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Abstract

Tuberculosis (TB) is still an important
cause of morbidity and mortality worldwide. An
improvement of the strategies for disease con-
trol is necessary in both low- and high-inci-
dence TB countries. Clinicians, epidemiolo-
gists, laboratory specialists, and public health
players should work together in order to
achieve a significant reduction in TB trans-
mission and spread of drug-resistant strains.
Effective TB surveillance relies on early diag-
nosis of new cases, appropriate therapy, and
accurate detection of outbreaks in the commu-
nity, in order to implement proper TB control
strategies. To achieve this goal, information
from classical and molecular epidemiology,
together with patient clinical data need to be
combined. In this review, we summarize the
methodologies currently used in molecular
epidemiology, namely molecular typing. We
will discuss their efficiency to phylogenetically
characterize Mycobacterium tuberculosis iso-
lates, and their ability to provide information
that can be useful for disease control. We will
also introduce next generation sequencing as
the methodology that potentially could provide
in a short time both, detection of new out-
breaks and identification of resistance pat-
terns. This could envision a potential of next
generation sequencing as an important tool for
accurate patient management and disease
control.

Introduction

Effective TB surveillance programs rely on
the capacity to promptly diagnose new cases,
to provide an appropriate therapy, and to accu-
rately detect outbreaks in the community, in
order to implement proper TB control and
elimination strategies.!? To achieve this goal,
information from classical and molecular epi-
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demiology, together with patient clinical data
need to be combined. In this review, we sum-
marize the methodologies currently used in
molecular epidemiology, namely molecular typ-
ing. We will discuss their efficiency to phyloge-
netically characterize TB isolates, and their
ability to provide information that can be use-
ful for disease control. We will also introduce
next generation sequencing as the methodolo-
gy that potentially could provide in a short time
both, detection of new outbreaks and identifi-
cation of resistance patterns. This could envi-
sion a potential of next generation sequencing
as an important tool for accurate patient man-
agement and disease control.

Principles of classical genotyping

Mycobacterium  tuberculosis  complex
(MTBC) is a monomorphic bacterium that
emerged as a human pathogen from a genetic
bottleneck and spread by clonal expansion
globally.* Given the high homology at genetic
level, it is appropriate to refer to MTBC as a
species and to M. tuberculosis, M. bovis, M.
africanum, M. microti as subspecies or eco-
types.* MTBC emerged about 70,000 years ago,
accompanying migrations of anatomically
modern humans out of Africa, and expanded as
a consequence of increases in human popula-
tion density during the Neolithic.>® This long
co-evolutionary history is consistent with
MTBC displaying characteristics indicative of
both low and high host densities, with the
identification of ancient and modern M. tuber-
culosis lineages, respectively.

The diversity of strains provides a means to
identify instances of recent transmission of TB
as well as the chains of transmission that
occur among persons with TB. This diversity
also helps to elucidate the patterns and dynam-
ics of TB transmission.’ In addition to the pos-
sible impact of strain variation on the outcome
of TB infection and disease,' the diversity of
strains is relevant for our understanding of
drug resistance.!! For example, the so-called
Beijing family of strains has been associated
with drug resistance in sevaral reports.!
Mathematical models predict that one of the
most important factors influencing the future
of MDR/XDR TB is the relative fitness of drug-
resistant versus drug-susceptible strains. As in
other bacteria, resistance-conferring muta-
tions are often associated with a fitness cost in
MTBC, which means reduction of growth rate,
virulence, and transmissibility.’* However, in
some areas of the world, such as the countries
of the former Soviet Union where the preva-
lence of MDR is particularly high, MDR strains
of MTBC are highly successful.!* The interac-
tion between different genetic mutations,
known as epistasis, probably plays a role in the
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compensation of the fitness cost associated
with the development of drug resistance, pos-
sibly increasing the level of resistance, or
accommodating broader changes in the physi-
ology of resistant bacteria.!!

