in the Central African Republic in the 1980s and a second case
was diagnosed in Burkina Faso in 2004 (109). For these two cases, mild clinical signs were
reported: fever and skin rash.

Phylogenetic studies suggest that at least three USUV introductions have occurred in Europe
along the migratory routes from Africa. The virus has been introduced in Spain on two occasions
in the 1950s and then in the 1990s along an eastern Atlantic migratory route (113). An unique
introduction in Italy and Austria has been reported in the 1980s along a Black
Sea/Mediterranean migratory route (15,113). USUV has been classified into eight lineages:
African (Africa 1/2/3) or European (Europe 1/2/3/4/5). Most strains currently circulating in
Europe belong to the European lineages of USUV. However, African 2 lineage of USUV has also
been identified in France in a human patient (74) and in owls in Berlin Zoo in 2015 (114).
Furthermore, African lineages continue to be introduced into the continent, like the African 2
and 3 lineages reported in 2018 in Cx. pipiens in the South of France (22). The Europe 1 lineage
is thought to derive from a Senegalese strain that reached Spain and was implicated in the first
avian epizootic in blackbirds Austria in 2001(14). Europe 2 lineage is an Austrian strain from
1993, reappearing during the autochthonous ltalian cases of 2009-2010 and the Austrian and
Hungarian cases in 2016 (20). European 3 lineage is from an Italian strain that circulated in 2007
that was responsible for the massive bird die-off observed in Germany in 2011/2013 (114), in
France in 2015 (23), and in Belgium in 2016 (29). European 4 lineage comprises strains circulating
in Italy in 2010 and 2015 (16). Finally, the Europe 5 lineage was isolated from infected birds in
Germany in 2016 (16).

Disease in humans

Humans are infected with USUV following a bite from an infected mosquito. No transfusion-
associated USUV infection has been reported (115). Due to limited clinical data available on
USUV infection, the incubation period of 3 to 12 days was estimated based on WNV infection as
reference (116). Following incubation, a brief viremic phase is triggered and the patient may
develop symptoms (117).

Most USUV infections in humans remain largely asymptomatic with sporadic cases with
neurological manifestations due to neuroinvasive disease. Severe disease is often associated
with compromised immune systems and advanced age (17,18,118). Impaired neurological
functions were observed in neuroinvasive diseases such as meningitis, encephalitis, and
polyneuritis (17,18,74,118-120). Symptoms of neuroinvasive disease are nuchal rigidity, hand
tremor, and hyperreflexia (54). Complications of USUV fulminant hepatitis have been reported
following USUV neuroinvasive disease (18) in immunosuppressed patients. One of the samples
during the retrospective screening of CSF in Montpellier, France tested positive for USUV (74).
The patient was diagnosed with idiopathic facial paralysis which was putatively associated with
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an acute USUV infection. Rarely, in benign cases, the symptoms of an acute USUV infection
resemble that of a febrile illness (109,118) with fever, arthralgia, myalgia, headache, and rash.
WNYV and other arboviral diseases such as Japanese encephalitis (with history of travel to South-
East Asia) to be considered as differential diseases.

Table 4: Description of human Usutu cases in EU/EEA countries.

Age Sex c/o

Country Cases Symptomatology  Population Lineage
2009 1 °or v ' Meningo- Clinical case EU1
(17) encephalitis

+ +
2009 1 40 F Encephalitis Clinical case EU2
(18)
40 M +
2008-9 3/44 A ' Meningo- 'wr12?|ltr:sg e
(121) encephalitis P .
patients
54 F +
60+ M + Meningoence
. phalitis
2008-11 39 Meningo- patients +
6+2 encephalitis . =
Italy (120) /609 Jasymptomatic various
ymp healthy and
sick subjects
2016-18 25/7 .
(115) 3964 Asymptomatic Blood donors -
2017-18 . EU2/3
(122) 9 Asymptomatic Blood donors /4
+
2017-18 67 F 1 encephalitis, 6 .Suspe.cted
8 . . infectionand EU2
(118) fever, 1 viremia
+ve donors
2018 2/88 .
(123) 39 Asymptomatic Blood donors  EU2
2018 1/44 Asymptomatic Blood donors  EU1
(124)
2022 6 AU, Clinical case -
(125) asymptomatic
29 F none
. Meningoence
2013 3/95 61 M none Meningo- phalitis -
(119) encephalitis .
patients
. 56 M +
Croatia
25 - none
3/ Neuroinvasive Neuroinvasiv
A () 178 84 i none disease e cohort EU2
60 - +
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Age Sex c/o

Country Year Cases Symptomatology  Population Lineage
Germany 2016 1 Healthy Blood donors EU3
(127)
39 M none
Patients with
2016 1/66 e e
. and/or AF2
(74) 6 paralysis .
France neurological
signs
2022 -
(128) 1 Fever Clinical case -
2017 6/12 _
(129) 047 Asymptomatic Blood donors  EU2
Austria
2018 18/3 . EU2/
(55) 1598 Asymptomatic Blood donors AF3
2021 (130) 1 81 M + Meningitis Clinical case EU2
Czech 2018 1 46 W none  mMeningo- Clinical case i
Republic (131) encephalitis
2018 40+ M none
Hungary (132) 1 Aseptic meningitis  Clinical case EU2
Netherlands 2018 ‘7‘6210 Asymptomatic Blood donors EU3

Disease in animals

Although USUV has been detected in equids and other mammals, clinical features and
pathological lesions of USUV infection have been described only in birds (133). Infected birds
present as non-specific clinical features like immobility, apathy, ruffled feathers and neurological
signs such as ataxia, paresis, tremors, torticollis, inability to fly and seizures (134).

Availability of preventive, therapeutic and control measures,
including licensed or pipelines vaccines

Therapy in humans

Treatment in humans is symptomatic. A recent study demonstrated interferon therapy was
a potential therapeutic intervention in human and veterinary medicine (135). Favipiravir, a
broad-spectrum viral RNA polymerase inhibitor, was shown to reduce USUV load in a mice
model (136).
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Therapy in animals

Ivermectin has been suggested as a candidate for treatment of USUV infection in captive
birds (137).

Licensed or pipelined vaccines

To date, there are no authorized vaccines against USUV infections. A study described the
protective effect of a recombinant DNA vaccine against lethal challenge with USUV in alpha/beta
interferon receptor deficient mouse model (138). Another study reported the protective effect
of an attenuated WNV - dengue virus 2 chimeric vaccine against USUV in the same mouse model.
However, the efficacy and safety of these vaccine candidates in birds has not been evaluated.
Considering the rarity of USUV associated disease in mammals, the use of immunoprophylaxis
in humans is not considered to be justified.

Other prevention measures

Blood safety

In EU/EEA, 45 USUV positive blood donations have been reported in Austria (29 with a peak
of 20 in 2018), Italy (six in 2018), and Netherlands (ten, with eight in 2018). None of the EU/EEA
countries implemented specific substances of human origin (SoHo) safety measures for USUV
infection, except the deferral of proven flavivirus positive donations. However, measures
applied to secure the safety of blood and other SOHO donations in relation to the risk of WNV
infection including WNV NAT testing could mitigate the likelihood of donor-derived USUV
transmission, the areas of co-circulation of the two viruses (33).

Mosquito control and other prevention strategies

Control measures against mosquitoes can be applied preventively (e.g., larval and adult
control) before and during the transmission season as the principal vectors of USUV are Culex
spp. mosquitoes. However, there is little evidence on the direct effect of preventive mosquito
control on the intensity of USUV outbreaks (33). Reactive mosquito control measures (e.g.,
adulticide treatments in affected areas during outbreaks) is a widely applied method, although
the implementation (geographic coverage, timing, repetitions) greatly vary in depending on the
legislation of the use of biocides, available resources, and the public and animal health impacts
of the outbreaks in different countries.

The use of individual protective measures to prevent mosquito bites (e.g. repellents, nets)
and the reduction of mosquito breeding sites (e.g. stagnant water around households) is
facilitated by public awareness campaigns at the start of and during the transmission season.
Eleven EU/EEA countries performed mosquito control actions and/or citizen education
programmes on mosquito control (33). Among these, Croatia, Czechia, France, Germany,
Greece, Italy, Slovakia, and Spain performed both. Malta focused only on citizen education
programmes, and Cyprus, Hungary, and Romania solely on control actions. Citizen education
programmes provided information on mosquitoes, bite prevention, and breeding. In some
countries (e.g. Germany, Italy, Spain) tools/apps were available to enable citizens to report the
presence of mosquitoes and biting events. In some countries the control measures are
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intensified during detected WNV circulation in avian and mammalian hosts. This also benefits
the control of USUV in circulation.

Epidemiological situation at different spatial scales: past and
current trends

USUV is endemic in several EU/EEA countries. As of September 2023, 15 out of 30 EU/EEA
countries reported USUV circulation among avian and equine animals. However, human cases
in Europe remains sporadic. The first autochthonous human cases of USUV infection in Europe
were reported in 2009 in Italy. Since then, eight countries including Austria, Croatia, Czechia
(131), France, Germany (127,139), Hungary (132,140), Italy, and the Netherlands have reported
autochthonous cases of USUV infections in humans (33). These eight countries reported a total
of 109 cases of acute USUV infection, most of which were reported by Italy (n=56, 54%), Austria
(n=26, 25%) and the Netherlands (n=11, 11%) (See table 4 for details).

Sociological and demographical dimension affecting
susceptibility and exposure, including gender

Severe neuroinvasive disease following USUV infection is associated with compromised
immune systems and advanced age (17,18,118). However, no gender predilection has been
reported.

Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

Diagnosing USUV infection in humans relies on the following diagnostic techniques (1): (i) the
detection of viral RNA in blood and in cerebrospinal fluid (CSF), (ii) the isolation of the virus in
cell culture and/or (iii) indirect assay detecting anti-USUV antibodies (IgM and G) in the serum
and the CSF of patients.

The diagnosis of USUV in humans is challenged by the limited availability of validated
commercial tests. USUV serological assays are based on ELISA tests orimmunofluorescence tests
developed by national reference laboratories, performed with viral antigens or virus isolates
(141). However, these tests lack specificity due to the risk of serological cross-reactions with
infections by closely related flaviviruses, such as WNV (123,142). These tests need further
confirmation by sero neutralization assays (123,143). However, WNV NATs validated for donor
screening can detect USUV with high sensitivity (144). Direct diagnosis of USUV by isolating the
virus in cell cultures such as Vero, BHK-21, and C6/36 cultures and visualizing cytopathic effects.
The presence of USUV RNA has been demonstrated in blood, urine, and CSF of patients with
acute infection (17,18,74,118-120). Molecular methods include USUV-specific real-time RT-PCR
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assays, either as a single-target or multiplex test, and broad-range flavivirus RT-PCR followed by
amplicon sequencing (121,144,145).

Infrastructure capacity to identify pathogens for each member
state

Twenty EU/EEA countries including Austria, Belgium, Croatia, Czechia, Estonia, France,
Germany, Greece, Hungary, Ireland, Italy, Latvia, Liechtenstein, Lithuania, Malta, the
Netherlands, Romania, Slovakia, Slovenia, and Spain have the laboratory capability to detect
USUV infection, mostly by the national reference laboratories (146). Diagnosis of USUV infection
include USUV specific PCR or broad-range pan-flavivirus PCR and sequencing from blood, tissue
and/or CSF. Serological diagnosis detects USUV specific antibody response or the flavivirus
antibody response using other cross-reactive serological methods, followed by a neutralization
assay.

Four countries (Greece, Germany, Italy, and Norway) developed case definitions for USUV
infection in humans based on clinical (encephalitis, meningitis with clear CSF,
polyradiculoneuritis (similar to Guillain-Barre’), acute flaccid paralysis) and laboratory criteria
(detection of specific antibodies in serum of CSF, isolation or detection of virus's nucleic acid).

There is need for a standardized case definition for USUV infection in humans in EU/EEA
countries.

Currently, USUV is not a major public health threat in the EU/EEA but monitoring virus
circulation and its pathogenicity is important to early detect any change in the epidemiology of
the disease (146). Thus, not a notifiable disease. Improvements in monitoring might be achieved
with a standard case definition of USUV infection in the EU/EEA, and with an integrated
approach, including humans, animals, and vectors in USUV surveillance for early detection. Such
integrated surveillance systems exist for WNV surveillance in Austria, Croatia, Czechia, France,
Germany, Greece, Italy, the Netherlands, and Spain (33). Amongst these nine countries, Croatia,
Germany, and ltaly have integrated USUV in their WNV surveillance.

