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Abstract

Switzerland has one of the highest annual Legionnaires’ disease (LD) notification rates in Europe (7.8 cases/100,000 popu-
lation in 2021). The main sources of infection and the cause for this high rate remain largely unknown. This hampers the
implementation of targeted Legionella spp. control efforts. The SwissLEGIO national case—control and molecular source
attribution study investigates risk factors and infection sources for community-acquired LD in Switzerland. Over the dura-
tion of one year, the study is recruiting 205 newly diagnosed LD patients through a network of 20 university and cantonal
hospitals. Healthy controls matched for age, sex, and residence at district level are recruited from the general population.
Risk factors for LD are assessed in questionnaire-based interviews. Clinical and environmental Legionella spp. isolates
are compared using whole genome sequencing (WGS). Direct comparison of sero- and sequence types (ST), core genome
multilocus sequencing types (cgMLST), and single nucleotide polymorphisms (SNPs) between clinical and environmental
isolates are used to investigate the infection sources and the prevalence and virulence of different Legionella spp. strains
detected across Switzerland. The SwissLEGIO study innovates in combining case—control and molecular typing approaches
for source attribution on a national level outside an outbreak setting. The study provides a unique platform for national
Legionellosis and Legionella research and is conducted in an inter- and transdisciplinary, co-production approach involving
various national governmental and national research stakeholders.

Keywords Legionella spp. - Legionnaires’ disease - Case—control study - Whole genome sequencing - Surveillance -
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Background
Members of The SwissLEGIO Hospital Network are listed in the Legionnaires” disease (LD) is a severe form of pneumonia
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found in freshwater environments and soil. The bacterium
is facultative intracellular and replication in amoeba is likely
the predominant mechanism for its proliferation. This inter-
action with amoeba plays an important role in the persis-
tence and release of Legionella spp. from its environmental
reservoirs [3, 4]. Transmission to humans occurs through
inhalation of aerosols or aspiration of water containing
Legionella spp. In the lung, Legionella spp. is phagocytosed
into alveolar macrophages, where it replicates intracellularly
[5]. Human-to-human transmission is a rare exception [6].

In Switzerland, LD is notifiable to the Federal Office of
Public Health (FOPH) [7]. Similar to trends observed in
other European countries [8], notification rates for LD in
Switzerland continue to rise. In 2021, the notification rates
reached a new high of 7.8 cases per 100,000 population [2].
About 70-80% of all reported LD cases in Europe, includ-
ing Switzerland, are community-acquired, about 15-20%
of cases are travel-associated, and only about 5% are noso-
comial acquired. [2, 9]. Additionally, the majority of LD
cases are occurring sporadically, in contrast to outbreaks or
clusters. To date, numerous sources including showerheads,
dental units, cooling towers, and fountains have been linked
to community-acquired Legionella spp. infections (CALD)
[10, 11], yet little is known about their contribution to the
overall disease burden [12, 13].

Estimating the impact of infection sources on the over-
all disease burden is difficult. In order to draw any signifi-
cant conclusions on the contribution of a potential infection
source to the disease burden, a sizable proportion of LD
patients must be screened as LD remains relatively rare'
[14]. Regional variability in notification rates additionally
suggests that infection sources might differ between regions
[15, 16], hampering the generalisability of results to different
geographic areas. To link a LD case to an infection source,
genomic comparison of Legionella spp. isolates recovered
from patients with LD and from the environment is required.
Such molecular epidemiological investigations are resource-
intensive and challenging for multiple reasons: First, clini-
cal Legionella spp. isolates are recovered from only about
5-10% of patients in routine surveillance [2, 8]. Second, the
ubiquity of the Legionella bacteria and the variable incuba-
tion period of 2—14 days for LD [5] requires consideration
of multiple potential infection sources for a single LD case
[17]. The incubation time may also create an inherent delay
of up to 14 days between the time a patient is infected and
the time environmental samples can be collected. The delay
between infection and environmental source investigation
might be further prolonged based on reporting timelines set
for case notifications by public health authorities” [7]. This

! Despite the strong increase in notification rates, only 678 cases
were reported in Switzerland in 2021.

2 Currently 7 days in Switzerland.
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prolongation of the period between the time of infection and
the investigation of the environmental source may reduce
the chances to successfully recover the disease-causing
Legionella spp. strains from a suspected infection source.
Finally, the recovery of Legionella spp. isolates may depend
on the chosen sampling approaches (e.g. exact sampling
location but also procedures) and sampling time points as
the detachment of bacteria from biofilms and their release
from amoeba may vary over time [18, 19]. Additionally, cul-
ture isolation of Legionella spp. from environmental samples
is labour intensive. It requires careful selection of culture
plates and pre-treatment conditions prior to plating (e.g. fil-
ter concentration, heat treatment) to optimise growth condi-
tions for Legionella spp. and minimise overgrowth of plates
by competing organisms. As a result, molecular source attri-
bution of sporadic CALD are primarily reported in single
case studies. From such studies is difficult to conclude on a
source’s contribution to the overall disease burden [10, 11].

