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Abstract

Whole genome sequencing (WGS) can be used for molecular typing and characterisation of
Mycobacterium tuberculosis complex (MTBC) strains. We evaluated the systematic use of a
WGS-based approach for MTBC surveillance involving all European Union/European
Economic Area (EU/EEA) countries and highlight the challenges and lessons learned to be

considered for the future development of a WGS-based surveillance system.

WGS and epidemiological data of patients with rifampicin (RR) and multi-drug resistant
(MDR)-tuberculosis (TB) were collected from EU/EEA countries between January 2017 and
December 2019. WGS-based genetic relatedness analysis was performed using a
standardized approach including both core genome multilocus sequence typing (cgMLST),
and single nucleotide polymorphism (SNP)-based calculation of distances on all WGS data

that fulfilled minimum quality criteria to ensure data comparability.

From 25 countries, 2,218 RR/MDR-MTBC isolates were collected. Fifty-six cross-border
clusters with increased likelihood of recent transmission (< 5 SNPs distance) comprising a
total of 316 RR/MDR-MTBC isolates were identified. The cross-border clusters included
between two and thirty resistant isolates from two to six countries unravelling different

RR/MDR-TB transmission patterns in Western and Eastern EU.

This pilot study shows that a WGS-based surveillance system is not only feasible but can
efficiently elucidate the dynamics of in-country and cross-border RR/MDR-TB transmission
across EU/EEA countries. Lessons learned from this study highlight how the establishment of
an EU/EEA centralized WGS-based surveillance system for TB will require strengthening of
national integrated systems performing prospective WGS surveillance and the development
of clear procedures to facilitate international collaboration for the investigation of cross-

border clusters.

Introduction

Multidrug-resistant (MDR) and extensively drug-resistant (XDR) tuberculosis (TB) represent
a major threat to global TB control. With a total of 999 MDR-TB cases reported in 2018,
there is a low overall prevalence of MDR-TB in the EU/EEA region (3.7% of all reported TB
cases), but the proportion of MDR-TB remains high in countries like Lithuania and Estonia

(17.1, and 24.6%, respectively) [1]. Romania alone, with 354 MDR-TB cases notified in 2018,



reported more than one third (35.4%) of the total number of MDR-TB cases in the entire
EU/EEA [1].

M/XDR-TB is difficult and expensive to treat; the treatment success rate among MDR-TB
cases in EU/EEA was just 49.9% in 2018 [1]. For the development of optimal TB control and
infection prevention strategies, accurate tracing of in-country and cross-border MDR-TB
transmission and rapid identification of emerging M/XDR-TB clones is of critical importance.
The introduction of the Mycobacterial Interspersed Repetitive Units Variable Number
Tandem Repeats (MIRU-VNTR) methodology for genotyping of Mycobacterium tuberculosis
complex (MTBC) in EU/EEA Member States has enhanced our knowledge of the phylogeny
and transmission patterns of clinical MTBC strains. However, the use of MIRU-VNTR for
surveillance of MDR-TB in the EU/EEA has been hampered by suboptimal coverage (26.2% in
2015), delays in reporting and lack of epidemiological data to confirm chains of inter-human
transmission [2, 3]. In addition, the intrinsic lack of discriminatory power of MIRU-VNTR

makes this technology suboptimal for supporting contact tracing [4].

Recently, whole genome sequencing (WGS) has become the gold standard for classification
of MTBC strains and for tracing infection sources and transmission networks [5]. WGS can
also be used for genotypic prediction of the anti-microbial susceptibility profile of a given
isolate with a sufficient accuracy to guide proper treatment [6-8]. The implementation of TB
WGS in reference laboratories has shown that this technology can be a cost-effective and
timesaving alternative to conventional MDR diagnostic and typing methods [9]. The role of
WGS in detecting TB transmission and for investigating M/XDR-TB outbreaks in Europe has
recently been demonstrated [10-13] and extensively reviewed [14-16]. However, additional
work on the effective translation of genomic data into meaningful information to guide
informed decisions regarding public health interventions for tracing outbreaks and
surveillance is still needed. More specifically, agreeing on standardized approaches for data
analysis to ensure compatibility of WGS data, quality assessment schemes, standardized
nomenclature, and validation of previously defined criteria for identifying recent
transmission is needed [5].