These observations clearly indicate that
continued inappropriate treatment, in part
caused by misdiagnosis of resistance, drives
the evolution of more transmissible, increas-
ingly drug-resistant strains.!>

Genotyping methods

Over the past two and half decades, genotyp-
ing has been used to support epidemiological
investigation by matching isolates from
patients with culture-confirmed TB, to identify
TB transmission in certain communities and
to define and characterize outbreaks.'® A num-
ber of methods have been used to type M.
tuberculosis strains. Their evolution reflects
the need of more sensitive, reliable, and less
cumbersome techniques, in order to make typ-
ing of M. tuberculosis strains more feasible.
Importantly, the availability of standardized
techniques could help to compare results
obtained in different laboratories."”

IS6110 fingerprinting
Among the first techniques that started to
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be widely used as a molecular epidemiology
tool, [S6710-based restriction fragment length
polymorphism (RFLP) emerged as the most
reliable and easier to standardize."®

1S6710-based RFLP genotyping detects vari-
ations generated by the insertion element
IS6110, a MTBC-specific mobile genetic ele-
ment with a highly conserved sequence, that
can be found inserted in multiple copies any-
where in the genome in a process known as
transposition. Strains can differ in both the
number of copies of [S6/7/0 and their positions
in the bacterial genome.!®! Genomic DNA iso-
lated from a strain is cut by the restriction
enzyme Poull, generating hundreds of differ-
ent fragments. These are then separated on an
agarose gel and transferred to a membrane,
that is probed with 1S677/0. The number of
bands reflects the number of IS6770 copies in
the genome and their position identifies a spe-
cific pattern that varies depending on the
IS6110 position in the genome, so that pat-
terns obtained from distantly related M. tuber-
culosis strains are different.'® 1S6770-finger-
printing patterns are scanned and digitalized
for computer analysis. A specific software
measures genetic distances among strains,
based on the number of bands with equal
molecular weight. Analysis results are repre-
sented as a dendrogram that defines the
genetic, and therefore epidemiological, relat-
edness among the M. tuberculosis strains ana-
lyzed. Although IS67/70-DNA fingerprinting
emerged as a useful adjunct to contact investi-
gations, technical limitations (cost, laborious-
ness and difficulty in standardization) pre-
vented its widespread use. Moreover, the fact
that the number of IS6770 copies in M. tuber-
culosis strains can range from few copies to
>30, introduced a significant bias when com-
paring strains with low and high IS6710
copies.?

Spoligotyping

Spacer oligonucleotide typing (Spoligo-
typing) is a hybridization assay that detects
variability in the direct repeat (DR) region in
the DNA of M. tuberculosis. The DR region con-
sists of multiple copies of a conserved 36-base-
pair sequence separated by multiple unique
spacer sequences. Different M. tuberculosis
strains have various complements of the spac-
ers, and these different complements form the
basis of the assay.?! The DR region is amplified
by PCR from the M. tuberculosis strains to be
genotyped and amplicons are used as probes in
a hybridization assay that contains 43 different
unique spacer sequences that can be found in
MTBC.

Results, based on the presence or absence
of a spacer on a strain, are represented as a
binary code or an octal designation, and are
analyzed with the web tool SITVIT Database
(www.pasteur-guadeloupe.fr:8081/

SITVITDemo). Strains are then assigned a spe-
cific clade based on the genetic diversity and
grouped in a phylogenetic tree. Spoligotyping
requires less genomic DNA, is less cumber-
some and it is a standardized technique that
has been widely used in many laboratories.?
Its main limitation is that strains may have the
same pattern while not been very closely relat-
ed, and therefore the technique may not be
accurate enough to describe outbreaks in com-
munities. Nevertheless, Spoligotyping is very
useful to identify strains belonging to different
clades or lineages, which can be used to get a
snapshot of the M. tuberculosis strains circu-
lating in a given geographic region or area.