Conducting a combined case—control and molecular
source attribution study allows to address some of the chal-
lenges outlined above. The case—control study design ena-
bles the exploration of various (including transient) host,
behavioural, and environmental exposure risk factors for
CALD [20-22]. Data obtained from case—control question-
naires can inform the sampling of potential environmental
infection sources, in turn, facilitating molecular source attri-
bution [23, 24]. For now, combined case—control and molec-
ular source attribution studies in Europe focused primarily
on urban settings or were part of outbreak investigations and,
thus, did not investigate any regional variability of infection
hazards [23-25]. The potential of combined molecular and
epidemiological approaches to investigate infection sources
for sporadic CALD cases at a national and general popula-
tion level has not yet been realised.

Herein, we present the study design of a national
case—control and molecular source attribution study
(SwissLEGIO). The study aims at investigating risk factors
and possible exposure sites for community-acquired, mainly
sporadic, LD cases across Switzerland. Engaging with a net-
work of 20 participating university and cantonal hospitals,
and collaborating closely with the Swiss National Refer-
ence Centre for Legionella (NRCL), the project creates a
framework that enables timely, nationwide recruitment of
patients with LD, and facilitates the collection and process-
ing of clinical Legionella spp. isolates. Together with the
Legionella Control in Buildings (LeCo) research consortium,
environmental source investigations are conducted within
days after case detection.
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Fig.1 Study design for the national case—control and molecular source attribution study on Legionnaires’ disease in Switzerland, SwissLEGIO.
The environmental sampling and sample analytics are conducted in collaboration with the LeCo Consortium

Methods
Study design and objectives

This research comprises of a one-year, prospective, national
case—control study applying whole genome sequencing
(WGS) to link LD patients to potential exposure sources
in Switzerland. Host, behavioural and exposure risk fac-
tors are investigated by conducting interviews with newly
diagnosed LD patients (cases) and healthy control subjects.
For patients, further parameters on the clinical, radiologi-
cal and laboratory characteristics, the clinical case manage-
ment, disease severity, and health outcomes are extracted
from electronic medical records. For a subset of cases and
controls, clinical and environmental Legionella spp. isolates
are collected and sequenced (Fig. 1).

The objectives of the SwissLEGIO study are: (i) To iden-
tify host, behavioural, and environmental risk factors for LD,
(i1) To attribute infection sources to LD cases by comparing
clinical and environmental Legionella spp. isolates using
WGS, (iii) To assess the genome sequence of Legionella
spp. differing in virulence and to identify potential traits
of more virulent strains, (iv) To assess strain diversity and
concentration of Legionella spp. in standard household
and other environmental samples,> (v) To explore the ill-
ness experiences of patients with LD, their health-seeking
and long-term quality of life, and (vi) To describe clinical,
laboratory, and radiological characteristics of LD and the
patient’s clinical case management.

3 A primary objective of the LeCo consortium.

The study involves multiple governmental and research
stakeholders. Since its inception, the FOPH, the NRCL, and
the Federal Food Safety and Veterinary Office (FSVO) are
involved as advisory and strategic planning partners. For
the implementation, we closely collaborate with a hospital
network consisting of 20 university and cantonal hospitals,
the NRCL, the Institute of Medical Microbiology (IMM) at
the University of Zurich, and the LeCo consortium led by
anag.4

Study setting, recruitment process and participation
eligibility

Cases of Legionnaires’ disease

The study includes newly diagnosed CALD patients from
all of Switzerland over a one-year period to account for
seasonal and meteorological impacts on infections. Patients
are recruited through a hospital network representing a sig-
nificant proportion of diagnosed LD patients (the network
collectively reported about 55% of all LD cases between
2018 and 2020) (Fig. 2). The decision to recruit through
hospitals and the selection of the participating hospital
sites were informed by previous research: in Switzerland,
diagnostic testing for Legionella spp. is mainly limited to
the hospital setting and, therefore, most reported cases are
identified at the hospital. In outpatient care, patients with
pneumonia are primarily treated empirically or are referred
to the hospital for further clinical and diagnostic evaluations

* Eawag — Swiss Federal Institute of Aquatic Science and Technol-
ogy, ETH Zurich.
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Fig.2 SwissLEGIO operational
flowchart for the recruitment
and the collection of data from
patients with Legionnaires’
disease: A Overview of the
SwissLEGIO hospital network,
B Data collection upon enrol-
ment, C Collection and analyt-
ics for clinical samples as part
of routine case management.
BAL Bronchoalveolar lavage,
NRCL National Reference Cen-
tre for Legionella, WGS Whole
genome sequencing, UZH
University Hospital Zurich

A: Legionnaires’ disease patient is diagnosed at one of the hospital sites, and the

central study team (Swiss TPH) is notified of the case by the clinical laboratory.
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[26]. An in-depth analysis of LD notification data in Swit-
zerland was used to identify hospitals notifying the most LD
cases and also showed that LD notification rates regionally
differ across Switzerland [2], highlighting the importance
to include patients from all seven greater regions (NUT-2
level).