Estimated influence of environmental change on the disease
future trends

It was unknown how climate change, land use modifications, and biodiversity loss impacts
the epidemiology of USUV infection in humans, particularly considering that the weather can
influence bird movements, vector abundance and virus replication in the vectors.
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Biological, ecological and molecular features of the causative
agent

Disease name

West Nile virus infection; West Nile virus disease; West Nile fever (WNF); West Nile virus
neuroinvasive disease (WNND).

Disease agent

Common, scientific and Latin name

West Nile virus (WNV)

Taxonomy

WNV is a mosquito-borne virus, part of the genus Flavivirus, family Flaviviridae and member
of the Japanese Encephalitis antigenic serocomplex (1).

Disease agent characteristics

WNYV is an enveloped virus of about 50 nm in diameter with an icosahedral symmetry. Like
for other Flaviviruses, the genome of WNV is a single-stranded, positive-sense RNA, of about 11
kilobases (kb) enclosed in a nucleocapsid containing one long single open reading frame (ORF)
confined at each side by one 5' and one 3' non coding-region (UTR), respectively (2, 3). The single
ORF encodes for a polyprotein that is processed in three structural proteins (C, preM, and E),
and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (2). Each of the
viral proteins, either structural or non-structural, plays a different and specific role in the biology
and/or the pathogenesis of WNV infections. The non-structural proteins are involved in viral
replication, virion assembly, and in mechanisms of host's immune response evasion (2), while
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the three structural proteins make up the mature virion. In particular, the proteins M and E are
responsible for several virus properties, like host specificity, tissue tropism, replication capacity,
and cells T and B response induction (4).

WNYV is part of the Japanese encephalitis virus serocomplex, sharing cross-neutralization
antibodies with viruses which are able to cause encephalitis in humans, as well as viruses which
rarely cause human disease, such as the Usutu virus (5).

Physiochemical properties

WNYV is rapidly inactivated in the environment. Low temperatures preserve infectivity, with
stability being greatest below -60°C. It is inactivated by heat (50 to 60°C for at least 30 minutes),
ultraviolet light, and gamma irradiation.

The virus is also susceptible to disinfectants such as 3 to 8% formaldehyde, 2%
glutaraldehyde, 2 to 3% hydrogen peroxide, 500 to 5,000 ppm available chlorine, alcohol, 1%
iodine, and phenol iodophors. When added to ELISA wash buffer there is a 10-fold decrease in
titre per 24 hour period at 28°C. Ribavirin and interferon can inhibit WNV in vitro.

WNYV is classified as a risk group level 3, requiring handling with biosafety level (BSL) 3
precautions (6).

Priority level for EU

WNV is considered a re-emerging public health challenge and a future health threat with
significant economical implication in the European Union (EU) also in relation to the need to
guarantee the quality and safety of substances of human origin intended for humans application
(SoHO) and thus to be monitored by epidemiological surveillance following a One Health
integrated approach (7,8, 9,10,11,12, 13, 14).

WNYV infections became notifiable in the European Union (EU) since 2008, but surveillance
with EU coverage was achieved later. The EU countries report human cases to the European
Centre for Disease Prevention and Control (ECDC) which, in turn, produces annual
epidemiological summaries and, since 2011, weekly surveillance updates during the WNV
transmission season (May to November). EU countries also report animal outbreaks, mainly
based on equine and birds surveillance through the Animal Disease Information System (ADIS
https://food.ec.europa.eu/animals/animal-diseases/animal-disease-information-system-
adis_en).

Within the framework of the EU enlargement cooperation, EU enlargement countries also
report human infections to the ECDC. The main objective of timely WNV surveillance at the EU
level is to provide early warning to public health professionals about areas with human WNV
infections thereby preventing human-to-human transmission via donation of contaminated
SoHO. The EU blood safety directive obliges blood establishments to defer donors for 28 days
after leaving an area where human cases were detected unless an individual donation nucleic
acid test is negative (8, 12).
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Distribution of the pathogen

Currently WNV is the widest distributed arbovirus globally, being found from tropical to north
temperate latitudes on all the continents except Antarctica (15, 16). The virus itself has
undergone adaptive genetic changes while expanding its geographic distribution. The epidemic
of 1999 in the New York City area and its expansion and establishment throughout the American
continent highlighted the ability of this virus to leap from one hemisphere to another (17). WNV
circulation in European member states is known since 1958 and EU enlargement countries after
1972 (18) with an increase in the number of countries reporting local WNV transmission either
in humans and animals in recent years (19, 20, 12,21).

Since December 2022, at European scale, WNV human and animal infection have been
reported in at least 15 EU countries including Austria, Bulgaria, Croatia, Cyprus, Czech Republic,
France, Germany, Greece, Hungary, Italy, the Netherlands, Portugal, Romania, Slovenia and
Spain, other thanin 5 neighboring EU candidate countries including Albania, Montenegro, Serbia
(22), Turkey and Kosovo* (Figure 1 e Figure 2).

*This designation is without prejudice to positions on status, and is in line with United Nations Security Council
Resolution 1244/99 and the International Court of Justice Opinion on the Kosovo declaration of independence.

Human WNV
infections
(2010-2022)

I Present
(Source: ECDC)

[ Present
(Other sources)

=7 Not reported
1 Not included

Figure 1 The map shows the European Union and European Economic Area countries that reported at least one
locally-acquired WNV human infection in the period 2010-2022.
(Data provided extracted from the ECDC European Surveillance System (TESSy) and from other sources as literature
and national reports)
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WNV in animals
2010-2022
(source: WOAH-WAHIS)

D Present
|:| Suspected
:] Not reported
[ ] Notincluded

Figure 2 Distribution of WNV infections in animal hosts in the period 2010-2022, based on the data contained on
the official reports (immediate notifications and follow-up reports, six-monthly reports and annual reports)
submitted by the relevant Veterinary Services through the World Organization for Animal Health (WOAH)’s World
Animal Health Information System (WAHIS)

Diversity and distribution of WNV lineages in Europe

WNV is characterized by high genetic diversity. Like other RNA viruses lacking proofreading
replication, the WNV genome displays extraordinary adaptability with many variants that have
evolved independently in different parts of the world. Phylogenetic analyses identified at least
eight evolutionary lineages of which WNV lineages 1 (WNV-1) and 2 (WNV-2) are the most
widespread and pathogenic, causing several outbreaks in humans and animals around the world
(23, 24, 25). Moreover, studies have shown the high virulence of WNV-7, nowadays classified as
a distinct flavivirus called Koutango virus (KOUTV), in mice and a potential risk for humans has
been highlighted following a severe accidental infection in a Senegalese lab worker (26). The
KOUTV is exclusively present in Africa, circulating in Senegal, Gabon, Somalia, and Niger, but its
invasion into other Continents could represent a possible future threat worldwide (27).

In Europe, the maximum likelihood tree of all available WNV genome sequences showed that
six lineages were detected so far in the Continent (25). Among them, WNV-1 and WNV-2 are the
most widespread, responsible for an increasing number of outbreaks and deaths either in
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humans and animals. As the two lineages move from one area to another, principally through
reservoir bird migration, strains of different origins can co-circulate in particular areas as seen
in Italy (23, 24, 25). Back-and-forth exchanges between West Africa and Western-Mediterranean
European countries have been recently proved for WNV-1 while WNV- 2 seem to be historically
characterized by two major independent one-way introductions from South Africa to Central
Europe (Hungary), from where the lineage then spread, established, and co-circulated in many
European countries (28).

WNV-2 accounts for 82% of all WNV sequences detected in the Continent so far, and the
widest distribution since it has been found in 15 European countries (25).

The earliest WNV-2 genome (JX041631.1) was obtained from bird samples of Eastern Europe
(Ukraine) in 1980 (25). The sub-lineage 2a (WNV-2a) emerged in 2004 in Hungary becoming in
the past ten years the dominant lineage in Europe (29,30). In addition, the sub-lineage 2b (WNV-
2b) was reported and composed of sequences mainly of Romania, Italy, and Russia (2011-2015),
Serbia (2013), and Greece (2018) (29, 25). WNV-2a has been involved in the exceptional number
of infections occurred in 2018, a year characterized by an early start of the epidemic season and
by the largest WNV outbreak observed so far in Central and Southern Europe, with over 2,000
symptomatic human cases, most of them reported in Italy and Serbia (31, 24, 32, 33, 25). The
same year, WNV-2a emerged also in France and it was associated with the most important
human WNV epidemics identified so far (34). In Spain, WNV-2a has only been detected in birds
and mosquito in the Northeast (Catalonia) (35, 36).

In comparison, WNV-1 positive samples have been found in seven European countries
(Austria, Italy, Spain, France, Hungary, Romania and Portugal) since 1971. Most WNV-1
sequences have been obtained in Italy (72% of total WNV-1 sequences), where the strain first
appeared in Europe in 1998 (37). Most European WNV outbreaks were caused by this lineage,
up to 2010, when the WNV-2 increased its circulation in the following year, causing serious
epidemics in many European countries (34). Recently, WNV-1 is re-emerging in areas
characterized by long unnoticed circulation as well as in new European countries and it can be
associated with severe neurological forms and deaths in humans and animals (24, 23, 38).
However, evidence of differences in WNV-1 and WNV-2 severity is still lacking.

WNV sequences belonging to lineages 3, 4, 8 and 9 were only sporadically reported and all
of them were collected from mosquitoes. WNV-3 strains were only found in Czech Republic in
1997 and 2006; WNV-4 in Romania in 2012-13; WNV-8 in Spain in 2006, while WNV-9 genomes
were obtained in Hungary in 2011 and in Austria in 2013. In addition, up to 2021, these lineages
were only collected from non-human hosts (mainly birds, mosquitoes, and some equines) (25).

Ecology and transmission routes

WNV is an ecological generalist and it is characterized by a complex eco-epidemiology, being
adaptable to different vector and host species, principally mosquitoes of the genus Culex and
birds (Figure 3). Its circulation in Europe is usually associated with two main different cycles and
habitats: the rural/sylvatic and the urban synanthropic cycles. Rural locations, including river
deltas and floodplain areas, help creating the sylvatic cycle, with wild, usually nesting wetland,
birds and ornithophilic mosquitoes maintaining the viral transmission. Irrigation from
agriculture is also heavily linked to a greater incidence of human and veterinary WNV infections
(20,39). In urban synanthropic cycles, mosquitoes feeding preference shift can determine the
enhancement of the viral transmission to humans (7). However, these two cycles can overlap,
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so urban areas located close to wetlands and irrigated croplands can be particularly affected by
the virus circulation.

Humans and equids are highly susceptible to the infection but do not develop a sufficient
level of viraemia to further infect mosquitoes and are therefore considered dead-end non-
competent hosts. A minimum viraemia level of 10* —10° PFU/ml has been established as
necessary for infecting feeding Cx mosquitoes and thus allowing further virus transmission (40).

ENZOQTIC
CYCLE

MIGRATORY BIRDS

Figure 3. West Nile virus transmission cycle.

Mosquitoes mostly acquire infection horizontally, while feeding on an infected host, but
vertical transmission (passage of virus from female parent directly to offspring) also possible,
although apparently less efficient (41,42, 43,23).

Several abiotic and biotic factors, such as climatic condition, habitat structure,
anthropization, land cover and management, host communities’ composition, host herd
immunity, host behavior, mosquito community composition, and vector host preferences, affect
the virus transmission within vectors and hosts (7, 44 , 45,46 , 47, 48, 49, 42, 49).

Seasonality in WNV transmission is also dependent on vector mosquitoes' annual phenology,
which can vary according to the species and the local environmental condition. For example, a
recent study provides new evidence that urban warming may inhibit the Cx. pipiens diapause
initiation during autumn, thereby extending the active biting season of temperate mosquitoes
(50).

Because of these features, outbreaks of WNV infection exhibit high variability in their
extension across different regions and time (45).

Vectors: Mosquito species of the genus Culex have a worldwide distribution and are
considered among the species of greater medical importance as they can act as vectors for
various zoonotic arboviruses from several virus families (51,52). Among them, Cx. pipiens
mosquito species are considered the most important WNV vectors in Europe (53). Transmission
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rates vary between 0 and 60% with no intrinsic difference in vector competence between
northern and Southern populations (48). Moreover, the species comprise two behaviorally
different biotypes, Cx. pipiens (more ornithophilic and abundant in natural habitat) and Cx.
molestus (preference for mammals and more opportunistic feeding behavior) which can form
hybrids. Biotype molestus and hybrids pipiens-molestus are thought to play a more important
role in WNV spillover from birds to humans especially in urban and periurban areas (7, 54), other
than in overwintering mechanisms (23). No difference has been observed in the vector
competence among the two biotypes. However, higher temperatures increase the transmission
rates of biotype pipiens and hybrids, but not of biotype molestus, the latter mainly distributed
in Southern and Central European countries, and considered an efficient WNV “bridge” vector,
being able to transmit the pathogen between birds as well as from birds to mammals, including
humans with high transmission rates of 40-55% (52).