MIRU-VNTR typing

Fifteen-locus and now 24-locus mycobacter-
ial interspersed repetitive-unit-variable-num-
ber tandem-repeats (MIRU-VNTR) typing rep-
resents the current standard for M. tuberculo-
sis genotyping. MIRU-VNTR methodology is
based on analysis of DNA segments containing
tandem repeated sequences in which the num-
ber of copies of the repeated sequence varies
among strains. The method relies on PCR
amplification and calculation of the number of
repeats on the basis of the size of the amplified
product. MIRU results are reported as 15 or 24-
character designations, each character corre-
sponding to the number of repeats at one of the
loci, listed in a standard order. MIRU results
are then analyzed by comparison with a strain
database on the web-based tool MIRU-VNTR
plus (www.miru-vntrplus.org).2?. MIRU-VNTR
is easy to standardize and MIRU-VNTR typing
shows a higher discriminatory power than
spoligotyping, such that the combined use of
the two methods provides a powerful tool to
characterize M. tuberculosis outbreaks in the
context of the TB pandemic at global level.
Compared to 1S6770 DNA fingerprinting, the
combined use of MIRU-VNTR and spoligotyp-
ing is less cumbersome and more rapid.
Moreover, the possibility to produce digital pro-
files that can be readily compared across labo-
ratories offers an opportunity for standardiza-
tion and comparison in dedicated databases
and software.

Other tools in M. tuberculosis typing
In an effort to develop more rapid and eco-
nomic tools to type M. tuberculosis strains, a
number of DNA fingerprinting or PCR-based
methodologies have been proposed. The use of
probes that recognize repetitive GC-rich
sequences in the M. tuberculosis genome
(polymorphic GC-rich sequences) has been
used in the RFLP DNA fingerprinting tech-
nique.* The use of PCR-based techniques,
able to give results at higher speed and
reduced cost, was implemented using a num-
ber of random primers or primers directed
against repetitive but specific DNA sequences
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in the M. tuberculosis genome.?* Most of
these typing techniques did not warrant
enough reproducibility and standardization,
and none of them, included some commercial
PCR-based methods, such as DiversiLab®
(Biomérieux, Marcy—l’Etoile, France), were
successful among TB laboratory users.?”

Next generation sequencing

Although the typing techniques described
above target especially polymorphic genetic
sequences, they interrogate less than 1% of
the genome and have therefore an intrinsically
restricted discriminatory power. This limita-
tion could be overcome by the application of
next generation whole genome sequencing
(WGS) for genome-based epidemiology.
Various platforms of WGS have been developed
in the last decade: Roche 454 FLX (Roche
Applied Science, Indianapolis, IN, USA),
[lumina (Illumina, San Diego, CA, USA),
SOLiDTM System (Applied Biosystems, Foster
City, CA, USA), Heliscope™ (Helicos
BioSciences Corporation, Cambridge, MA,
USA), and nanopore sequencing.

The concept behind next generation
sequencing (NGS) technology is simple: DNA
polymerase catalyzes incorporation of fluores-
cently labeled deoxyribonucleotide triphos-
phates (dNTPs) into a DNA template strand
during sequential cycles of DNA synthesis.
During each cycle, at the point of incorpora-
tion, the nucleotides are identified by fluo-
rophore excitation. The critical difference
from previous techniques is that, instead of
sequencing a single DNA fragment, NGS
extends this process across millions of frag-
ments in a massively parallel fashion.

NGS by Illumina (Illumina, San Diego, CA,
USA) is currently the method of choice for
WGS of M. tuberculosis. The workflow includes
four basic steps: i) library preparation by ran-
dom fragmentation of the DNA sample, fol-
lowed by adapter ligation; ii) cluster genera-
tion by loading the library into a flow-cell, fol-
lowed by amplification of each fragment of the
library into distinct clonal clusters; iii)
sequencing by a reversible terminator-based
method that detects single bases as they are
incorporated into DNA template strands; iv)
data analysis and alignment of the newly iden-
tified sequence reads to a reference genome.
Following alignment, a variety of analysis can
be performed, such as single nucleotide poly-
morphism (SNP) or insertion-deletion identi-
fication, phylogenetic or metagenomic analy-
sis, and more. This provides that NGS, in addi-
tion to be a useful tool for epidemiological
studies, can add valuable information on drug
resistance, virulence determinants, and
genome evolution.