Since 2015, the European Centre for Disease Prevention and Control (ECDC) has been

supporting a number of pilot studies and projects for the application of WGS-based typing

for public health protection [17]. In the framework of a pilot study on the use of WGS for



molecular typing of MTBC strains in the EU/EEA, we evaluated the systematic use of a WGS-
based approach for MDR-TB surveillance involving all EU/EEA countries [18]. In the project,
we aimed to identify the major cross-border clusters and to provide genetic characterization
related to lineage and drug resistance profile of the RR/MDR-MTBC strains circulating in
EU/EEA. We also identified critical areas to be addressed for the future development of a

WGS-based surveillance system in Europe.

Material and methods

The pilot study was implemented according to pre-analytical, analytical and post-analytical
parameters and methods agreed upon during a technical expert consultation convened at
the start of the study (Supplementary table 1).

Study participants

All EU/EEA countries were invited to participate in this study.

Data collection and validation

WGS and epidemiological data of patients with RR/MDR-TB were collected by the
EUSegMyTB consortium [18] from January 2017 to December 2019 (Supplementary Note 1).
Local laboratory codes were pseudo anonymized using a unique European Union
Sequencing Typing (EUST) sample identifier to comply with the EU Regulation 2016/679 on
General Data Protection Regulation (GDPR). WGS data underwent quality checking and only
those fulfilling pre-defined quality criteria were included in the study (Supplementary Note
1).

WGS-based drug resistance prediction and phylogenetic classification

Screening for drug resistance variants and phylogenetic SNPs was performed using the
MTBseq pipeline [20] (Supplementary Note 2). Detected variants were annotated with drug

resistance or susceptibility and phylogenetic SNPs according to the literature [22-27].

WGS-based relatedness analysis

The MTBC relatedness analysis was performed using two sequential analytical approaches:
(i) core genome multilocus sequence typing (cgMLST), and (ii) single nucleotide
polymorphism (SNP)-based calculation of distances (Supplementary Note 2). The initial
cgMLST-based analysis [19] allowed for “real time” analysis of the rapidly expanding

surveillance study database using a substantially reduced computational capacity compared



to the SNP-based approach. The SNP-based analysis, using the MTBseq pipeline [20], was
performed on the dataset of MTBC isolates clustering by cgMLST using a maximum distance
threshold < 5 SNPs/alleles to identify cross-border clusters with increased likelihood of

recent transmission [21].

Cross-border cluster identification
A SNP-based cross-border cluster was defined as two or more RR/MDR-MTBC isolates

having a difference < 5 SNPs, isolated in at least two different countries.

Data reporting to study participants
Study participants could assess the results of the SNP-based analysis through an access

controlled external webserver (https://www.eusegmytb.eu/) (Supplementary Note 3).

Coverage

The coverage by country was calculated using the number of MDR-TB cases notified to ECDC
in 2018 as a reference when available [1]. For Latvia we used the number of MDR-TB cases
notified to ECDC in 2017 [28], and for Italy the number of MDR-TB cases provided by the

Italian National Institute of Health in 2018.

Results

Coverage of MDR-TB burden in EU/EEA

Twenty-eight countries participated in the study by signing the material and data transfer
agreement through their National TB Reference Laboratories, including: Austria, Belgium,
Bulgaria, Croatia, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany,
Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, the Netherlands, Norway,
Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, and the United Kingdom. A
total of 2,218 MTBC isolates from 2,172 patients, isolated in 25/28 (89%) participating
EU/EEA Member States were included (Table 1). The coverage was 76.7% of all reported
MDR-TB cases in the region in 2018 (Supplementary Table 2). Only Lithuania and Italy had a

coverage below 70% (Figure 1).