This shows the importance of identifying Cx. pipiens at the biotype level and suggests that
closely related mosquitoes may have different vector competence under variable climatic
conditions (55, 56, 54, 48).

Among other Culex species, Cx. torrentium also exhibit high WNV transmission values
observed in the laboratory, with rates of 17% (24 °C) and 24% (27 °C) although its role needs to
be confirmed with further field studies (51). In Europe, Cx. torrentium usually occurs together
with Cx pipiens, with the first being the dominant species in northern Europe and the second
prevailing in regions south of the Alps. In Central Europe such as Austria or Germany, both sister
species can be found in sympatry (51, 57). It is therefore necessary to distinguish among the two
species using molecular techniques (53).

Cx. modestus, which is distributed mainly in Southern and Central European countries, is also
considered an efficient WNV “bridge” vector, being able to transmit pathogens between birds
as well as from birds to mammals, including humans with high transmission rates of 40-55%
(52).

Finally, Cx. perexiguus is established in Southwest Spain, related to rice fields. In some areas
where the disease is endemic, it has been found to play an important role as the main human
vector (58). In Figures 4 and 5 maps, with the probability of occurrence of Cx. torrentium, Cx
modestus and Cx. pipiens in Europe are reported.
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Figure 4: Current 1-km probability of presence of Cx. torrentium and Cx modestus across Europe, produced using

random forest and boosted regression trees analyses
(source: ERGO group).
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Figure 5: Current 1-km probability of presence of Cx. pipiens across Europe, produced using random  forest and
boosted regression trees analyses
(source: ERGO group).

WNV vector competence and transmission rates have also been compared for various
European mosquito species other than Cx. species as in the case of Aedes (Ae.) (Ae. albopictus,
Ae. detritus, Ae. japonicus japonicus, Ae. vexans) and Ochlerotatus (0.) caspius (reviewed in 48,
51, 43, 57, 53). In some experimental studies, Ae. japonicus, which has recently spread over
considerable parts of Central Europe, has proven to be more efficient than Cx. pipiens (63, 76).
Ae. vexans may also be epidemiologically important due to its generally high abundance despite
it's moderate competence proved in laboratory (43).

Although vector competence has been determined for a limited number of species and
populations of the same mosquito species in different areas, WNV has been isolated from, or
detected in, field-collected specimens of numerous mosquito species native to Europe, as shown
in Table 1.
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WNYV has also been isolated from other arthropods other than mosquitoes including hard
ticks (Hyalomma marginatum and Rhipicephalus sanguineus), soft ticks (Ornithodoros maritimus
and Argas hermanni), swallow bugs (Oeciacus hirundinis), and chicken mites (Ornithonyssus
sylviarum). However, the contribution of ticks in the natural WNV transmission cycles and
dispersal has not been clarified yet (16, 23).

Hosts: WNV is able to infect a wide range of animal species, including birds, mammals,
reptiles and amphibians, which can be infected, develop antibodies and, in some cases, clinical
signs. However, several infected hosts are considered dead-end hosts since they are unable to
further transmit the virus to mosquitoes (80). Competent reservoir hosts are found especially
among bird species and it is generally acknowledged that Passeriformes (especially Corvidae,
Fringillidae, and Passeridae families) Charadriiformes (Laridae), Falconiformes, and Strigiformes
include highly competent species, although viraemic levels vary depending on species, viral
lineage and strain (40, 80, 81). Domestic birds are generally less susceptible to infection;
domestic chickens and turkeys do not develop clinical infection, while domestic geese, ducks
and companion birds (e.g. Psittaciformes) can suffer encephalitis. Among mammals, high and
long-lasting viraemia sufficient to potentially infect vectors has been experimentally and/or
naturally demonstrated in lemurs, small rodents, lagomorphs, amphibians, and reptiles
(reviewed in 40, 80, 2, 82). However, most of experimental infections to assess reservoir
competence have been conducted on birds species and rarely on wild mammals in Europe (40,
83, 84, 82, 85, 86). As such, the role of wild mammals as potential WNV amplifying hosts is
uncertain, with most experimental infections resulting in detectable antibodies but no to low-
level of viremia. Certain mammalian species, such as tree squirrels, mesopredators, pigs, wild
boars, and roe deer have been suggested as species of interest for WNV serological surveillance
(87). In Table 2 a list of European vertebrate species susceptible to WNV infection and with a
viraemia level above 4 logl0PFU/ml is reported. According to (40), species with viraemia level <
4 logl0 PFU/mIl (low viraemia) are considered non-competent hosts. Species with medium
viraemia (mean peak viremia 4 log10 — 6 log10 PFU/mL) and high viremia (mean peak viremia >
6 log10 PFU/mL) are considered competent hosts.
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Table 1. A list of mosquitoes species confirmed as competent vectors for West Nile virus in Europe

Genus Species

Culex pipiens

Culex pipiens pipiens
Culex pipiens molestus
Culex pipiens hybrid (pip x mol)
Culex modestus

Culex perexiguus

Culex quinquefasciatus
Culex torrentium

Culex theileri

Culex univittatus

Culex europaeus

Culex tritaeniorhynchus
Aedes vexans

Aedes caspius

Aedes albopictus
Aedes detritus

Aedes dorsalis

Aedes geniculatus
Aedes japonicus

Aedes punctor

Aedes cinereus
Uranotaenia unguiculata
Anopheles plumbeus
Anopheles maculipennis
Coquillettidia richiardii
Ochlerotatus cantans
Ochlerotatus sticticus

Culiseta longiareolata
Culiseta morsitans

Reference

(59); (60); (61); (62); (63)

(64); (48)

(64)

(64)

(62); (65); (63)
(66); (67)

(68)

(69); (51)

(63)

(67)

(70)

(71)

(68); (55); (63)
(62); (63)
(72); (61); (63)
(73); (63)
(63); (74)

(63); (75)
(63); (76)

(75)

(77)

(78)

(63); (75)

(77); (79), (56)
(79); (20)

(77); (20)

(70)

(20)
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Table 2. List of vertebrate species with reported WNV medium and high viremia level

Genera Species Common name References Viremia Note
Sciurus carolinensis grey squirrel (88) yes
red-legged
Alectoris rufa partridge (89); (40) yes
European
Corvus monedula jackdaws (83) yes
Passer domesticus House sparrow (40); (90); (84) yes
Falco rusticolus gyrfalcons (38); (40) yes
Corvus cornix Hooded crow (40) yes
Sturnus vulgaris European starling (40), (90) yes
rusticolus,
Falco cherrug Hybrid falcon (38) yes
rusticolus,
Falco peregrinus Hybrid falcon (38) yes
Columba livia Rock pigeon (40); (92) yes
Eurasian collared-
Streptopelia decaocto dove (40); (93) yes
Anser anser Common goose (40) yes
Branta canadensis Canada goose (40); (90) yes
Anas platyrhynchos Mallard (40); (90) yes
Rana ridibunda lake frog (94); (95) yes
Mesocricetus auratus Hamster (96); (97) yes 10> TCID50/ml
Procyon lotor Racoon (98) yes
Felis catus Domestic cat (99) yes 103 to 10* PFU/mL
Coturnix coturnix Quails (95) yes
anser
Anser domesticus Domestic Geese (100) yes in 1- to 11-day old chicks
Gallus gallus Chickens (101) yes young chickens - 7-week old
Charadrius vociferus Killdeer (90) yes Migratory through Europe
Occasionally migrate
Larus delawarensis Ring-billed Gull (90) yes through Europe
Columba livia Rock Dove (90); (102) yes
Pica pica Magpie (103) yes
Corvus corone Carrion Crows (104) yes
Mus musculus Lab mouse (105) yes

In Europe, several eco-epidemiological investigations have been carried out on wild birds. In
Italy, one of the most affected EU countries, the infection has been reported in 19 bird orders
and 44 species, as reported by the National Reference Centre for Foreign Animal Diseases
(CESME) at the Istituto Zooprofilattico Sperimentale of Abruzzo and Molise in Teramo (IZSAM-
Teramo) (https://westnile.izs.it). For instance, in the Emilia Romagna region, one of the most
affected areas in Europe, surveillance on wild birds, carried out from 2015 to 2019 revealed that
Galliformes and Strigiformes scored the highest prevalence of infection detected by PCR (13%).
They were followed by Columbiformes (10%) and Charadriformes (7%). The order Passeriformes
showed an average prevalence of 5%, with European blackbird (Turdus merula) accounting for
a prevalence of 4.3%. Notable infected species were greenfinch (Carduelis chloris), scops owl
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(Otus scops), house martin (Delichon urbica), house sparrow (Passer domesticus), and pheasant
(Phasianus colchicus) (106).

In Spain, sporadic WNV outbreaks observed in horses and wild birds from Extremadura
(western Spain) during 2016 and 2017 seasons prompted a survey in wild birds, focused on
specimens coming from two wildlife rehabilitation centres. Between October 2017 and
December 2019, samples from 391 wild birds, belonging to 56 different species, were collected
and analysed in search of evidence of WNV infection. The analysis of serum samples for WNV-
specific antibodies by ELISA, whose specificity was subsequently confirmed by virus-
neutralisation test (VNT) showed positive results in 18.23% birds belonging to 18 different
species. Pelecaniformes (33.33%), Accipitriformes (25.77%) and Strigiformes (22.92%) orders
had the higher seroprevalence. Remarkably, for the first time in Europe, WNV-specific
antibodies were found in a black stork (Ciconia nigra). Analysis by real time RT-PCR in
symptomatic birds confirmed the presence of WNV-1 RNA in griffon vulture (Gyps fulvus) and
little owls (Athene noctua) (107). Moreover, following the largest epidemic outbreak ever
reported in Spain, another cross-sectional study was conducted to assess the circulation and risk
factors associated with WNV exposure in wild bird populations. Results showed that group
species (raptors), age (>1-year old), and size (large) were the main risk factors related to WNV
seropositivity in wild birds (108). Seropositivity was found in 37.8% of the 37 species analysed.

In northern Serbia, of 92 wild bird sera tested, seven (8%) were IgG ELISA positive. They
belonged to three species: four Mute Swans (Cygnus olor); two White-tailed Eagles (Haliaeetus
albicilla) and one Common Pheasant (Phasianus colchicus) (109).

Migratory birds possibly favor the WNV long-distance dispersal. Getting infected prior to or
during migration, birds may carry the virus in their blood (and other tissues) over long distances
and eventually infect mosquitoes and/or their predators in destination territories (110). As well
as migratory birds considered to have an essential role in long distance spread, resident birds
seem to have an essential role in long distance spread, resident birds have a paramount
importance in local dispersal and endemization of flaviviruses at a smaller and medium spatial
scale. In particular, resident bird species such as waterfowls, corvids, or birds of prey have been
shown to be highly sensible to WNV (110). For instance, raptors, considered WNV reservoir and
amplifying hosts of infection, are usually found to be seriously affected during WNV outbreaks,
demonstrating their potential role in the virus seasonal introduction and circulation (81, 111,
108). Moreover, higher prevalence and susceptibility to WNV might point out the existence of
infection through predation of infected prey in these birds. Consequently, they are considered
important target species when designing cost-effective surveillance for monitoring both
seasonal WNV circulation in endemic countries and its emergence into new areas (81,112).

Corvids, such as the Eurasian magpie (Pica pica), the hooded crow (Corvs corone cornix), and
the Eurasian jay (Garrulus glandarius), are also known to be susceptible to WNV infection. These
birds are periodically shot or trapped to contain their abundance and they are screened as
sentinel for WNV circulation in Italy since 2012
(https://westnile.izs.it/j6_wnd/docBolletltaPeriodico?annoDocumento=2022). However, the
trend of infection observed in these species is indicative, but not exhaustively, of the intensity
of WNV circulation. Other species, such as the small passerine birds, might be involved in WNV
transmission in Europe, as previously observed in other continents such as the USA (110). For
instance, the extensive capturing and sampling of wild birds in the Netherlands has allowed the
recent report of the first locally acquired WNV detection in passerines, thus revealing their
potential role in enzootic transmission (113).
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Knowledge gaps related to bird role in circulation of WNV in Europe remain; the reservoir
competence and immunological response to the infection for many European avian species is
still not known (40, 7, 110, 82) and further studies in this direction are needed.