For participating hospitals, individualised recruitment
procedures were developed to ensure that the study is
embedded optimally in each hospital’s existing workflows
and in order to help minimise the risk of missing any admit-
ted patients with LD and to optimise efforts to obtain clinical
Legionella spp. isolates from LD patients as part of their
routine clinical case management. In brief, the central study

@ Springer

f\? collaboration with UZH.

team at the Swiss Tropical and Public Health Institute (Swiss
TPH) is immediately informed by the hospital’s clinical lab-
oratory in case of a positive diagnostic Legionella spp. test
result. The central study team then coordinates with the hos-
pital’s appointed study physician or the attending physician
on the pre-assessment of the patient’s eligibility for partici-
pation (the eligibility criteria are summarised in Table 1) and
the subsequent enrolment. Written study-specific informed
consent is obtained by the study physician, a study nurse or
the central study team before the questionnaire-based inter-
view is conducted (Fig. 2). The study does not interfere with
the case management of enrolled patients.
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Table 1 Summary of eligibility criteria (inclusion and exclusion) for participation in SwissLEGIO

Inclusion criteria

Exclusion criteria

Cases e Living in Switzerland
e Speaking German, French, Italian or English

e Age> 18 years

o Health status (assessed by physician) well enough to provide informed consent and

to participate in the study

e Confirmed pneumonia defined as the presence of a new infiltrate (chest X-ray, ultra-
sound; or CT scan) PLUS clinical symptoms suggestive of pneumonia (fever, chills,

cough, sputum, dyspnoea, tachypnea, thoracic pain)

e Laboratory confirmed Legionella spp. infection (according to case definitions of a
probable or confirmed case by the Federal Office of Public Health)*

Controls e Living in Switzerland
e Speaking German, French, Italian or English

o Age > 18 years

e Health status well enough to provide informed consent and to participate in the

study

e Overnight stay at a hospital or rehabilita-
tion facility for at least one night during
the 14 days prior to onset of first symptoms
(healthcare-associated LD)

e Stay at a hotel, hostel, campground, Airbnb
or similar for more than seven nights during
the 14 days prior to onset of first symptoms
(travel-associated LD)

e Positive laboratory test result was avail-
able>7 days before study team was notified
of case

e Overnight stay at a hospital or rehabilita-
tion facility for at least one night during the
14 days incubation time of the correspond-
ing case

e Stay at a hotel, hostel, campground, Airbnb
for more than seven nights during the
14 days incubation time of the correspond-
ing case

e Flu-like symptoms or fever during the
14 days incubation time of the correspond-
ing case

*[solation of Legionella spp. from respiratory secretions or any primarily sterile site (culture) OR detection of L. pneumophila antigen in urine
(rapid urinary antigen test) OR detection of Legionella spp. nucleic acid in clinical samples (using e.g. PCR) OR positive Direct Fluorescent
Antibody staining of L. pneumophila OR positive serology for Legionella spp

Controls

One control per enrolled case is recruited from the general
Swiss population. Controls are selected from a dataset based
on the national census list, which comprises a random popu-
lation sample. The dataset is provided by the Swiss Fed-
eral Statistical Office [27]. A control matched to a LD case
for age (+5 years), sex, and location of residence (district
level/“Bezirksebene”) is chosen and contacted by e-mail or
postal mail as soon as a case has been enrolled. Following
the written invitation, the study team assesses the control’s
eligibility (Table 1), ability and willingness to participate
in the study by phone. Informed consent from controls is
obtained prior to the interview.

Sample size calculation

Calculation of the sample size was performed using Epi
Info™ 7 (Centers for Disease Control and Prevention, USA).
We consider the ubiquitous nature of Legionella spp. in the
environment and assume that 60% of controls are exposed
to a risk factor during the period of potential risk exposure
[23, 28]. Therefore, a sample size of 205 cases and 205 con-
trols is required to detect an odds ratio (OR) of 2 with 90%
power and alpha=0.05. We adjusted the size of the hospital
network to reach the required sample size within one year.