Genetic characterization of the submitted isolates

A total of 2,217 (99.95%) MTBC sequenced isolates fulfilled the minimum quality criteria.
Among the RR/MDR-MTBC stains, the most represented lineages were lineage 4 (Euro-
American) (N=1,404; 65.3%), and lineage 2.2.1 (Beijing) (N=636; 29.7%), followed by lineage
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3 (Delhi-CAS) (N=63; 2.9%), and lineage 1 (EAI) (N=32; 1.5%) (Figure 2 and Supplementary
Note 4). Only two (N=2; 0.1%) strains belonging to lineage 2.1 (East-Asian non-Beijing) and
one (0.05%) lineage 5 (West-Africa 1) strain were detected.

WGS revealed mutations predicting resistance to rifampicin (R) in 2,151 (97.0%) isolates and
among those, 1,962 isolates (91.2%) had additional resistance to isoniazid (H) (i.e. MDR-TB
cases) (Table 2). Among the RR/MDR-TB cases, resistance to fluoroquinolones (FQs) was
predicted in 581 isolates (27%) and additional resistance to any of the second line injectable
agents (i.e. XDR-TB) in 331 isolates (15.4%) [22, 23]. A total of 26 (1.2%) RR/MDR-MTBC
isolates carried mutations predicting resistance to bedaquiline [27]. Additional details on the
drug resistance profile of the collected isolates and on the genomic regions considered as
associated with drug resistance are provided in Supplementary note 5 and Supplementary

Table 3, respectively.

Cross-border cluster identification

The cgMLST analysis, based on a <5 allele difference, grouped 1,145 (51.6%) isolates into
307 clusters, ranging in size between two and thirty-six isolates, and including 244 national
and 63 cross-border clusters. The 63 cross-border clusters comprised a total of 449 isolates
and ranged in size from two to thirty-six isolates, with a geographic distribution ranging
from two to eight countries (Supplementary Table 4).

The SNP-based analysis, performed on the pool of MTBC isolates clustering by cgMLST using
a <5 SNPs threshold, resulted in a reduction of the total number of clustered cases to 1,017,
the number of isolates in cross-border clusters decreased to 316, and the total number of
cross-border clusters to 56. Interestingly, this analysis broke few cgMLST-based clusters (i.e.
cgCL1, cgCL2, and cgCL4) into multiple SNP-based cross-border and national clusters, in line
with the expected slightly higher sensitivity of the SNP-based approach. Cross-border
clusters, identified by a unique SNP-cluster number (snpCL) (Table 3), comprised between
two and thirty isolates, with a geographic distribution ranging from two to six countries.
Only three countries, Croatia, Portugal and Slovenia, were not involved in any cross-border
cluster.

All subsequent analyses were performed on the pool of 316 RR/MDR-MTBC isolates

included in cross-border clusters by SNP-based analysis.

Characteristics of RR/MDR-TB patients included in cross-border clusters



Gender did not differ between clustered and non-clustered RR/MDR-TB cases. Among the
clustered RR/MDR-TB cases 70.3% (95%Cl 64.5%; 75.0%) were males versus 71.6% (95%Cl
69.5%; 73.6%) of non-clustered ones. The mean age was 44 years (range: 1-92 years), 41
years in clustered and 44 years in non-clustered cases.

The majority (n=242; 76.6%) of the clustered RR/MDR-MTBC isolates belonged to lineage 4
(Euro-American), followed by lineage 2.2.1 (Beijing) (n=72; 22.8%), and lineage 3 (Delhi-CAS)
(n=2; 0.6%), Supplementary Figure 1. Among lineage 4, the sub-lineages 4.7-4.8 (mainly T)
(n=91; 28.8%), 4.2.1 (Ural) (n=37; 11.7%), 4.3 (LAM) (n=30; 9.5%), and 4.1.2.1 (Haarlem)
(n=29; 9.2%) were most frequently represented.

Approximately 70% of the clustered RR/MDR-MTBC isolates were submitted by four
countries: Romania, Lithuania, Germany and ltaly (Table 4). Italy was also among the
countries with the highest percentage of clustered RR/MDR-MTBC isolates among the total
number of submitted isolates (n=38; 29.9%), together with Austria (n=9; 36.0%), Sweden
(n=8; 32.0%), and Belgium (n=5; 26.3%).