Drivers of disease emergence and spread

Ecological drivers

WNV displays high ecological plasticity, being able to adapt to different vector-hosts
assemblages. In a recent systematic review carried out to identify the most relevant
environmental factors affecting the WNV spread in Europe those which appear to exert the
major effect were changes observed in temperature and precipitation patterns and the
expansion of anthropized habitats (49). Environmental factors modulate the vector presence
and abundance, and their extrinsic incubation period (EIP) while human-derived changes in
landscape may provide favorable conditions for mosquito breeding and susceptible host
assemblage, especially in urban and peri-urban areas, other than in agricultural landscapes (44,
114, 115, 49).

In particular, temperature is one of the most important variables being able to affect the
whole WNV transmission system. Firstly, it affects the mosquito population cycle and
abundance, since it determines both the start-point and the duration of the vector's season and
it is also associated with mosquitoes' population density and geographical distribution (116).

There is an optimal known range of temperatures (25—-35°C) for the mosquitoes to develop
and Cx. pipiens embryonic development cannot be completed below 7°C. Both larval
development and adult survival are shorter at higher temperatures being the highest survival at
25°C. Vector abundance is a good predictor of WNV risk, also in case of Cx. modestus other than
of Cx. pipiens (115).

The effect of environmental temperatures on WNV establishment in Europe via Cx. pipiens
populations through use of a basic reproduction number (RO) model was assessed (117). WNV
establishment was determined to be possible between 14°C and 34.3°C, with the optimal
temperature at 23.7°C. The widespread thermal suitability for WNV establishment highlights the
importance of European surveillance and the need for increased research into mosquito and
bird distribution (117).

Furthermore, temperature plays a significant role in the vector competence, extrinsic
incubation period, and intensity of infection of WNV within mosquito vectors. This mechanism
then allows the vectors to transmit WNV earlier by shortening the gonotrophic cycle, resulting
also in an increased biting rate although the effect can differ among Cx pipiens biotypes (64).
The average northern European summer temperatures of 18°C appear to be an important
limiting factor for WNV transmission (48).

The temperature exerts an indirect effect on the intensity and duration of the outbreaks and
it appears to be a reliable early warning predictor of its occurrence (118, 44, 119). Also the mean
temperature of the warmest quarter of the preceding year is considered one of the most
important drivers of WNV outbreak European-wide (115). Likewise, a higher than usual spring
temperature in this range (22-26°C) early in a year could also be a precursor of WNV-outbreak
during the latter half of the same year (115). Similarly, temperature can be used as a predictor
of vector abundance and its infection rate, as observed in Serbia where the number of collected
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Cx. pipiens mosquitoes and the monthly distribution of WNV-positive pools followed a similar
profile over time as the mean temperature, between April and October 2013 in Vojvodina
province (56).

In a recent study aimed at modeling the WNV force of infection (FOI), spring temperatures
were positively associated with FOI (120). Similarly, the timing of the peak of WNV incidence
appears to be influenced only by summer temperatures while the infection peak tends to be
demonstrated to be earlier when summer temperature is higher. Furthermore, higher
temperature is correlated with high WNV genetic diversity during the entire history of WNV-2a
spread in Europe (25). Moreover, studies carried out in France, Greece, Italy and Serbia revealed
that average temperature was a consistently good predictor across sites. In South Banat district
(NUTS level 3) in Serbia the maximum temperature of warmest part of the year and the annual
temperature range, as, well as, the presence of rivers (Danube and Tamis rivers) and its changes
in water streams were the best environmental predictors of WNV infection outbreaks in time
period 2017-2019 (121).

Regarding precipitation, ecological studies suggest that drought events can lead to outbreaks
in the following year due to changes in the mosquito food web structure. Lower precipitation in
winter implies less water availability in the region and such conditions are a likely indicator of
the aggregation of host birds and the vectors at available water bodies, which could amplify the
virus transmission rates (44, 115).

Human driven activities which determine land use and urbanization have also major effects
on the vector and host abundance and community composition (122, 114, 49). The differences
of WNF incidence rates among European Mediterranean countries with similar weather
conditions could be explained by differences in the human interaction with suitable habitats
such as wetlands or flooded fields. Areas with high levels of agricultural activities may accelerate
WNYV dispersal velocity as well as attract the spread direction of WNV in Europe. Meanwhile,
WNV is likely to spread in urbanized areas, in line with high abundance of Cx. pipens which is a
species able to maintain significant populations in cities (49). However, the WNV FOl is expected
to be higher in anthropized semi-natural areas such as populated forests, wetlands and river
basins (120, 44).

There are other local factors which could affect WNV circulation. For instance, regional
differences in mosquito species distribution, including the occurrence and rate of hybrid
population of Cx pipiens, and vector competence might be crucial (46, 25). Furthermore, the
different dynamic histories of WNV variants (WNV-2a and WNV-2b) might also be associated
with the presence of different mosquito species assemblages, which needs further investigation
(25).

Among biotic factors, also bird community composition affects WNV intensity of circulation
and based on available data, (122) developed a structural bird bourne WND risk map. However,
data on presence, abundance, phenology, migration at municipal and provincial scale of the
majority of the bird species of relevance for WNV ecology are usually lacking, therefore
representing a significant limitation in risk modelling (122).

Bird species vary in their susceptibility to WNV infection and role in the ecology of the
disease. Migratory birds are important not only by the fact of being a reservoir but also for the
possibility of introducing new virus lineages or strains. However, resident and short range
migratory birds play an important role in virus dispersal. For example, WNV-2a in Europe spread
at a high spread rate (88km/y to 218km/y) and, therefore, is more likely correlated with short
migrant bird movement than the flight range of Culex mosquitoes (approx.500m to 2Km/y) (25).
Therefore, although the risk of WNV depends on both the presence of infected birds and the
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presence of competent mosquitoes transmitting the disease, bird movements seed the
infections into mosquito populations occurring far away and introduce WNV into new regions.
A better understanding of bird migration pattern and phenology at European scale under a
global change scenario is essential for a better understanding of WNV temporal and spatial
dynamics (123).

Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief history of the pathogen and disease

WNV was isolated for the first time in Africa in 1937 in the West Nile district of the northern
province of Uganda, following a campaign aimed at monitoring the circulation of Yellow Fever
virus (146). A new virus was isolated in a febrile 37-years-old woman and named WNV in relation
to the district where it was found.

After these first investigations, cases were reported in Israel, Egypt, France, and South Africa
throughout the 1950s to 1970s, followed by large outbreaks in Romania and Russia in the 1990s.
WNYV infections were reported for the first time in Algeria and Morocco in 1994 and 1996,
respectively. In 1999, the first WNV cases in the Western Hemisphere were identified in New
York City. WNV is currently considered as the most widespread flavivirus on the globe (124, 15,
125,126, 112, 17).

Disease in humans

In humans, the WNV incubation period varies between 2 and 15 days after infection. WNV
infection is often asymptomatic in humans (80%), however some patients (20%) may present
febrile illness WNF, characterized by fevers and maculopapular rash (50% of cases), headache,
myalgia, arthralgia, malaise, anorexia, nausea, vomiting, diarrhea, abdominal pain, retro-orbital
pain, pharyngitis, and lymphadenopathy (127, 128, 129, 130, 131). Acute form of WNV may
persists for up to 60 days and can be characterized by a biphasic condition (2, 131).

In less than 1% of cases, mainly in elderly or immunocompromised people, it can lead to
WNND characterized by encephalitis, meningitis and/or acute flaccid paralysis and sometimes
to fatal outcomes. Pancreatitis, orchitis, myocarditis, hemorrhagic fever, nephritis, hepatitis,
and rhabdomyolysis may be rare non-neurological presentations associated with WNV infection.
A biphasic fever, usually helpful for WNV diagnosis, is an additional characteristic feature. After
recovery, patients may present long-term sequelae, such as persistent movement disorders,
functional disabilities, weakness, cognitive impairments, depression and, in some cases, early
death (132).

In Europe, the case fatality ratio among patients with WNV disease reported by the ECDC
from 2017 to 2022 was 9% in 2017 (26 deaths out of 288 confirmed cases in EU and neighbouring
countries), 8.6% in 2018 (180/2083), 10.8% in 2019 (50/463), 11.3% in 2020 (38/336), 8.2% in
2021 (13/159) and 8% in 2022 (92/1113) (Figure 6).
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Figure 6. Number of reported WNV human cases, deaths and fatality rate, European Union and European
Economic Area countries, 2017-2022
[data extracted from ECDC's Epidemiological update reports]

Age and gender are the main intrinsic predisposing factors for the disease and its relative
severity. In general, older individuals are more susceptible. In fact, the risk of acquiring the
disease increases by 1.5 folds for every 10 years of age. It has also been demonstrated that
patients older than 75 years might succumb to the infection, and this could be explained by
aging related innate immunosenescence. Thus, aging affects several antiviral pathways,
including cellular pathways (macrophage related defense) and cytokines such as type |
Interferon (IFN) and Toll-like receptor 3 (TLR 3)-mediated antiviral pathways, leading to
increased susceptibility to viral infection including WNV (133). In addition, males have been
shown to be more at risk than females. Pre-existing conditions and diseases such as cancers,
cardiovascular, renal and cerebrovascular diseases, and diabetes are also other major risk
factors. Immunosuppressed individuals have 40 times higher risk of contracting the disease and
dying from WNYV infection (reviewed in 2, 131, 134, 135, 136).

In Europe, based on the analyses of TESSY data on infection for the period 2012-2022, males
resulted more affected than females (Figure 7). WNF was more common in males (61.6%) than
in females (38.4%) with a male-to-female ratio of 1.6:1. Most infections occurred in people over
the age of 50 (77.6% of the total, of which 48.6% occurred in males and 29% in females over 50
years old). Notification rates increased with age in both sexes, peaking at 0.13 cases per 100,000
population in males aged 70-79 years.
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Figure 7. Incidence of WNV infections per 100,000 population, by sex and age group and male-to-female ratio by
age group, European Union and European Economic Area countries, 2012-2022 [data from The European
Surveillance System (TESSy), released by ECDC].

Common Human exposure Routes

WNYV is mostly transmitted to humans through mosquito bites. The transmission occurs
especially when mosquitoes are active (i.e. between spring and autumn) and most infections in
humans and equids are observed between July and September in temperate and subtropical
areas. Human behavior, occupation and leisure activities can influence the likelihood of
contracting WNV disease. In fact, the exposure to mosquito bites, when coupled with the
presence of infected mosquitoes and birds, can result in an increased probability of getting
infected (131).

Other transmission routes include the possibility of infection through SoHO as blood
transfusion, organ, tissues or cells transplantation from an infected donor; intrauterine
transmission and through breastfeeding. Technician and laboratory workers may also be
infected during manipulations of infected material through percutaneous injections or
inhalation of droplets in the air (131).

Disease in animals

From a veterinary standpoint, WNV is the causative agent of WNF, which might develop into
asymptomatic forms, benign forms (flu-like syndrome) and neuro-invasive forms. In Europe,
most of the clinical signs are reported in equids and birds.

WNYV in horses: Among many flaviviruses causing disease in mammals, WNV is probably the
one with a major impact on equid health. Horses are sporadically infected by the virus and,
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although in most cases they remain asymptomatic, around 20% can develop clinical signs that
use to be more severe than in humans and have important health and economic consequences
(137, 138).

Overall, the combination, severity, and duration of clinical signs can be highly variable. Low
grade fever, obtunded mentation, inappetence, colic, or lameness can be among the first
recognized signs in diseased animals. In different outbreaks the most frequent clinical signs
observed are ataxia (57%-100%), weakness (30%-100%), and muscle fasciculations (42%-100%).
Ataxia can be symmetrical or asymmetrical, such as weakness affecting either fore/hindlimbs or
all. Fewer horses present with hyper-responsiveness and cranial nerve deficits such as facial
paralysis, vestibular ataxia, drooping lip and/or inability to swallow, photophobia and central
blindness. Abnormal behavior such as obtunded mentation, somnolence, disorientation,
hyperexcitability and aggressive behavior as well as changes in personality have also been
associated with the infection.

WNYV in birds: Birds are the natural hosts of WNV and play a key role on the virus
epidemiology, with many species susceptible to the infection (40). The disease shows up due to
the virus invasion of different organs, liver, spleen, kidney, heart, and mainly the central nervous
system, and can lead to death within 24—-48 h later (138). Clinical signs in susceptible infected
avian species include ruffled feathers, lethargy, ataxia, unusual posture, inability to fly or to hold
head upright, head tremors, seizures, leg paralysis, nystagmus, and weight loss (40).