[page 39]



Whole genome sequencing for
M. tuberculosis typing and
contact tracing

In the monomorphic bacterium M. tubercu-
losis, genetic differences result from genomic
rearrangements (insertion, deletion and dupli-
cation) and single nucleotide polymorphisms
(SNPs). However, given the complexity to use
genomic rearrangements to measure genetic
and therefore epidemiological distances, varia-
tions in terms of SNPs are used to delineate
genetic relatedness. Moreover, it is known that
large portions of M. tuberculosis genome are
very rich in GC, such as the genes encoding
PE_PGRS and PPE_MPTR genes that are
responsible for most of the genetic variability
in MTBC.2% However, these regions cannot
easily be resolved by NGS sequencing because
of technological hurdles. Thus, these
sequences are excluded, and only a portion of
the genome is used for SNPs comparison.*’ In
the last few years, a number of studies have
highlighted the potential of NGS in molecular
epidemiology of TB. In a retrospective cross-
sectional study, WGS analysis of M. tuberculo-
sis isolates from pulmonary and extra-pul-
monary samples taken from the same patient
was coupled with a longitudinal study where
M. tuberculosis strains were isolated from the
same patient over time. The results obtained
from this study were used to estimate the rate
of mutation of M. tuberculosis strains.’ In
patients with relapsing TB, comparison of M.
tuberculosis strains isolated over a period of 7-
10 years resulted in up to a maximum 10
SNPs,* while the cross-sectional analysis of M.
tuberculosis strains isolated from samples
obtained from the same patient and collected
in a very close timeframe, resulted consistently
in less than 4 SNPs. Based on these studies, it
has been possible to estimate that M. tubercu-
losis evolves, in terms of single mutations, at
=~(0.5 SNPs per year (for the part of the genome
that can be reliably resolved by NGS), and that
two strains are considered clustered when the
difference in SNPs is <12.3! Hence, the 12
SNPs can be used as a cutoff to distinguish
epidemiologically linked strains from those not
related. Using a similar approach, a study con-
ducted on strains isolated during more than
two decades in two settings in Germany,
demonstrated that WGS-based typing can pro-
vide epidemiologically relevant resolution of
large M. tuberculosis outbreaks much more
efficiently than classical genotyping. Genome-
based analysis correlated better with contact
tracing information and spatial-temporal pat-
terns of the pathogen’s spread. WGS provides a
measure of M. tuberculosis genome evolution
over time in its natural host context.?

WGS was also applied to 26 M. tuberculosis
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strains with an identical [S67/0-DNA finger-
printing pattern, isolated during a TB outbreak
in Hamburg. Interestingly, the results from
WGS indicated a likely transmission for only 14
strains, while a number of previously linked
cases was excluded.*? The results obtained
with the newly available WGS analysis provid-
ed a new picture of the outbreak in Hamburg
that was more consistent with the epidemio-
logical data available.?

Similar conclusions were drawn from a WGS
analysis conducted on 247 TB strains isolated
in the UK between 2007 and 2012. Thirty-nine
cases were genomically linked within 13 clus-
ters, implying 26 local transmission events.
Only 11 of 26 possible transmissions had been
previously identified through contact tracing.*
Based on these evidences, WGS typing appears
to offer an optimal resolution of M. tuberculo-
sis isolates in molecular epidemiological stud-
ies, when compared to classical genotyping
(Figure 1).

The possibility to perform WGS in many lab-
oratories, its relative low cost compared to
MIRU-VNTR and other methods, and the possi-
bility to complete analysis in few days follow-
ing isolation in culture of the M. tuberculosis
strain, are opening the possibility for a wide-
spread use of WGS in TB molecular epidemiol-
ogy.!%* Advances in software performances
will soon enable sequence data analysis and
interpretation to take place without the need
for bioinformatics skills, although a consensus
on the part of the genome that should be used
for SNPs analysis is needed. The use of a
defined number of genes such as in the
SeqSphere+ software, based on a core genome

multi locus sequence typing (cgMLST)
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approach, may provide a valuable way for stan-
dardization of data analysis and for compari-
son among different laboratories.*