Country of birth was reported for 198/316 (62.7%) clustered RR/MDR-TB cases. The
percentage of clustered cases of foreign origin was between 80 and 100% in seven countries
(Belgium, Finland, France, Ireland, Norway, Sweden and United Kingdom), between 50 and
70% in four countries (Hungary, Italy, Slovakia and Spain), between 20 and 40% in two
countries (Estonia and Poland), and 0% in three countries (Bulgaria, Latvia and Romania)
(Figure 3). Of the clustered TB cases, 34 (60.7%) cross-border clusters were of “EU origin”
and comprised of 212 (67.1%) RR/MDR-TB patients originating from EU countries (origin
missing for 60 cases). Among those, the majority (21/34) included primarily cases originating
from Romania and Lithuania, the two EU countries with the highest MDR-TB burden, as well
as few cases from lItaly and Poland. The remaining (13/34) clusters within this group
included cases from Bulgaria, Estonia, Poland, Italy and Hungary. We also identified 15
(26.8%) cross-border clusters including 81 (25.6%) RR/MDR-TB cases almost exclusively of
foreign (non-EU countries) origin (“Non-EU origin” cross-border clusters). In this group,
information on origin was missing for 40 (49.4%) of the cases. Only 2/15 clusters included
individuals born in EU and non-EU countries. From the age of the two EU-born cases (one
infant and one toddler) we suspect that transmission occurred within the family. Eleven
“non-EU origin” cross-border clusters (61 RR/MDR-TB cases) included exclusively TB patients

from Africa/sub-Saharan Africa, and 4 clusters included patients from the Eastern European



Region countries (Ukraine and Georgia). For the remaining 7 (12.5%) “non-EU origin” cross-
border clusters, comprising 23 (7.3%) RR/MDR-TB cases, information on origin was missing
for 18 (78.3%) cases and therefore it was not possible to classify them into one specific

group.

Examples of major cross-border clusters

Among the 56 cross-border clusters identified in this study, three stood out (snpCL1,
snpCL3, and snpCL8) for size, number of countries involved and likelihood of recent
transmission (i.e. low mean SNP difference between each isolate pair of the cluster,
Supplementary Figure 2). The main characteristics related to cluster composition, drug
resistance profile of the isolates, and epidemiological data of the MDR-TB cases involved are
reported in Supplementary Table 5, while the corresponding minimum spanning trees are
shown in Figure 4. SnpCL3 and snpCL8, involve each four Western EU countries and seem to
be linked to migration from Sub-Saharan Africa. SnpCL3 isolates are indistinguishable from
those reported by Walker et al [10] for both genetic background and pattern of mutations,
and indeed additional WGS-based relatedness analysis confirmed that these MDR-TB cases
as part of the “Horn of Africa” outbreak. Conversely, the pattern of mutations and lineage of
the isolates belonging to snpCL8 had not been previously reported in the literature, but
similarly to snpCL3, the majority (7/12) of MDR-TB cases belonging to this cluster are
migrants from Somalia.

Differently from snpCL3 and snpCL8, the MDR-TB cases involved in snpCL1 were originating
from Europe, with more than 70% reporting Romania as country of birth. Notably, more
than 90% (11/12) of MDR-TB cases belonging to snpCL1 notified by Italy are resistant to
fluoroquinolones and among those, 50% are also resistant to bedaquiline. These include TB

patients born in Romania and Italy.

Discussion

We have shown that implementation of WGS-based surveillance for monitoring the
emergence of MDR-TB outbreaks nationally and internationally is not only feasible, but has
the potential to provide supporting evidence to better elucidate cross-border transmission

patterns in Europe.