Corvids and raptors appear particularly susceptible to WNV infection, with the latter often
exhibiting neurological signs, in some cases leading to the death (40, 81, 82).

Although abundant information exists regarding experimental infections of birds with WNV,
especially with the WNV/NY99 strain (90, 91, 89), studies about the pathogenicity of Euro-
Mediterranean strains in different avian species are still scarce (139, 140, 83, 92, 82, 104, 103).
In fact, the pathogenicity of new strains is worth to be studied in order to obtain a better
understanding of WNV eco-epidemiology (82).

Common Animals exposure Routes

Vector borne transmission is the main transmission route for WNV in animals (91). However,
birds can also get infected through direct contact, since they are able to shed high- virus titres
through oral and cloacal secretions. Particularly, direct transmission in contact birds might occur
through fecal-oral or oral-oral routes, as demonstrated in a few species, mainly in Corvidae and
Laridae families, or by skin or feather picking. Moreover, in laboratory experiments,
transmission through direct contact has also been described in Common goose, chicken and only
in one occasion in Red-legged partridge (91). Direct contact transmission could play a role in
WNV epidemiology in those situations in which wild birds aggregate in high densities, as in
breeding colonies, roosting and feeding areas, or stopovers during migration (141) Another
means of WNV transmission is through the ingestion of infected mosquitoes, infected prey or
infected tissues and organs (91). Persistent infection, defined as the detection of the virus in
host tissues after viraemia has subsided, might increase the probability of the viral transmission
through the oral route. In fact, predation of infected birds characterized by a persistent infection
associated to high viral load in their organs might likely result in the WNV transmission, months
after the end of the mosquito season (142, 23).
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Availability of preventive, therapeutic and control measures,
including licensed or pipelined vaccines

To date, no WNV-specific therapy is available and vaccines are only licensed for use in horses
but not in humans. While several methodologies for the vaccine development have been
successfully applied and have contributed to significantly reducing the WNV incidence in horses
in the US, none have progressed to phase Ill clinical trials in humans (138).

Therapy in humans

Despite the great efforts invested in recent years in the development of prophylactic
measures against this pathogen, there is currently no specific drug or therapy licensed for its
treatment (138). Some therapies that have shown variable effectiveness against WNV include
IVIG, interferon, and ribavirin (127). Patients with severe meningeal symptoms often require
pain control for headaches and antiemetic therapy other than rehydration for associated nausea
and vomiting. Patients with encephalitis require close monitoring for the development of high
intracranial pressure and seizures. Furthermore, they should be monitored for the inability to
protect their airway, also in the case of poliomyelitis. In fact, acuteneuromuscular respiratory
failure may develop rapidly, and prolonged ventilatory support may be required. Various drugs
have been evaluated or empirically used for WNV disease, however, none have shown specific
benefit to date (Centers for Disease Control and Prevention, 2023).

Therapy in animals

In horses, survival rate for WNV encephalitis is high compared with other infectious
encephalitis (55%-70%). Treatment of WNND is mainly supportive (137).

Licensed or pipelined vaccines

Humans

There is no vaccine authorized for humans, nor candidates close to being licensed. Although
several veterinary vaccines have been licensed, WNV vaccines for humans have not progressed
beyond phase 1 or 2 clinical trials (138, 143).

Animals

Horses: Four of the six licensed vaccines are currently on the market. The WN-Innovator, with
a classic inactivated whole virion-based approach, was the first to be developed and was
licensed by the USDA in 2003. Live attenuated recombinant viruses have also been used (either
based on canary poxvirus or yellow fever virus), as well as a plasmid DNA vaccine, which was the
first licensed by the USDA, although it was subsequently withdrawn from the market by the
manufacturers. However, despite their proven efficacy, these vaccines still exhibit some
limitations, such as the need for repeated administrations to get a solid initial immunization,
and the relatively short duration of the induced immunity, which makes necessary annual
boosters (138).
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Birds: Several commercial and experimental vaccine candidates have been assayed in wild
and domestic birds, although no one has yet been authorized. Overall, they induced humoral
and, although less analyzed, cellular responses, and reduced disease, injury, viraemia, viral
shedding, and mortality associated with WNV. Furthermore, if they induce herd immunity, they
could help prevent outbreaks and the spread of the virus. For example, a prospective vaccination
of the entire population of California condors (Gymnogyps californianus), an endangered
species, performed before the WNV arrival would have helped preventing its infection and
possible extinction. Likewise, vaccination also greatly reduced virus incidence in domestic geese
in Israel. However, the implementation of bird vaccines faces several drawbacks, such as the
feasibility of access to the target host, mainly for wild species, and the administration route. In
any case, its availability could benefit domestic populations (farm birds, including those for
hunting and restocking activities), as well as wild ones (as those housed in rehabilitation centers
and wildlife reserves, and in recreational facilities, like zoos (138).

Other Prevention Measures

In the absence of a vaccine, one prevention measure to reduce the risk of infection in humans
consists in raising awareness of personal and community behaviors. In particular, it would be
important to increase protection against mosquito bites by avoiding human exposure, through
i) the reduction of outdoor activities at peak biting times and sleeping outside, ii) the wearing of
light coloured, long-sleeved shirts and trousers, iii) the use of mosquito nets and repellents
(130). In addition, it is necessary to implement mosquitoes surveillance and control measures
such as removing or treating mosquitoes breeding sites located near cities and villages, reduce
the risk of animal-to-human transmission wearing protective equipments when handling
animals and during slaughtering and culling operations and, prevent infectious disease
transmission associated with organ and tissue transplantation and blood transfusion,
implementing donors epidemiological screening and laboratory testing tools, specifically during
WNYV outbreak (2),

In countries with endemic circulation of WNV along with other arbovirosis such as Italy and
Spain, national integrated One Health surveillance and control plan are established
(https://www.epicentro.iss.it/en/arboviral-diseases/surveillance;
https://www.sanidad.gob.es/areas/alertasEmergenciasSanitarias/preparacionRespuesta/Plan
Vectores.htm). For example, in Italy, a specific surveillance plan (National Plan for Arbovirosis),
coordinated by the National Institute of Health (ISS) and by the Veterinary Insitute for
Zooprofilaxis of Abruzzo and Molise (IZSAM), in collaboration with the Ministry of Health, is in
place to ensure the early detection of potential cases of WNV and minimize any spread of the
disease. The plan also includes guidelines and recommendations for mosquito surveillance and
control.

Disease specific recommendation

Regulation on substances of human origin (SoHO)

In July 2022, the European Commission adopted the proposal for a Regulation on standards
of quality and safety for substances of human origin intended for human application. By
repealing the Blood Directive (2002/98/EC) and the Tissues and cells Directive (2004/23/EC)
both evaluated in 2019), the proposed Regulation concludes the revision of the legal framework
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for blood, tissues and cells, which was included in the REFIT Annex (#37 p.15) of the
Commission’s Work Programme for 2021.

Currently, as recommended by ECDC (https://www.ecdc.europa.eu/en/west-nile-
fever/facts) to prevent transfusion-transmitted WNV infections, EU/EEA countries should
implement 28-day blood donor deferral or individual donation nucleic acid testing (ID-NAT) of
prospective donors who have visited or live in an affected area. In affected areas, blood
establishments* should follow recommendations provided in the EU preparedness plan for
blood safety. Donors of organs, tissues and cells living in or returning from an affected area
should be tested for WNV infection. Systematic collection of epidemiological information on
WNV infection among donors and recipients of SoHO is an important tool for national authorities
to better assess the risk of transmission and impact of preventive measures on the availability
of SoHO. According to the preparedness plan for WNV blood safety in the EU, blood
establishments in affected areas should:

e temporarily interrupt blood collection or implement NAT screening for blood donations
from WNYV affected areas

e quarantine, retest and discard positive blood components in storage at the time of
implementation of measures and retrieve and quarantine blood components derived
from whole blood donated 120 days prior the date of collection of the ID-NAT-
positive donation

e enhance donor post-donation information, especially about fever, influenza-like illness
or other acute symptoms within 15 days after donation

e strengthen post-transfusion haemovigilance and perform look-back analysis in any
case of transfusion-transmitted WNV infection for a period dating 120 days prior to
the donation of implicated blood components; and

e consider the use of pathogen inactivation procedures.

*According to Directive 2002/98/EC, ‘blood establishments’ are structures or bodies that are responsible for any
aspect of the collection and testing of human blood or blood components, whatever their intended purpose, and
their processing, storage, and distribution when intended for tranfusion

Epidemiological situation at different spatial scales: past and
current trends in Europe

Past trends

WNYV circulation in Europe has been reported since 1958 (20). Before 2010, major WNV
outbreaks occurred throughout Europe, notably in Romania and Russia in the 1990s, Hungary in
2008, Greece in 2010 (17). Since 2010, WNV has been reported in an increasing number of EU
countries including Austria, Bulgaria, Croatia, Cyprus, France, Greece, Hungary, lItaly, the
Netherlands, Portugal, Romania, Slovenia and Spain, other than northerly regions that had not
previously reported cases, like Germany and the Czech Republic. Moreover, it has been
described in five EU neighboring countries including Albania, Montenegro, Serbia, Turkey, and
Kosovo. The epidemiological situation of WNF in Europe is heterogeneous: some European
countries report outbreaks in humans and animals every year while others have never reported
any autochthonous cases (8). Outbreaks have occurred annually in multiple regions, with a peak
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in 2018 that affected more regions than had been recorded in previous years (39). In Europe,
there were, on average, 18 newly affected areas annually between 2011 and 2017, and 45
additional areas reported in 2018, with most infections occurring from early summer to early
autumn and peaking in August (EFSA report). Until 2017, the countries with the highest number
of cases in the EU were Greece, Italy, Romania, and Hungary and one of the neighboring
countries, Serbia. ECDC reported a 7.2-fold increase in cases from 2017 to 2018, especially in
Bulgaria (15-fold), France (13.5-fold), and Italy (10.9-fold), which is partially attributed to the
unusually hot spring and summers. The same was true for Serbia with notification numbers 8.5
times higher in 2018 compared to 2017. In 2020, a major outbreak was reported in Spain with
77 confirmed cases, of which 72 developed neuroinvasive disease and seven died, a strong
impact that could be, among others, partly attributed to reduced vector control activities during
that season (EFSA report; 35, 17).

Current trends

For the period 2008-2022 a total number of 5358 (4142 confirmed) human cases have been
reported to the ECDC (Tessy data), with the highest numbers observed in 2018 and 2022. (Figure
8).
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Figure 8 Number of reported WNV human infections by week of onset, European Union and European Economic
Area countries, 2012-2022
[data from The European Surveillance System (TESSy), released by ECDC].

Over the past years, there has been an increase in the number of countries reporting
surveillance data in animals (The European Union One Health2021 Zoonoses Report, 2021). In
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2021, the number of human cases in the EU was 158, being the lowest figure of the period 2017-
2021. 54 infections were reported on October: 7 in Greece, 52 in Italy, 7 in Hungary, 7 in
Romania, 6 in Spain, 3 in Austria, 3 in Germany, and 17 in Serbia, with cases reported for the
first time in Spree-NeiRe in Germany and La Spezia in Italy. While the number of tested equids
appears to correlate with WNV circulation, increasing in years when a greater number of cases
are reported, there has been an overall increase in the number of tested birds over time,
reflecting an intensification of the surveillance system in place.

Since the beginning of the 2022 transmission season and as of 23 November 2022, EU/EEA
countries have reported 965 human cases of WNV with higher infection observed in Italy (586),
Greece (284), Romania (46), Hungary (14), Germany (11), Croatia (8), Austria (6), Spain (5),
France (4) and Slovakia (1). EU/EEA countries have reported 73 deaths in Italy (37), Greece (31)
and Romania (5). EU-neighbouring countries have reported 246 human cases of WNV infection
in Serbia (226) and 12 deaths in Serbia (25) (ECDC Communicable Disease Threats Report Week
47, 20 - 26 November 2022).