Data collection and piloting

For cases, data and biological samples are collected at three
different time points: (i) the treating physician obtains clini-
cal samples suitable for Legionella-specific culturing prior
to enrolment of the patient in the study, (ii) after informed
consent is obtained, a questionnaire-based interview on
potential risk exposures is conducted and electronic medi-
cal records are reviewed, and (iii) thereupon environmental
samples from potential risk exposure sites are collected for
a subset of cases. Preference for the environmental sampling
is given to cases from whom clinical Legionella spp. isolates
are available. For controls, the questionnaires-based inter-
view is conducted and environmental samples are collected
from a subset of controls matched to a LD case (for whom
environmental samples were also collected) (Fig. 1).

Data and biological sample collection were carefully
piloted in a two-step approach: in a first step, between
October 2020 and October 2021, direct recruitment of
patients with LD through the hospital was tested in col-
laboration with the University Hospital Basel. Moreover,
by interviewing newly diagnosed LD patients, the man-
ageability and comprehensibility of the questionnaire-
based case—control interview were assessed. In a second
piloting step, from March to June 2022, the participant
invitation process, the electronic data collection tools,
the coordination of the case—control interview, and the

@ Springer
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subsequent environmental sample collection, shipment,
and analysis were pretested with healthy volunteers.
Additionally, data collectors and laboratory staff of the
central study team were trained on the data collection and
laboratory processing of environmental samples. Finally,
the manageability and comprehensibility of the interview
completion guidelines and study-specific standard operat-
ing procedures (SOPs) on participant recruitment, sam-
pling and sample analysis were tested.

Clinical samples

Clinical samples suitable for Legionella-specific cul-
turing (such as sputum, Bronchoalveolar lavage (BAL),
tracheal or bronchial secretion or pleural fluid in case
of pleural effusion) are collected by the treating hospi-
tal physician as part of the routine clinical management
of the patient and, hence, prior to patient enrolment. To
enhance and promote the isolation of Legionella spp.
from LD patients, the participating hospitals reviewed
and, if required, refined their standardised diagnostic pro-
cedures to ensure clinical samples for Legionella-specific
culture are collected promptly for suspected or confirmed
LD cases; the collection of clinical samples can either be
triggered by a positive Urinary Antigen Test (UAT) for
Legionella or may occur prior to the LD diagnosis. After
LD is confirmed, hospitals’ clinical laboratories initiate
a Legionella spp.-specific culture on charcoal-based agar.
The isolates obtained are subsequently sent to the NRCL
as described in the guidelines for notifiable infectious dis-
eases from the FOPH [7]. If a clinical laboratory cannot
perform Legionella-specific culturing, clinical samples
can be sent directly to the NRCL for further processing
(i.e. culturing and serotyping). Upon enrolment, the study
team enquires if Legionella spp. could be isolated from
clinical samples and obtains written informed consent
from the patient for the use of the Legionella spp. iso-
lates in the study. Legionella spp. isolates are sent from
the NRCL to the IMM for WGS analysis (Fig. 2).

To maximise the number of clinical Legionella spp.
isolates that can be obtained in the hospitals’ routine
assessments, treating physicians are encouraged to col-
lect clinical samples for Legionella-specific culture from
every patient, irrespective of whether antibiotic therapy
has already been initiated. We expect to obtain clinical
samples suitable for Legionella-specific culturing for
about 50-60% of all patients (since LD is often associated
with dry cough, we assume insufficient sputum for some
patients) and to successfully isolate Legionella spp. from
about half of these samples [5]. We anticipate to analyse
one Legionella spp. isolate per patient [29].

@ Springer

Case—control questionnaire and patient records

Upon completion of the informed consent, the central study
team or a study nurse conducts questionnaire-based inter-
views with LD patients and controls. The questionnaire
is based on information from published LD data collec-
tion tools (either for routine assessment [30, 31] or other
case—control studies [21, 23]) and current literature on risk
factors and exposure sites for LD. Swiss federal stakeholders
in Legionella spp. control namely the FOPH, the FSVO, the
Federal Office of Energy (SFOE) and collaborating research-
ers from the LeCo consortium were consulted for inputs on
the questionnaire design.

The questionnaire consists of 20 sections and focuses on
the 14 days before the onset of illness for cases and the same
(matched) time period for controls. The questionnaire cov-
ers potential predisposing host risk factors for LD (e.g. age,
sex, co-morbidities), potential behavioural risk factors for
LD (e.g. regularly showering at sports facilities, gardening
habits) and investigates exposure to potential environmen-
tal infection sources (e.g. housing water installation, public
artificial water sources, natural water sources). For cases,
the questionnaire further covers the illness experiences of
patients with LD and their health-seeking (Table 2). Pre-
tested interviews lasted approximately 60 min and were well
received by patients and healthy control volunteers in con-
tent, length, and flow.