Whole genome sequencing for
tuberculosis diagnosis

The potential use of WGS in TB diagnosis
and drug susceptibility testing (DST), in addi-
tion to its application to epidemiological analy-
ses, makes this technology very attractive.
Culture-based DST is currently the gold stan-
dard, but is technically cumbersome and time
consuming. DST methods are not standardized
and results may vary depending on the culture
techniques employed.* In recent years, impor-
tant aspects regarding the molecular basis of
anti-TB drug resistance have been elucidated
and molecular methods based on genomic DNA
sequencing have been successfully used to
detect the main mutations involved in drug
resistance.® The possibility to analyze the
complete genome sequence of a clinical strain
obtained with WGS offers a unique opportunity
to identify all the mutations potentially associ-
ated with drug resistance. Studies in which
WGS data of a large number of strains collected
worldwide are coupled with phenotypic DST
results, drug treatment and clinical outcomes
are providing key information that will be valu-
able to improve our understanding of drug
resistance, including questions surrounding
cross-resistance, heteroresistance, additive
effects of compensatory mutations.”
Interestingly, it is expected that detection of
SNPs on certain genes associated with drug

1S6110 DNA

Fingeririnting

MIRU-VNTR

v

Resolution power

Figure 1. The different methods used in molecular typing of Mycobacterium tuberculosis
show different features in terms of technical challenges and resolution power of the
genetic distances between the strains analyzed.
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resistance may provide more reliable data on
the clinical susceptibility pattern of a given
strain compared to traditional phenotypic DST
results.

Given the enormous opportunities offered
by the implementation of WGS in TB diagno-
sis, a comprehensive, standardized, and accu-
rate resource for clinically relevant genetic
mutations and the associated metadata (e.g.,
geographic location, methodology, DST
results) is currently under development.’” A
variety of advanced software tools exist for
data analysis, however they require bioinfor-
matic analysis skills and hardware infrastruc-
ture which are not always warranted in routine
microbiology laboratories. To address these
challenges, easy-to-use, web-based tools are
needed and recently the online free tool
PhyResSE (https:/bioinf.fz-borstel.de/mchips
/phyresse) has been developed to be available
for larger communities.®*%* The WGS data
obtained from an NGS platform, such as the
widely used MySeq by Illumina, can be directly
applied to the PhyResSE tool, to obtain epi-
demiological information (such as lineages
and clades), together with highlighted SNPs
associated with drug resistance, providing the
subset of mutations predictive of treatment
failure to any drug.* This web tool and other
software that can be potentially developed in
the future should be linked to databases that
need to be continuously updated, so that any
new mutation associated with drug resistance
can be readily identified by the softwares.*
Implementation of a rapid and user friendly

Classical epidemiology
* Contact-tracing investigations;

* Decipher recent transmission;

WGS analysis is of particular relevance in set-
tings with high incidence of MDR-TB, where
the impact of an early and effective identifica-
tion of drug resistances can have clinical and
public health implications.

As ongoing technological developments are
rapidly decreasing costs, WGS has the poten-
tial to become the ultimate tool for typing and
diagnosis purposes, and to dramatically ampli-
fy the impact of molecular diagnostics on clin-
ical microbiology.*

Whole genome sequencing
in public health

Part of the challenge for controlling the TB
pandemic requires a global political effort to
address poverty and other underlying causes of
the disease. However, TB control is also a local
issue that requires public health policies and
public health teams to interrupt the spread of
this disease wherever it can be identified. The
data produced by WGS could enable public
health teams to target their contact investiga-
tions with greater confidence (Figure 2).%%%

Taken together, these observations envision
for the near future the potential to use such a
powerful technological tools as NGS for a com-
plete information, at the patient level, for diag-
nosis and decisions on therapy, and at the
community level for epidemiological studies,
both contributing to disease control. The

+ |dentify epidemiological links;

Molecular Epidemiology
Genotyping of MTBC clinical isolates to:

* Disclose transmission events;
¢ Describe outbreaks;

* Identify transmission hot spots;

.

EFFECTIVE
SURVEILLANCE
PROGRAM

Figure 2. A concerted use of classical and molecular epidemiology tools is required to
control tuberculosis at local and regional level.
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prospect of deploying drug-susceptibility test-
ing based on WGS globally, including to set-
tings where no phenotypic DST is currently
performed, is an attractive possibility.
Outbreaks could be detected from the same
data at no additional cost, potentially adding to
local TB control. Genomic analysis will thus
allow simultaneous prediction of MTBC line-
age and clade, first- and second line drug
resistance, monitoring the emergence of new
resistance mechanisms, and high resolution
outbreak monitoring on a timescale week
faster than with traditional diagnostics.
Coupled with public health interventions, WGS
will transform MTBC patient care and disease
control.
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