During the 2022 transmission season, within the reporting countries, human cases of WNV
infection were reported from 107 different NUTS 3 or GAUL 1 regions, of which the following
regions reported human cases of WNV infection for the first time ever: Bouches-du-Rhone in
France, Harz, Vogtlandkreis and Salzlandkreis in Germany, Pistoia, Lucca, Monza e della Brianza,
Biella, Cagliari and Catania in Italy, Brasov in Romania, Moravicki in Serbia and Tarragona and
Cérdoba in Spain. Moreover, 93 outbreaks among equids and 314 outbreaks among birds have
been reported by EU/EEA countries. Outbreaks among equids have been reported by ltaly (44),
Germany (15), Greece (9), Croatia (8), Spain (6), France (5), Hungary (3), Portugal (2) and Austria
(1). Outbreaks among birds have been reported by Italy (249), Germany (51), Spain (9), Austria
(2), Croatia (2) and Hungary (1).
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Current trend in some European Countries

Italy

WNV human infections in Italy are mostly located along the Po valley (northern part of the
Country), with a mean of 167 cases reported annually and an average notification rate of 0.28
per 100 000 inhabitants over the period 2012-2022. The total number of 1841 cases were
reported between 2012 and 2022 (Figures 9 and 10).
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Figure 9. Number of WNV cases (bars) and incidence per 100 000 inhabitants (line) by year and distribution of
WNV incidence per 100 000 inhabitants by gender and age group, Italy (n = 1841) [data from The European
Surveillance System (TESSy), released by ECDC].

326/358



M@@D Grant Agreement N°: 874850 — MOOD —
H2020-SC1-BHC-2018-2020/H2020-SC1-2019-Single-Stage-RTD

WNYV incidence

Figure 10. WNV average annual incidence rate per 100 000 inhabitants by NUTS3, Italy (n=1703, period 2012—
2022)
[data from The European Surveillance System (TESSy), released by ECDC].
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France

Few human infections of WNV are reported annually in France, with a mean of about 5 cases
and an average notification rate of 0.009 per 100 000 inhabitants over the period 2012-2022.
Particularly, between 2012 and 2022, 56 cases were reported. (Figure 11). Although the enzootic
WNYV circulation is often observed in the South of France (34), most of the human infections
from France seem to be acquired abroad, as only seven locally-acquired cases were reported
from the Var (n=5) and Bouches-du-Rhéne (n=2) departments. (Figure 12)
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Figure 11. Number of WNV cases (bars) and incidence per 100 000 inhabitants (line) by year and distribution of
WNV incidence per 100 000 inhabitants by gender and age group, France (n = 56) [data from The European
Surveillance System (TESSy), released by ECDC].
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Figure 12. WNV average annual incidence rate per 100 000 inhabitants by NUTS3, France (n=7, period 2012-2022)
[data from The European Surveillance System (TESSy), released by ECDC].

Spain

Spain is characterized by an average of 9 cases with a mean notification rate of 0.04 per 100
000 inhabitants over the period 2012-2022. The total number of cases reported between 2012
and 2022 is 93, with most of the infections happening in 2020 (77) (Figure 13). Geographically,
WNYV infections are located in the south-western part of the Country, mainly in the Andalusia
region (n=83). (Figure 14).
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Figure 13. Number of WNV cases (bars) and incidence per 100 000 inhabitants (line) by year and distribution of
WNV incidence per 100 000 inhabitants by gender and age group, Spain (n = 93) [data from The European
Surveillance System (TESSy), released by ECDC].
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Figure 14. WNV average annual incidence rate per 100 000 inhabitants by NUTS3, Spain (n=87, period 2012-2022)
[data from The European Surveillance System (TESSy), released by ECDC].
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Sociological and demographic dimension affecting susceptibility
and exposure, including gender

Age and gender are among the most critical factors in determining the WNV infection risk.
For example, the number of WNV reported cases is estimated to be greater in areas with a higher
number of elderly (age > 65 years) people, consistently with the fact that age is one of the main
risk factors for developing severe symptoms upon infection (120) (see also chapter on
“availability of preventive, therapeutic and control measures, including licensed or pipelined
vaccines”).

However, several other factors such as economic conditions and sociodemographic
characteristics are considered to be important in the WNV epidemiology. As reported in a
number of studies, a range of local-level socio-economic factors such as income, sanitation,
waste water management, and population density tend to influence the distribution and
intensity of mosquito-borne diseases, including WNV, both pre-infection and post-infection (39).
Poorer communities are less likely to have air-conditioned homes, tap water and adequate
drainage, and therefore may be more exposed to biting mosquitoes. However, factors
associated with higher economic status can also bring humans into closer contact with
mosquitoes, for example, homeowners with gardens and potted plants, swimming pools and
ponds or having good access to recreational space where mosquitoes can breed (39). As for the
land-use variables, regions with a larger proportion of arable land and wetlands are associated
with higher WNV incidence. Humans are particularly at risk in areas close to rice paddies,
irrigated agriculture and wetlands, since these areas tend to attract susceptible mosquitoes and
birds (39). The percentage of discontinuous urban fabric populated areas of low to medium
density often characterized by peri-urban forest, gardens, parks, and ponds, such as residential
suburbs and villages, are also often cited as a driver of WNV infections in humans (44, 39). For
example, WNV infection outbreaks have been associated with urban settings in some countries
such as Romania, where people living in the basements of tall buildings were more at risk than
the rest of the population. This has been linked to a peri-domestic ecological behavior of some
mosquito vector species such as Cx. pipiens, which are urban mosquitoes commonly found
indoors (2). Other risk factors include outdoor activities and travelling. In fact, it has been
demonstrated that spending more time outdoors or travelling to endemic regions constitute a
risk of contracting WNV since individuals might get more exposed to mosquito bites. The main
outdoor occupations at risk appear to be farm workers, loggers, landscapers and
groundskeepers, construction workers, painters, summer camp workers, pavers, soldiers and
security guards, among others. Healthcare, laboratory workers, veterinarians, animal handlers,
animal slaughterers, and butchers appear also to be at risk of contracting WNV due to the
possibily of getting exposed to the virus via needlesticks, accidental cuts, or contamination of
open wound coming in contact with WNV infectious materials (2).
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Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

Cases of WNV infection should be notified following the EU case definition outlined to the
ECDC. List of case definitions for reporting communicable diseases to the Community network
follow the Commission Implementing Decision (EU) 2018/945 of 22 June 2018 on the
communicable diseases and related special health issues to be covered by epidemiological
surveillance as well as relevant case definitions (https://www.ecdc. europa.eu/en/all-topics/eu-
case-definitions).

A. Clinical criteria:
At least one of the following:
e any person with fever
e encephalitis; and/or
® meningitis
B. Laboratory criteria:
Laboratory test for case confirmation at least one of the following:
e isolation of WNV from blood or cerebrospinal fluid (CSF).
e detection of WNV nucleic acid in blood or CSF.
e WNV-specific antibody response (immunoglobulin M; IgM) in CSF; and/or
e WNV IgM high titre, detection of WNV IgG and confirmation by neutralisation
Laboratory test for probable case:
WNV-specific antibody response in serum.
C. Epidemiological criteria at least one of the following epidemiological links:
e Animal to human transmission (residing, having visited or having been exposed to
mosquito bites in an area where WNV is endemic in horses or birds).
e Human to human transmission (vertical transmission, blood transfusion, transplants).

Case classification:

A. Possible case

Not applicable

B. Probable case

Any person meeting the clinical criteria and with at least:

an epidemiological link; and

a laboratory test for a probable case.

C. Confirmed case

Any person meeting laboratory criteria for case confirmation.

Note: Serological results should be interpreted according to previous exposure to other
flavivirus infections and vaccination status. Confirmed cases in such situations should be
validated by serum neutralisation or other equivalent assays (ECDC).

Notification system

WNF is a notifiable disease in humans and in equids at the EU level. Notifications of human
WNF cases in Europe are collected through the European Surveillance System (TESSy) of the
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ECDC. Between June and November, the period of high vector activity, the ECDC publishes
weekly updated maps of human cases and complementary information on animal and vector
WNYV infections based on data provided by the World Organisation for Animal Health (WOAH)
and European countries. The yearly analyses of TESSy data are published in the ECDC annual
epidemiological report and jointly with the European Food Safety Authority (EFSA). EU countries
report outbreaks of WNV encephalomyelitis in horses to the European Commission (EC) via the
Animal Disease Notification System (ADNS) and regular summaries are posted online. The data
from WNV monitoring in animals is reported annually by EU countries under Directive
2003/99/EC and presented in the annual EFSA/ECDC EU Summary Report on Trends and Sources
of Zoonoses, Zoonotic Agents and Food-borne Outbreaks. Animal WNF outbreak data reported
to the WOAH are publically available on the World Animal Health Information Database (WAHIS)
interface (8).

In 2021, 25 Member States (MSs) reported information on WNV infections in humans (The
European Union One Health 2021 Zoonoses Report, 2021). Surveillance is mandatory in 23
countries; in France it is voluntary, while Germany did not specify its surveillance system. There
is no surveillance system in place in Denmark and the disease is not notifiable or reported at EU
level. The EU case definition was used by 23 MSs, France reported another case definition, while
Germany did not specify the case definition used. All countries conducting surveillance had a
comprehensive surveillance system with full national coverage, except Germany, which did not
specify the surveillance system but had full national coverage. All countries reported case-based
data.

WNYV surveillance in animals involves mostly passive surveillance, including surveillance
based on the diagnosis of neuro-invasive cases in equids, but some countries implement active
surveillance of equids and/or captive birds and/or wild birds. Alongside EU MSs, Switzerland
submits reports to EFSA on animal surveillance and monitoring activities in animals. Two sources
of information are used to complete this report. Firstly, data are submitted to EFSA by EU MSs
and Switzerland from annual surveillance and monitoring activities in accordance with Directive
2003/99/ EC. WNV is listed in Annex |, Part B (viruses transmitted by arthropods) as a virus to be
monitored, if warranted by the epidemiological situation in an MS, in compliance with Article
4.1 of the same Directive. Secondly, it is mandatory for MSs to notify outbreaks of equine and
avian WNV to ADIS,41 in accordance with CIR (EU) 2020/2002.

Infrastructure capacity to identify pathogens for each member
State

Based on a survey conducted by the ECDC to collect information on the current WNV
surveillance and control capacities across the European Union/European Economic Area
(EU/EEA) countries, European Neighbourhood Policy (ENP) partner countries and EU
candidate/potential candidate countries (European Centre for Disease Prevention and Control;
Vector control practices and strategies against West Nile virus. Stockholm: ECDC; 2020), eighty-
three percent of the EU/EEA countries, ENP partner countries and EU candidate/potential
candidate countries have implemented at least one method of WNV surveillance. The most
common passive WNV surveillance method for all countries is the detection of human cases,
followed by surveillance on dead animals. The most common method of active WNV surveillance
is mosquito screening, followed by sentinel bird screening and sentinel equid screening. The
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majority of the countries conduct routine vector surveillance (abundance monitoring), but less
than 15% perform pesticide resistance testing, and even where this is done, this is not
implemented systematically.

Estimated influence of environmental change on the disease
future trends

After the two major peaks observed in 2018 and 2022, which coincide with two of the hottest
years recorded in Europe, changes in the epidemiological pattern of WNV circulation in Europe
are expected to occur in the coming years (EFSA report, 2021; (144).

As explained in the “drivers of disease emergence” section, global warming characterized by
increased temperatures and extreme weather events is expected to create a suitable
environment for diverse populations of mosquito species, as Cx. pipiens, and to increase the
WNV transmission in Europe. This highlights the importance of European-wide integrated
surveillance to cover human animals and vectors, detecting WNV host and vector distribution
(117).

Italy and other EU countries experienced an important peak of WNV circulation in 2022.
Particularly, the Italian 2022 vector season was marked by an early onset of viral circulation in
mosquitoes and birds while human infections started at the beginning of July, with a rapid
increase in the number of cases (13). Furthermore, most human cases of WNND reported in
Europe occurred in Italy in 2022.

Projections show up to 5-fold increase in WNV risk for 2040-60 in Europe, depending on
geographical region and climate scenario, compared to 2000-20 (14). The proportion of disease-
reported European land areas could increase from 15% to 23-30%, putting 161 to 244 million
people at risk. Across scenarios, Western Europe appears to be facing the largest increase in the
outbreak risk of WNV. The increase in the risk is not linear but undergoes periods of sharp
changes governed by climatic thresholds associated with ideal conditions for WNV vectors. This
will require a targeted public health response to manage the expansion of WNV with climate
change in Europe (14).
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Biological, ecological and molecular features of the causative
agent

Disease name

Zika, Zika fever, Zika virus infection

Disease agent

Zika virus (ZIKV)

Common, scientific and Latin name

The Zika virus (ZIKV) is the causal agent responsible for Zika virus infection or Zika fever. Zika
is an arthropod-borne viral disease transmitted by mosquito species of the Aedes genus,
predominantly by Ae. aegypti and to a lesser extent by Ae. albopictus. ZIKV was first identified
in Uganda in 1947 in a Rhesus macaque monkey that was caged in the canopy of Zika Forest,
near Lake Victoria (1). The second isolation was made from Ae. africanus mosquitoes were
caught in the same forest in January 1948 (2). Thus, ZIKV received its name from the
geographical area where the initial isolations were made.