For cases, parameters on the patients’ clinical case man-
agement and the disease severity are extracted from the elec-
tronic medical records. The parameters include the medi-
cal history, the timespan between onset of symptoms and
admission to the hospital, length of hospital stay, CURB-65
parameters [32], radiological findings (e.g. consolidation,
crazy paving, bronchial wall thickening, pleural effusions),
ICU admission and length of ICU stay, disease progression
within 48 h after admission, performed diagnostics, labora-
tory parameters and prescribed treatment.

Environmental samples

Environmental source investigation is triggered if either a
clinical Legionella spp. isolate is available or the Legionella-
specific culturing is confirmed to be ongoing at the time of
case enrolment. Environmental samples and information on
residential building and water installation are collected for
these cases and their matched controls.

Up to six environmental samples from approximately
75 cases within 14 days following the questionnaire-based
interview are collected (Fig. 1). Up to five of these samples
are standardised water samples collected in the patient’s
home: (i) first flush (1 L, mix of cold and warm water)
kitchen tap water (ii) first flush (1 L, mix of cold and warm
water) shower head water from the most-used shower, (iii)
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Table 2 Structure of the SwissLEGIO case—control questionnaire for Legionnaires’ disease

Set-up 1

2
Core interview part 1: 3
Illness experience, health-seeking and 4

intrinsic risk factors for LD

Cases only: Health-seeking

AN W

Administrative information (e.g. participant ID, interview location, interviewer name)
Screening for inclusion (including assessment of symptoms and illness onset for cases)
Demographic information (e.g. age, sex, occupation, income)

Cases only: Disease manifestation and illness experience (including perceived severity and the
patients’ understanding of their diagnosis and the disease in general)

Medical history and co-morbidities

Assessment of potential LD infections/signs of LD infection (e.g. diarrhoea, fever, dry cough or
pneumonia) amongst cohabitants and work colleagues in the recent past

Core interview part 2: 8
Behavioural risk factors and potential
infection sources for LD

Chronological narration of the 14 days prior to symptom onset: assessments of the general activity
level of the participant and establishment of reference points to guide the interviewee through the
second core part of the interview

9  Housing infrastructure (e.g. year of construction and renovations, specifications on the plumbing

system)

10 Housing—habits (e.g. use of water taps, showering habits)

11 Housing—pets

12 Workplace (e.g. assessment of potential exposure to infection sources at the participant’s workplace)

13 Indoor contacts with water aerosols (e.g. with a dishwasher, an indoor ornamental fountain, a
humidifier, a whirlpool, steam during cosmetic treatment)

14 Gardening and plants (e.g. assessment of gardening activities and contact with soil or compost)

15 Outdoor contacts with water aerosols (e.g. with fountains, lakes, rivers, car wash facilities, water

mist from food displays)

15 Street and transportation (e.g. assessment of mobility and exposure to busy streets)

Wrap-up 17

Cases only: Perceived causes of the LD infection

18 Option for future contact: Can we contact you in case we have any follow-up questions?

19 Remaining open questions/general remarks from the participant

20 General remark (internal use)

sequential sample from the hot water line collected at the
most-used shower/bathtub,’ (iv) sequential sample from
the cold water line collected at the shower/ bathtub® of the
most-used shower, and (v) first flush (1 L, mix of cold and
warm water) from the second-used shower. The detailed
procedures for water sampling are found in the supplemen-
tary file). Prior to this sampling, the participant is instructed
to refrain from using the taps for four hours. In addition
to the standard samples, up to two samples are collected
from other likely environmental risk exposure sites reported
in the patient interview. These exposure sites are sampled
from private locations (e.g. garden hose, water dispenser or
humidifier) or public locations (e.g. spas, car wash facilities,
decorative fountains, air-conditioners or cooling towers of
hotels or supermarkets in proximity of patient’s residency,
permissions provided). For a subset of approximately 50

3 10 times 100 ml, flow-proportional: 1 L representative sample from
10 L hot water line after flushing for 5 s prior to taking first sequential
sample.

% 10 times 100 ml, flow-proportional: 1 L representative sample from
10 L cold water line after flushing for 5 s prior to taking first sequen-
tial sample.

healthy controls, only standard household water samples
are collected (Fig. 1).