Overall, the cross-border clustering rate resulting from this study is significantly lower than
the one reported in the previous EU molecular surveillance project of MDR/XDR-TB based
on VNTR typing and covering a timeframe of 9 years [3]. The reduced clustering rate
observed in this study could be the result of the difference in sampling time between the
two studies, and the lower coverage and selected sampling of the previous study, in
addition to the higher resolution power of WGS compared to MIRU/VNTR [3].
Approximately 70% of the RR/MDR-TB patients involved in cross-border clusters were born
in the country of notification. However, this percentage varied significantly among EU
countries, being higher among Eastern EU countries and Baltic States and not exceeding
10% in several Western EU countries, suggesting different RR/MDR-TB transmission
patterns in Western and Eastern EU. This is shown by the examples of three major cross-
border clusters circulating in the EU. Two clusters, snpCL3 and snpCL8, showed similar
dynamics. These clusters included patients born in Somalia and Sudan and notified by
Austria, France, Germany, Italy, Netherlands and Sweden, suggesting that transmission
occurred exclusively among the migrant population possibly along the route of migration
prior to entering the EU/EEA, or in the country of origin. Although data on country of birth
were not systematically available, we did not identify evidence of MDR-TB transmission
between migrants and people residing in Europe, owing probably to the efforts to identify
cases shortly after entering the EU/EEA, to the better living conditions and accessibility to
health care in general for migrants in Europe compared to the conditions during migration
[12], and to their limited social integration in the majority of the EU/EEA countries. A
different example of transmission dynamics is represented by the third cluster, snpCL1, in
which 70% of the TB patients were born or were resident in the country of notification.
Conventional epidemiological investigations conducted independently from this study,
confirmed that recent transmission had indeed occurred for at least one third of these
patients. Most worryingly, this cluster included MDR-TB isolates with additional resistance
to fluoroquinolones and bedaquiline. Although these pre-XDR-TB cases have so far only
been diagnosed in ltaly, these patients have different nationalities and have regular contacts
with compatriots, thus increasing the chances of cross-border transmission of resistance.
This cluster may represent a public health threat for the EU population if further
transmission is not adequately prevented and illustrates the utility of prospective WGS in

MTBC surveillance.



This is the first study reporting on the systematic use of an EU-wide WGS-based approach
for MTBC surveillance purposes. To ensure data comparability we applied a common and
standardized WGS analytical pipeline to all the collected isolates whose sequence data
fulfilled pre-defined quality criteria. The relevance of this WGS-based surveillance project
was widely recognized across EU/EEA countries allowing us to reach a high coverage with
respect to the MDR-TB cases notified to ECDC, and therefore, our data are representative of
the RR/MDR-MTBC isolates currently circulating in EU/EEA. Importantly, this study allowed
EU/EEA countries lacking WGS capacity to genotype their RR/MDR-MTBC strains, thus
generating a database to study national MTBC transmission patterns and building WGS
analytical capacity.

Despite the successful implementation of the pilot study several challenges were identified
and lessons were learned to improve further implementation of WGS for TB in the EU/EEA.
First, although WGS has the potential to provide data for close to “real time surveillance”,
the intrinsic delays due to culture, batching and referral of the MTBC isolates to the
sequencing laboratories affected our capacity to identify clusters promptly and to perform a
prospective type of analysis. Although beyond the scope of the study, this limited the
impact of our results on public health, as successfully shown in other local settings [29, 30].
The availability of more affordable and portable sequencing platforms could contribute in
reducing this delay by increasing accessibility to this technology. Similarly, when feasible
routinely, direct sequencing from clinical samples will further shorten the time to results
thus allowing a real-time surveillance.

Second, complete basic clinical and epidemiological data were only available from eleven of
the countries contributing to the study; only few countries have a centralized TB
surveillance system or a system that allows the National TB Reference Laboratory staff to
directly access this information. We acknowledge that the use of WGS data alone likely
results in an over-estimation of transmission and that only by complementing it with
detailed clinical and epidemiological data it is possible to fully interpret transmission
dynamics. This requires linking of clinical, epidemiological and laboratory data. Given the
need for data protection, it will be imperative for future WGS-based surveillance systems to
ensure data handling according to GDPR and local regulations and to secure it through an

adequate protection system.



Third, participating countries were offered the possibility to assess the WGS data in the pilot
study database and to pro-actively perform additional analysis through the study webserver
interface. This increased equal accessibility of this technology for countries with health
systems lacking WGS in-country capacity. Lastly, upon the identification of cross-border
clusters, it will be important to define specific criteria, such as resistance to second line and
new anti-TB drugs, or high likelihood of recent transmission to be fulfilled to justify an
international epidemiological investigation and to use the available resources most
effectively.