Taxonomy

Zika virus is a small enveloped single-positive-stranded RNA virus belonging to the Flavivirus
genus, of the Flaviviridae family. Its genome contains approximately 10.7 kb coding for three
structural proteins forming the virion particle: the capsid (C), the pre-membrane/membrane
(PrM/M), and the envelope (E), and seven non-structural proteins responsible for viral genome
replication, modification of host cellular functions and immune responses: NS1, NS2A, NS2B,
NS3, NS4A, 2K, NS4B, and NS5 (3,4). Beyond ZIKV, the genus Flavivirus comprises 52 other viral
species, including the West Nile virus, yellow fever virus, dengue virus (DENV), chikungunya virus
(CHIKV), tick-borne encephalitis, St. Louis encephalitis, Langat virus, the Modoc virus, Rio Bravo
virus, the Powassan virus, and the Japanese encephalitis virus. ZIKV is genetically and
antigenically related to all of them and more specifically to the Spondweni virus (5). Both viruses
form a unique clade (clade X or Spondweni serocomplex) within the mosquito-borne flavivirus
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cluster. Based on phylogenetic analyses ZIKV strains were grouped into three major lineages:
East African, West African, and Asian/American (6,7).

Physiochemical properties

Similar to other Flaviviruses, ZIKV is stable at slightly alkaline pH (8.0) and low temperatures
(especially at -60°C or below) and for at least 6 h in liquid aerosol suspension at room
temperature and 23-80% humidity. On the other hand, ultra-low temperatures preserve
infectivity almost indefinitely and once freeze-dried they also survive almost indefinitely at room
temperature (8). More recent experiments showed that routinely used disinfectants and
alcohols are sufficient to inactivate ZIKV in the laboratory. Complete loss of infectivity was
observed after virus exposure to 1% hypochlorite, 2% paraformaldehyde, and 2%
glutaraldehyde (9). Exposure for 10 minutes entirely inactivated ZIKV in the presence of 2.5%
FCS serum; increasing concentrations of serum reduced the antiviral effects of UV light. Gloves
routinely used in BSL-2 laboratories protect against ZIKV (9).

Regarding the environmental stability of ZIKV, experiments showed that commonly used
disinfectants and UV radiation can inactivate dried ZIKV. Additional experiments demonstrated
that dried ZIKV remained infectious for >3 days suggesting that dried droplets can be infectious,
and confirming that proper surface disinfection is essential. The virus was stable at temperatures
up to 50°C but lost all infectivity at temperatures of >60°C. Thus, virus-contaminated materials
such as surgical instruments can be decontaminated by heat. Experiments also found that ZIKV
infectivity was highest after adjusting the stock to a pH of =9. In contrast, adjusting ZIKV to pH
12 or to <pH 4 abrogated infectivity (9).

Priority level for EU

ZIK is not endemic in Europe, but like other Aedes-borne viruses, it has the potential to
emerge following the importation of the virus in the European regions and areas colonized by
one of the main competent vectors Ae aegypti (currently established in Madeira) and to a lesser
extend Ae albopictus (currently established in 18 countries including Switzerland and UK,and
337 regions of mainland Europe) (10,11). Up to date, European zika cases reported to the
European Centre for Disease Control (ECDC) are sKoradic and mostly travel-associated
(travellers returning from endemic areas). To our knowledge, sporadic autochthonous sexually
transmitted ZIKV infections were reported in France, Germany, Italy and Norway from 2016 to
2019 (12-15), three autochthonous vector-borne transmissions were identified in France in
2019 (16) and few unidentified transmission events occurred in Germany (17).

Considering the frequency of travellers between high-incidence areas in the world and the
European Union (EU) and the past experiences in France (16), the risk of more ZIKV outbreaks in
continental Europe is not unlikely. The large outbreak in South America in 2016 led to an
increased concern about the virus getting introduced in the EU/ European Economic Area (EEA)
and potential local transmission. In March 2016, a surveillance of zika started with the main
objectives of detecting the locally acquired/autochthonous cases in the EU/EEA early, and timely
reporting of travel-associated cases, particularly those residing in areas where Ae. albopictus is
established, to trigger appropriate control measures (18).

The risk of larger-scale zika outbreaks in the European region, as the ones seen in South
America in 2016, is currently considered moderate to low (as of 2022). Mainly because Ae.
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aegypti, the main vector of ZIKV is not widely present in Europe, although it is established in
limited areas, such as Madeira Island and the north-eastern Black Sea coast. Ae. albopictus, a
potential vector for ZIKV transmission is present in 18 European countries (as of February 2023),
primarily in the Mediterranean Basin. However, the likelihood of ZIKV spread in countries where
Aedes mosquitoes are present should be seen as high or moderate, since in several European
countries there is a suitable climate for the establishment of competent mosquitoes, including
some countries with a history of transmission of DENV or CHIKV, higher ship and flight
connections as well as high population density and urbanization patterns favourable to human-
specialist populations of Aedes.

Distribution of the pathogen

ZIKV was first detected in 1947 in rhesus monkeys in the Zika jungle of Uganda. In humans,
the first report was in 1952 from Uganda and the United Republic of Tanzania. Infections have
since been reported in Africa, the Americas, Asia and equatorial Pacific Island countries. In 2015
and 2016, high temperatures and severe drought conditions provoked a major outbreak in South
America. Although, the number of reported outbreaks decreased from 2017, in 2023, 92
countries and regions had already experienced current or past transmission events (19). As with
every emerging arthropod-borne virus (arbovirus), ZIKV distribution and spread depend on the
distribution and spread of its competent vectors. Ae. aegypti and Ae. albopictus are known to
be the main vectors of ZIKV (20).

Ae. aegypti originated from Africa and has a worldwide distribution, mainly in tropical
regions. This mosquito species was probably imported to America and the Mediterranean by
ship from Africa (21). The ship carrying tanks of fresh water on board could retain colonies of
Ae. aegypti favouring its dispersion from one continent to another. It was observed sporadically
in Europe from the Atlantic coast (Britain, France, and Portugal) to the Black Sea, in the first half
of the 20th century, which shows a wide dispersion compared to today (22). This species was
common before the Second World War in the Mediterranean region (present in Spain up to
1953, Portugal up to 1956 and Madeira up until 1977-79), and it disappeared from Southern
Europe and North Africa after this period. This may be attributed to the use of DDT (dichloro-
diphenyl-trichloroethane), a synthetic insecticide (now prohibited in many places due to its high
impact on the environment and public health) used in malaria eradication programs (23).
Sporadic occurrences were observed in Britain, France, Malta, Italy, Croatia, Ukraine, Russia and
Turkey (24). It was recently re-established in the island of Madeira (Portugal) in 2004 and 2005
(24), observed for the first time in the Netherlands in 2010, in relation to imported used tires
(25).

Ae. albopictus originally came from the tropical and subtropical areas of Southeast Asia;
however, it spread to other countries through cold- and dry-resistant eggs in used tires and the
plant Lucky Bamboo during the past three decades (26). It was first found in Europe in Albania
in 1979 by a shipment of goods from China (27). Then, it was introduced to Italy through the
port town of Genoa in used tires from Georgia (USA) in 1990. This species dispersed across
mainland ltaly, as well as parts of Sicily and Sardinia in 1990-1991. Ae. albopictus was then
established in France in 1999, especially in the south. In 2002, it was also found in the tourist
city on the island of Corsica. After that, the species spread in Belgium in 2000 and 2013, in
Montenegro in 2001, in Canton Ticino in Southern Switzerland, Greece in 2003, 2004 Spain and
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Croatia in 2004, the Netherlands and Slovenia in 2005, and in Bosnia and Herzegovina in 2006

(28). The map of the distribution of Ae. albopictus in Europe in 2023 is presented in Figure 1.
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Figure 1. Ae. albopictus distribution in Europe in 2023
(source: European Centre for Disease Prevention and Control and European Food Safety Authority. Mosquito maps
[internet]. Stockholm: ECDC; 2023. Available from: https://ecdc.europa.eu/en/disease-vectors/surveillance-and-
disease-data/mosquito-maps Ecology and trasmission routes)

Ecology and transmission routes

Zika virus (ZIKV) is a neurotropic flavivirus. In humans, the incubation period of ZIKV may vary
from 3 to 14 days and the infectious period from 2 to 7 days. Most of the infections are
asymptomatic. Symptomatic infections may cause from mild symptoms such as fever, rash,
conjunctivitis, muscle and joint pain, malaise and headache to severe neurological
manifestations in adults and the developing foetus. Neurological manifestations include
Guillain-Barré like syndrome, neuropathy and myelitis in adults and children (29,30). In February
2016, the causal relationship between ZIKV infections and microcephaly in developing foetus
was confirmed and considered until November 2016 as a Public Health Emergency of
International Concern (PHEIC) by the World Health Organization (WHO). Mild symptoms are
common to other arboviral and non-arboviral diseases; thus, the diagnosis of ZIKV infection
requires laboratory confirmation. Transmission of ZIKV can be mosquito-borne, sexual,
transfusion-based, or vertical (maternofoetal).
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Mosquito-borne: The primary mode of transmission of ZIKV is mosquito-borne transmission
with Ae. aegypti is the major vector for ZIKV (31). Ae. aegypti is present in all tropical regions of
the world, placing those at the highest risk of new outbreaks. The widely distributed Ae.
albopictus can also transmit ZIKV but seems to play a minor role in the recent outbreaks (it was
reported as the potential vector only in Gabon in 2007 and recently in sporadic cases in France)
(32,33) (34). Other Aedes species with limited geographic distributions can also transmit zika,
for instance, Ae. hensilli on Yap Island or Ae. polynesiensis in French Polynesia (35,36).

Conflicting studies suggest that mosquitoes belonging to other genera, mainly Culex
mosquitoes, which transmit West Nile and Japanese encephalitis viruses, might be involved in
ZIKV transmission (37—39) (40) (41).

Sexual: ZIKV sexual transmission has been suspected since 2008 when a traveller returning
from an endemic area infected his partner who was in a region where vectors were absent (42).
Sexual transmission is possible from both asymptomatic and symptomatic infections through
genital, oral, and anal intercourse (43).

In men, ZIKV RNA shedding was demonstrated in two-thirds of semen samples tested within
30 days of iliness onset, which decreased substantially within a month (44). ZIKV RNA can persist
for several months in semen, but infective particles seem to be limited to the first weeks of
illness, making the presence of ZIKV RNA an unreliable indicator of the presence of infectious
ZIKV (44). The presence of ZIKV RNA in vaginal secretions is rare (around 2%) and its persistence
is thus difficult to assess (45). The effect of zika on male fertility is a matter of concern. The testis
is an immune-privileged organ, protected by the blood-testis barrier to protect
spermatogenesis. Despite this mechanism, pathogens such as ZIKV can persist in the male
genital tract. The consequences of this on male fertility need to be determined. Acute zika may
alter the quality of sperm with evidence of a decreased sperm count between day 7 and day 60
after infection. Total motile sperm count decreased by 50% at day 60. Inhibin values increased
until sperm count recovered (after 120 days) (46).

Transmission through Blood Transfusion: Given the presence of ZIKV in blood donors, and
the report of four possible cases of transfusion-associated transmission of the virus, ZIKV should
be classified as a potential transfusion-transmitted disease (47). This emerging disease is a
challenge for blood banks, and strategies should be implemented to prevent transmission by
blood transfusion.

Maternofoetal: Perinatal transmission of the ZIKV was first reported during the French
Polynesian outbreak in 2013 (48). Viral RNA was detected in the amniotic fluid of pregnant
women suffering from symptoms compatible with ZIKV infection, and later in foetal brains and
products of miscarriages, supporting maternofoetal transmission of the virus (49,50). Vertical
transmission will not occur in all pregnant women infected with the ZIKV and symptomatic
congenital infection will not be observed in all exposed foetuses, similar to cytomegalovirus and
toxoplasmosis (51). The exact rate of vertical transmission and congenital infection remains to
be identified. Infectious viral particles have been detected in breast milk, but neonatal
transmission by breastfeeding has so far not been described (52).
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Drivers of the disease emergence and spread

Ecological drivers

ZIKV spreads primarily by vector-borne transmission. Therefore, its emergence and spread
are conditioned, among other factors, by the distribution of the competent vectors. Mosquito
population dynamics is itself affected by multiple components which partly depend on
ecological drivers, such as temperature, precipitation or relative humidity (53,54).
Environmental conditions including land cover and urbanization also play a critical role in Aedes
spp. establishment, favouring vector settlement and proliferation after its introduction (55). In
urban environments, some facilities are favourable to the production of breeding sites, such as
gardens, terraces and green spaces. Those facilities are conducive to the coexistence of high
vector and human population densities (56). Although, Ae. albopictus is known as less efficient
to transmit the ZIKV than Ae. aegypti, its high level of eco-physiological plasticity allowed it to
adapt to temperate environments and largely dispersed all over the world (57).