Environmental samples are cultured and the number of
colony-forming units (cfu) of Legionella spp. in the original
water sample are estimated according to ISO 11731 guide-
lines. For the ISO culturing of standard household water
samples, we prepare three plates per sample using the fol-
lowing pre-treatment conditions: filtration only, filtration
plus heat treatment, and filtration plus acid treatment. Cul-
ture plates are regularly checked for growth for one week
and up to three suspected Legionella spp. colonies of each
morphology are culture-confirmed by direct plating of the
colony on charcoal agar plates with and without L-cysteine.
Isolates showing no growth on plates without L-cysteine are
considered Legionella spp. (Fig. 3a). All culture-confirmed
Legionella spp. isolates will be characterised by MALDI-
TOF mass spectrometry (MS) (to differentiate strains) and
agglutination tests (to differentiate serogroups of L. pneu-
mophila). All Legionella spp. isolates recovered from poten-
tial infection sources of cases that are matching the strain
and/ or serogroup of the case’s clinical Legionella spp. iso-
late are sent to the IMM for further strain characterisation
using WGS (Fig. 3b). Finally, flow cytometry (for total cell
count), IDEXX Legiolert (quantification of culturable L.
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A: Isolation and enumeration (cfu) of Legionella B: Characterisation of Legionella spp. isolates
spp. according to ISO 11731

MALDI-TOF MS

(all isolates, species)

—
; .\ -
NoTreat
2 ®

.t A
Heat Tsis o3 s

MS Profile
@

Acid isolates from cases)

Culturing (incl. culture >\\\)

Filter concentration

WGS (selected

Fig.3 Overview of the laboratory analytics pipeline for the isolation
and characterisation of environmental Legionella spp. strains from
standard household and other environmental samples: A Summarises
the isolation and enumeration of Legionella spp. according to ISO
11731, B Culture-confirmed Legionella spp. isolates are character-

pneumophila), and digital PCR (quantification of the ssrA
gene for Legionella spp., mip gene for L. pneumophila and
the wzm gene specific to L. pneumophila serogroup 1) are
performed for quality control (Fig. 3c). The digital PCR
protocol was developed by adapting the qPCR assay from
Benitez and Winchell [33].

For additional samples from potential exposure sources
of patients, sample processing approaches are assessed on
a case-by-case basis in consultation with researchers and
external research partners from the LeCo consortium. The
characterisation pipeline for such isolates will remain the
same as for the standard household water samples. Based
on rough estimates from the literature [23, 34], we expect
to sequence a total of 750 environmental Legionella spp.
isolates recovered from potential exposure sources of cases

(Fig. 1).
Data management

Data are collected on standardised electronic Case Report
Forms (eCRF) using the data collection software Open Data
Kit (ODK, getodk.org). Forms are identified by subject IDs.
Automated validation tools in the eCRF check for data com-
pleteness and plausibility during data entry. During data col-
lection, the data collected is continuously checked by the
research team for completeness, plausibility, and accuracy.
Additionally, random source data verification is performed.
Data are stored on a secured network drive accessible only to
authorised study team members. Data on the network drive
are backed up regularly, according to Swiss TPH institu-
tional policy. Radiological images are coded and securely
shared between hospitals via a secure data exchange plat-
form, and the images are securely stored on two password
protected hard drives.
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Quality control measures for the analysis and storage of
biological samples are performed according to the study
laboratories’ routine standard operation procedures.

Statistical methods and analysis
Epidemiological analysis

Cases and controls are characterised in terms of demograph-
ics, illness experience (only cases), health-seeking (only
cases), and co-morbidities. Crude OR for LD will be cal-
culated by running univariable logistic regressions on sin-
gle risk factors. Based on results of the univariable logistic
regression and biological or epidemiological plausibility,
variables will be subsequently selected for a multivariable
(unconditional) regression to calculate adjusted OR (aOR).
The population attributable fraction (PAF) is calculated for
each statistically significant risk factor of the multivariable
model as the difference of observed cases and expected cases
in absence of the risk factor. The analysis will be conducted
with the statistical software R [35]. Potential exposure sites
of cases will be geocoded using geographic information sys-
tems (GIS) to assess regional distributions of LD cases and
to identify clustering of potential infection sources.

Additionally, analysis of radiological imaging is per-
formed independently by at least two experienced radiolo-
gists. All chest X-rays or CT scans are evaluated blinded
from clinical and microbiological information for lung
involvement, distribution (e.g. upper versus lower lobes,
uni- versus multilobar), radiological patterns (e.g. consoli-
dation, ground glass opacities, cavitation, nodules, crazy
paving, bronchial wall thickening), pleural effusion, and
lymphadenopathy.
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Fig.4 Environmental source of L. pneumophila. Isolates labelled
with A and B are from two air conditioning cooling towers. Isolates
with spikes are human isolates from the same seasons. Circles with
numbers are human isolates from previous years. The small numbers
between the circles indicate the number of allelic differences between
two isolates (data from Egli-lab, IMM)