The results of the pilot study and the lessons learned will direct further work on the
establishment of an operational platform combining WGS-based TB typing and
epidemiological data. The aim is to establish an EU/EEA centralized WGS-typing/epi-data
database for identification of cross-border TB and MDR-TB clusters and to investigate
relevant clusters with all countries involved. The pilot study and the future work will further

contribute to standardization of WGS for TB and build capacity in the EU/EEA.
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in both forward and reverse orientation, four reads calling the allele with at least a phred

score of 20, and an allele frequency of 75%.

The SNP-based analysis was performed on the pool of MTBC isolates clustering by cgMLST,
using a maximum distance threshold <5 SNPs. Briefly, regions annotated as repetitive
elements, InDels, multiple consecutive SNPs in a 12-bp window, and 92 genes implicated in
antibiotic resistance are excluded for the phylogenetic reconstruction. In the combined
analysis, all genome positions that fulfil the aforementioned criteria for coverage and
variant frequency in 95% of all samples in the datasets are considered as valid [6]. From the
concatenated sequence alignments, isolates are grouped by agglomerative clustering with a

maximum distance threshold < 5 SNPs to the nearest isolate in the same group.

WGS-based drug resistance prediction. The screening for drug resistance mutations was

performed by switching the MTBseq pipeline [2] into the low frequency detection mode, in
which the non-wild type majority base call is used and thresholds set to at least one read in
both forward and reverse orientation, at least one read calling the allele with a phred score
of at least 20, and 5% allele frequency. Detected variants were annotated with known
resistance association of either the mutation itself or its genomic region according to the

literature [7-9].

Supplementary Note 3

Data reporting to study participants. The results of the SNP-based relatedness and drug

resistance analysis were made available to the study participants through a dedicated and

access controlled external webserver (https://www.eusegmytb.eu/). For each of the

submitted isolates, the webserver allowed to assess: i) the related isolates within a distance
chosen by the user; ii) the list of resistance related variants; iii) the list of all variants of each
isolate; iv) the comparison of the SNPs of a chosen index isolate to the SNPs in any other
isolate in the database.

The Minimum Spanning Trees of the related isolates could also be viewed, where isolates
from different countries were highlighted in different colours. In addition, Minimum
Spanning Networks and UPGMA trees based on groups of isolate chosen by the user could

be generated and easily exported.

Supplementary Note 4












Supplementary Table 2. Mycobacterium tuberculosis isolates submitted in 2018 stratified by

drug resistance profile as determined by WGS analysis (n=948)

Country Number of isolates submitted in MDR-TB Coverage
2018 cases by country
RS-TB | RR-TB | MDR-TB Ecggliata
Austria 0 0 19 18 105.6
Belgium 0 1 7 7 100
Bulgaria 0 3 21 24 87.5
Croatia 0 0 2 2 100
Cyprus 0 0 0 n.a
Czech Republic 0 0 9 12 75.0
Denmark 0 0 4 100
Estonia 0 2 23 30 76.7
Finland 0 0 4 4 100
France 1 3 62 82 75.6
Germany 1 5 118 116 101.7
Hungary 1 0 12 12 100
Ireland 0 3 4 5 80.0
Italy 1 8 35 53°% 66.0
Latvia 0 0 33 46° 71.7
Lithuania 3 3 54 170 31.8
Luxemburg 0 0 0 1 0
Malta 0 0 0 0 n.a.
Netherlands 0 0 6 6 100
Norway 0 2 4 4 100
Poland 0 6 51 48 106.3
Portugal 0 1 18 10 180
Romania 20 39 276 354 78.0
Slovakia 0 0 4 2 200
Slovenia 0 0 0 0 n.a.
Spain 0 4 34 33 103
Sweden 0 0 11 13 84.6
United Kingdom 0 3 27 37 73.0
Total 27 83 838 1093 76.7

RS-TB: rifampicin susceptible TB; RR-TB: rifampicin resistant TB; MDR-TB: multidrug resistant TB;
n.a.: not applicable.

? Italian NIH notification 2020 — 2018 data

® ECDC notification 2019 — 2017 data