Moreover, the temperature seems to affect the vector/virus couple relationship including
vector competence accelerating the ZIKV replication in the vector, the vector survival rate and
the hatching rate at high temperatures (58). Favoured by high temperatures, ZIKV vector
transmission events appear to be stricter than those of other Aedes-transmitted viruses, such
as dengue. One study showed that ZIKV transmission required a minimal temperature of 5°C
warmer than DENV (59).

Natural history of disease in humans and animals, including
symptoms, morbidity and mortality

Brief history of the pathogen and disease

ZIKV was first discovered in 1947 and is named after the Zika Forest in Uganda (1). In 1952,
the first human cases were detected and since then, outbreaks of zika have been reported in
tropical Africa, Southeast Asia, and the Pacific Islands. Zika outbreaks have probably occurred in
many locations. From the 1960s to the 1980s, sporadic human infections were detected across
Africa and Asia. Since 2007, outbreaks of zika have been recorded in Africa, the Americas, Asia,
and the Pacific. Because the symptoms of zika are similar to those of many other diseases, many
cases may not have been recognized. The first European autochthonous zika cases were
reported in 2016 for sexual transmission and in 2019 for vector-borne transmission (12,15,16).

Disease in humans

Most ZIKV infections are asymptomatic or with mild clinical symptoms, however, infection
during pregnancy can cause congenital microcephaly and other brain defects, Guillain-Barre
syndrome, stillbirth and miscarriages (60). Serological evidence showed that ZIKV infection is
associated with neurological disorders, such as increased intraocular pressure, resulting in
damage to optic nerves which triggers a causal relationship with glaucoma (61). About 20—-25%
of infected patients usually develop the following symptoms; skin rashes, headache, fever, joint
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pains and conjunctivitis, with an incubation period of about one week. Besides, some patients
also vomit, have diarrhoea, redness of eyes, weakness, oedema, abdominal pain, loss of
appetite, and experience of hematospermia (40). Detection of viral RNA in the amniotic fluid,
placenta, and brain tissue of foetuses and infants with microcephaly, and the high rates of
microcephaly among children born to mothers with proven acute ZIKV infection during
pregnancy, provided strong evidence linking central nervous system anomalies to maternal
infection (49,62).

Unlike some congenital pathogens, the ZIKV seemed to harbour a specific neurotropism (63).
Major anomalies observed in foetuses and neonates include microcephaly, ventriculomegaly,
diffuse calcifications, cerebral atrophy, signs of abnormal gyration, cortical development, and
ocular anomalies that might lead to severe mental retardation and substantial motor disabilities,
and (27) visual and auditory impairments (63). Microcephaly might not always be observed, as
a normal head circumference was observed in 20% of ZIKV congenital syndromes (64); screening
for microcephaly at birth is thus not sufficient to detect congenital syndromes (65). Head growth
deceleration has been reported in infants born with a normal head circumference, leading to
the development of microcephaly after birth (66). The clinical presentation of ZIKV infection is
similar in pregnant and non-pregnant women, and congenital infection is possible even in
asymptomatic women (64).

Availability of preventive, therapeutic and control measures,
including licensed or pipelines vaccines

Therapy in humans

There is no antiviral-specific treatment.

Licensed or pipelined vaccines

As of 2022, no effective vaccine to prevent zika infection is licensed and available (67). A wide
variety of drug formulations are being studied; and among those being tested are live virus
vaccines, inactivated vaccines, whole-virus vaccines, subunit vaccines, and messenger RNA
(mRNA), DNA, protein, and vector-based formulations (67).

Other prevention measures

In the absence of therapeutic strategies and licensed vaccines, efficient vector control plays
a crucial role in ZIKV prevention (68). Integrated anti-virus control is required and should include:
a) epidemiological surveillance; b) environmental management focusing on educative actions to
eliminate potential mosquito breeding sites and reduce standing water sites; c) chemical control
using repellents (mainly for travellers and pregnant women) and insecticides, respecting the
vectors resistance; and d) biological control against eggs, larvae and mosquitoes (69-72).
Current guidelines also recommend 6 months with protected intercourse for travellers returning
from endemic areas (73).
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Disease-specific recommendation

WHO recommends that pregnant women avoid travelling to areas with ZIKV transmission,
particularly during outbreaks, based on the increased risk of microcephaly and other severe
congenital malformations. All residents of, and travellers to areas with ongoing or historical ZIKV
transmission should be mindful of preventing mosquito bites and be able to make informed
decisions on whether to practise protected intercourse, abstain from sex, or avoid/delay
pregnancy. Pregnant women and their partners, and anyone planning pregnancy should be
provided with comprehensive information about the risks associated with ZIKV infection,
especially before travelling (17,74).

Recommendations of the United States (US) Centres for Disease Control and Prevention
(CDC) regarding preconception counselling are that men should use condoms for 3 months after
returning from endemic areas (or after the last possible ZIKV exposure) and that women wait
for two months before trying to conceive. These recommendations seem reasonable as the
longest interval between infection and sexual male-to-female transmission ever reported is 44
days with a peak infectivity at 2 weeks. The risk of intrauterine transmission among ZIKV-
infected women trying to conceive near the end of the recommended 8-week period is thought
to be small as 95% have no detectable ZIKV RNA in serum after 6 weeks from disease onset.
According to the US CDC, all pregnant women returning with possible ZIKV exposure should be
tested, regardless of symptom status. Women living in areas of active virus circulation should
avoid pregnancy, those not living in endemic areas should be advised to avoid travelling in
endemic countries, and all pregnant women should avoid sexual contact with partners with the
same exposure risks.

Travellers who visit areas endemic for Aedes-borne diseases (e.g. CHIKV, DENV, ZIKV) and
reside in areas of mainland EU/EEA where Ae. albopictus and/or Ae. aegypti mosquitos are
established and should continue to apply personal protective measures after their return for a
period of about two weeks (17).

Medical practitioners in travel clinics should be aware of the current ZIKV epidemiology
during their pre-travel individual risk assessments. Health professionals providing antenatal
care, obstetricians and paediatricians should also be aware of current ZIKV epidemiology to
identify and investigate pregnant women exposed to ZIKV during their pregnancy and monitor
the neurological development of their children. Clinicians should also remain alert to the risk of
ZIKV infection in travellers returning from areas with ongoing or past transmission and the risk
to their sexual contacts in the EU/EEA.

Epidemiological situation at different spatial scales: past and
current trends

ZIKV circulated sporadically in Africa and Asia between 1964 and 2007 without major public
health impact. The first outbreaks that significantly affected public health occurred in 2007, in
Micronesia, and in 2013 in the Pacific islands (75,76). In 2015, a major outbreak stroked South
and Central America (77). To our knowledge, to date, ZIKV circulates in approximately 87
countries and territories of both tropical and subtropical regions (78). The increasing number of
cases since 1964 might be associated with the expansion of urban populations, global travel and
commerce, climate change, and a paucity of mosquito control programs. Following the same
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drivers, the low number of cases since 2020 might be associated with both underreporting and
a reduction of global travel during the covid pandemic.

In link with the global epidemic of zika and in particular the epidemic in South America, the
highest number of cases in the EU/EEA countries were reported in 2016 (n = 1 925; 20 countries).
The majority of cases were travel-related (imported cases). In Europe, there was no
autochthonous vector-borne transmission reported; however, there were 21 locally acquired
cases via a sexual transmission (n =20) and vertical transmission (n =1). Over half of the cases
were reported by France and most were linked with travel to the French overseas territories in
the Caribbean (79). The number of cases reported by EU/EEA countries has been declining
steadily since 2016 when the highest number of notifications was observed. In 2021, three
EU/EEA countries reported seven human cases, the lowest number ever reported since the start
of the EU/EEA surveillance in 2016 (17). Surveillance was mostly passive in reporting countries.
The cases were reported by Spain (n=4), Germany (n=2) and Luxembourg (n= 1). Among the
cases reported in 2021, two were reported in January, two between May and June, and three
from September to November. For 2021, all the cases were imported from outside the EU/EEA.
The location of infection of the index case was known for six cases: two occurred in Cameroon,
one in Benin, one in Sierra Leone, one in Cuba, and one in Thailand (17). The only autochthonous
vector-borne transmission cases in the EU/EEA occurred in France, in 2019 (16).

Sociological and demographical dimension affecting
susceptibility and exposure, including gender

As the ZIKV has circulated for several decades with sporadic or silent transmission to human
beings and no reported epidemics, it was surprising when it suddenly emerged as a major public
health problem. Although the epidemic potential of the virus has changed, allowing epidemic
transmission, it is unclear whether the virulence has changed. Because of the close genetic and
epidemiological relationship between DENV and ZIKV, the same demographic, societal, and
technological factors that drove the emergence and spread of the pandemic dengue virus
probably also were factors in the emergence and spread of ZIKV (80). Economic growth in
tropical developing countries was a major driver of unprecedented and unplanned urban
growth, which provided the ideal ecological conditions for increased Aedes mosquito
populations living in intimate contact with crowded human populations (80).

This, combined with ineffective mosquito control and modern transportation, provided the
ideal mechanism to transport both mosquitoes and viruses around the world. As with DENV, the
resulting increased transmission expanded the probability of genetic change in ZIKV and thus
led to the emergence of viruses with greater epidemic potential and virulence. Therefore,
globalisation facilitated the geographical spread of these new viral strains.
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Diagnostic procedures and notification systems used at local,
national and European scale

Diagnosis

The ZIKV can be detected only in plasma or serum during acute illness. Compared with serum,
urine was reported to increase the detection rate of viral RNA within the first week after
symptom onset and expand the window of detection, as viral RNA was detectable up to 39 days
after exposure (81). For Diagnosis of ZIKV infection, reverse transcriptase polymerase chain
reaction (RT-PCR) and serum IgM antibodies detection are the common practices. In pregnant
women infected with the virus, both RT-PCR, on serum and whole blood, and serology should
be considered at any time (82); however, laboratory confirmation of foetal infection during
pregnancy is challenging. Detection of ZIKV RNA in blood, urine, and amniotic fluid can be
negative or transient, despite the proven presence in the foetus (83).

Conversely, the virus can be detected in pregnant mothers or amniotic fluid without foetal
abnormalities. Sensitivity, specificity, and negative and positive predictive values of detection of
ZIKV RNA in amniotic fluids are unknown, challenging maternal counselling. For infants with
possible congenital ZIKV infection, RT-PCR should be performed within the first 2 days of birth
on both serum and urine, and IgM ELISA should be performed on serum. Molecular and serology
diagnosis tests are commercially available.

Infrastructure capacity to identify pathogens for each member
state

ZIKA is among the communicable diseases that according to the Commission Implementing
Decision (EU) 2018/945 are covered by epidemiological surveillance. It means that EU member
states are required to establish a national capacity for the detection and reporting of human
cases. The decision provides a case definition and laboratory criteria:

1. Probable case
a. Detection of ZIKV-specific IgM antibodies in a serum sample.
1. Confirmed case at least one of the following:
a. Detection of ZIKV nucleic acid in a clinical specimen;
b. Detection of ZIKV antigen in a clinical specimen;
c. Isolation of ZIKV from a clinical specimen;
d. Detection of ZIKV specific IgM antibodies in serum sample(s) and confirmation by
neutralization test;
e. Seroconversion or a four-fold increase in the titre of Zika-specific antibodies in paired
serum samples.

Diagnosis is routinely made by clinical microbiology laboratories, and there is no European-

wide reference laboratory network or national laboratories in most EU countries.
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Estimated influence of environmental change on the disease
future trends

As for other Aedes-borne diseases, zika distribution will be affected by climate change (52).
The effect of climate change on El Nifio was suggested has impacting ZIKV transmission (51). An
assessment of the relationship between climate change, in particular the future temperature
change and ZIKV transmission, showed that in the worst-case scenario, over 1.3 billion new
people could face suitable transmission temperatures for ZIKV by 2050. Substantially increased
ZIKV transmission temperature suitability was predicted in North America and Europe, where
naive populations might be particularly vulnerable. Mitigating climate change even to moderate
emissions scenarios could significantly reduce the global expansion of climates suitable for ZIKV
transmission (84).
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