Analysis of biological samples

WGS is performed using the IMM’s internal ISO accredited
(ISO/IEC 17,025) sequencing workflow and analytical pipe-
line for the characterisation of the Legionella spp. strains.
This workflow and the analytical pipeline are already in use
for the characterisations of Legionella spp. isolates cur-
rently performed for the NRCL [7]. For library preparation,
the Illumina NextFlex assay is used and sequencing is per-
formed batch wise at a NextSeq 1000i with 150nt paired end
sequencing. After sequencing, the data is quality controlled,
raw reads are assembled, and analysed using SeqSphere
(Ridom) and the CLC workbench. Only genomes with an
average minimal coverage of 40-fold or more will be further
evaluated. The sequence type (ST) of all isolates will be
determined and the genomic relatedness will be visualised
with a series of phylogenetic tools such as core genome mul-
tilocus sequence typing (cgMLST) e.g. as neighbour join-
ing tree or as a single nucleotide polymorphism (SNP) tree.
Figure 4 illustrates such visualisation for a Legionella spp.
outbreak investigation conducted in Basel: allelic differences
between L. pneumophila isolates shown in the figure are
based on a published cgMLST scheme for L. pneumophila
using 1’521 allelic loci [36].

All successfully sequenced strains will be contextualised
with previously sequenced isolates from the Swiss database
and with global available sequences from public data reposi-
tories such as the National Center for Biotechnology Infor-
mation (NCBI). In addition, we will compare the human
and environmental isolates using a bacterial genome wide
association study approach. We will link clinical phenotypes
(e.g. LD, disease severity) to potential enriched sequence
types, genes, k-meres, or SNP in isolates causing invasive
disease. We aim to identify genes and annotate poten-
tial functionalities linked to the clinical phenotypes. All
sequenced genomes are shared according to FAIR principles
[37] on the Swiss Pathogen Surveillance Platform (http://

www.spsp.ch). The usage of the platform further eases data
exchange between the different research partners [38].

Strengths and limitations

The SwissLEGIO study enrolls patients with LD from all
seven greater regions of Switzerland. To our knowledge, this
is the first national case—control and molecular source attri-
bution study that is conducted outside of an outbreak setting
in Switzerland. The study design innovates in (i) minimising
the timespan between LD symptom onset and enrolment of
cases in the study, (ii) enhancing and promoting the col-
lection of clinical Legionella spp. isolates, and (iii) ensur-
ing a high sensitivity of the molecular source attribution
approach. All three aspects are crucial to ensure a success-
ful linking of clinical isolates to an infection source. The
direct recruitment of cases through an established hospital
network instead of the Swiss National Notification System
of Infectious Diseases (NNSID)—as in previous studies
[20, 21]—significantly reduces the timespan between the
patient’s diagnosis and enrolment in the study. When pilot-
ing the recruiting process, the time between patient’s hospi-
talisation and case notification to the study team averaged at
three days. This is significantly shorter than the Swiss legal
requirements to report an LD case within seven days to the
NNSID [7]. The recovery of clinical Legionella spp. isolates
was a major limitation in environmental source investiga-
tions in previous studies [17, 39]. By directly recruiting
LD patients through the hospital network, and by exchang-
ing closely with hospital partners on an ongoing basis, we
believe to address this challenge by promoting and facilitat-
ing the collection of clinical Legionella spp. isolates.

We ensure a high sensitivity of the molecular source attri-
bution approach by applying WGS, which has a strong dis-
criminatory power between different Legionella spp. strains
and, therefore, allows a direct comparison of environmental
and clinical isolates [39]. During LD outbreak investiga-
tions, WGS analysis was successfully used to trace clinical
Legionella spp. strains in the environment [25, 34, 39]. Yet,
such outbreak investigations also highlighted the complexity
of developing sensitive environmental sampling, culturing
and isolate selection strategies to account for high Legionella
spp. strain diversities in environmental samples [25, 34]. The
challenges of obtaining and subsequently selecting appro-
priate environmental Legionella spp. isolates for WGS in a
streamlined manner and the applicability of WGS for the
investigations of sporadic LD cases remain largely unex-
plored. For the SwissLEGIO study we developed streamlined
processes for the collection and processing of standard envi-
ronmental household and other environmental samples and
carefully implemented Legionella spp. isolates characterisa-
tion measures that will inform the selection of isolates for
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WGS analysis. Finally, the genomics of Legionellae is very
complex: genetically highly similar Legionella spp. strains
from different parts of the world have been described with-
out apparent epidemiological link and studies have shown
that also recombination events must be considered when
interpreting similarities of WGS data between different
clinical and environmental Legionella spp. strains [39, 40].
Epidemiological context information is, therefore, essential
for a reliable interpretation of observed similarities between
different environmental and clinical Legionella spp. strains
and, hence, for infection source attribution. A key strength
of the SwissLEGIO study is that it combines both epidemio-
logical metadata and WGS data.

Data collected during the questionnaire-based interviews
might be subject to reporting biases. The selective memory
effect of participants (recall bias) was accounted for by the
design of the questionnaire: during the interview, the partici-
pant is guided in a structured manner through a wide range
of potential exposure sources. To improve recall, partici-
pants are interviewed as soon as possible after the LD diag-
nosis is confirmed. Using an established hospital network,
the time between diagnosis, interview and environmental
sampling of risk exposures can be kept short. Additionally,
any cases for which the diagnostic assessment occurred
more than seven days before the study team is notified are
excluded. The number of environmental samples collected
and isolates analysed is limited due to financial and other
resource constraints. Some non-standardised environmental
samples may not be collected if access is difficult and/or
permissions cannot be obtained.

Future perspectives and impact on policy

Large-scale studies combining molecular and epidemio-
logical methods are sorely needed to investigate predomi-
nant infection sources of CALD, to explore their risk mag-
nitude and to inform Legionella infection prevention and
control measures in Switzerland. The current knowledge
gaps regarding predominant infection sources for CALD is
reflected in the Swiss Legionella spp. control guidelines.
The guidelines mainly target shower and bathing water
defining thresholds for Legionella spp. contamination for
portable water and recommendations of hygienically opti-
mally operating water temperatures [13]. However, the
relative importance of potable water as infectious source
has not been conclusively clarified. In contrast, for cooling
towers, which have previously been described as infection
sources for LD [34], no register exists in Switzerland as
yet. The SwissLEGIO study investigates potential infection
sources for Switzerland and aims to provide a foundation
for evidence-based and targeted Legionella spp. prevention
and control. The study draws on a unique range of scientific
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and policy expertise on Legionella spp. and LD in Switzer-
land. Through close collaboration with national partners in
aquatic science and building-technology research, we har-
ness expertise in environmental sampling and sample analy-
sis, bridging the gap between human health and environmen-
tal exposure. The recruitment through the hospital network
and the close collaboration with the NRCL and IMM aligns
the study with Legionella spp. surveillance activities enacted
by the FOPH [7]. The support from and regular consulta-
tions with the Federal Offices (FOPH and FSVO) further
ensures that the project aligns with governmental research
needs, facilitating research uptake and policy improvement.

The study contributes to capacity building for future
national Legionella surveillance and LD case management.
Through the hospital network, the study raises awareness
for LD and promotes the collection and analysis of clinical
Legionella spp. isolates as part of the routine surveillance.
Clinical, radiological and laboratory data from the SwissLE-
GIO study will be used in satellite projects to validate the
Legionella score developed by Fiumefreddo et al. [41] and to
systematically assess radiological characteristics of pneumo-
nia caused by Legionella spp. in a large LD patient popula-
tion that is representing a significant proportion of reported
LD cases in Switzerland. For both of these assessments we
will use a control group of suspected pneumonia cases tested
negative with the Legionella UAT. This analysis of clinical,
laboratory and radiological characteristics of LD together
with data that is collected on patients’ health-seeking and
recovery from LD may inform revisions of current pneumo-
nia management guidelines. Experiences gained from pro-
cesses established during this study will also aid the effort to
introduce a nationally standardised questionnaire for future
case and outbreak investigations. As of today, Switzerland
lacks such a comprehensive LD outbreak investigation tool-
box [13]. This results in procedures applied to address LD
clusters or outbreaks within Switzerland being heterogene-
ous and, hence, the responsibilities of different stakeholders
not being well defined [13]. In turn, this hampers a success-
ful and timely detection of the cluster’s infection source.
Lastly, the study will, as part of the LeCo consortium’s
research portfolio, play an important role in assessing and
informing stakeholders and authorities of the applicability
of WGS for single case and cluster investigations during
routine surveillance activities.

The SwissLEGIO study also provides a unique platform
for future research on Legionella and LD, including a more
in-depth exploration of the bacteria’s complex ecology, of
virulence factors, of antimicrobial susceptibility of clini-
cal and environmental Legionella spp. strain, of clinical
and laboratory characteristics and also on disease pro-
gression and long-term sequelae of LD. Additionally, the
SwissLEGIO study data is contributing towards the estab-
lishment of a nationally centralised biobank for clinical and
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environmental Legionella spp. strains and associated epi-
demiological metadata on the spsp.ch platform. Similar to
EpiPulse, which is currently implemented by the European
Centre for Disease Prevention and Control (ECDC) [42], the
spsp.ch platform will allow researchers and policy makers
to exchange epidemiological and genomic data on LD. Such
platforms promote research on LD to be conducted in inter-
and transdisciplinary collaborations that are highly needed
to address the complex pathway from environmental expo-
sure to Legionella spp. to the clinical presentation of LD.
Finally, the experiences gained conducting this study, and
the data foundation SwissLEGIO is providing on LD may
provide an opportunity to link Switzerland through LD on
a scientific level to the international data sharing initiatives
and EpiPulse, which connect European research and public
health community.
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