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Tuberculosis

1,000,000,000
TUBERCULOSIS
DEATHS

Smallpox

Malaria
Plague
Influenza

Cholera
AIDS

Paulson T. Epidemiology: a mortal foe. Nature 2013;502(7470):S2-3

Image: Visual Capitalist

HISTORY OF PANDEMICS

PAN-DEM-IC [af ) pr

THROUGHOUT HISTORY, as humans
v spread across the world, infectious
Antonine Plague 165-180 5M & diseases have been a constant
Plague of Justinian 541-542 30-50M — - companion. Even In this modern
Japanese Smallpox Epikdemic  735.737 1M —@ era, outbreaks are nearly constant.

Death to

Black Death (Bubonic Plague) 200M
13471381 1

Here are some of history's most
deadly pandemics, from the

i Antonine Plague to
Throughout the 17th and 181h Pee Novel Corenavirus (COVID-19).
centuries, a serles of e Boy BEM o MO0
“Griat Plagues” routinely 1520 1450
ravaged cities across Europe. —_ =
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2 1550
17th Century Great Plagues 30
1600 Bt
1650
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18th Century Great Plagues 600K . 4700
1700 725
1750
77
Cholera 6 outbreak 1M
1817-1923 1800
The Third Plague 120 Yimas
1855

ﬁ Spanish Flu 40-50M
1518-1918 LNy
N
= Russian Flu 1M« |
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Desgite thale nomes,
both of thete oulbreaks
are belloved (o have
\ eiginated in Ching

LATE 18008 7

HIV/AIDS 25-25M
1981-PRESENT Asian Flu 11M

1957-19588

‘ Hong Kong Flu 1M
19681970

2002 ;ﬂg . ‘SwimFIu 200K
2009-2010
Ebola 11.3K ‘

2014.2016

MERS B850
2015-PRESENT

Novel Coronavirus (COVID-19) 4.7K°
2019-PRESENT

Endemic = harmless in the
Global North
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Slow and Steady is not an option!

10,000 Estimated transmission rate
4 T T T T T 70 -
50-70%
= 60 A
?\ 1,000 - 2% reduction per year 50 -
w o
Yo
S5 of 40 -
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= E . 10% reduction per year 30 -
5
e 10r . 20 - 10-20%
Elimination: <1 per million “\ 10 'J
1 1 L ! 1 I *1 20% reduction per year
1990 2000 2010 2020 2030 2040 2050 0 -
Year Low-burden High-burden
Dye 2013

= Current rate
—— Possible with current technology
- -- Beyond current technology

e Decades old tools

'i Epidemiology

DIAGNOSTICS
oy = Ml = ~i00y/o

~120y/o

Vaccine
100 y/o
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2010 - Expert MTB/RIF

2013 — Bedaquiline/Delamanid

Modernizing DOTS to accelerate TB eradication

* Resistance to
infection

¢ Avoid active disease
Avoid transmission

-
¢ Short-course
treatment

¢ Universal (sensitive
and resistant TB)

New

2013 - MVAS5A

. ] )
vaccines
New New

g diagnostics J| epidemiology A

e Point of care e Stop transmission

e Cheap e Evaluate

e Easy access interventions

e Active/latent e Better epi models
\_ J

2010- Whole genome



*  We have been tracking and treating diseases for centuries...with very
Little knowledge about the pathogen behind
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s s ‘% “j‘ Genomic Epidemiology for Infectious Diseases
B E[ms;;mb.y|Mmm@;gm ' 1. Thanks to sequencing advances we can now sequence hundreds
e of samples at low prices, almost real-time if needed

AGACTAAT GCT
T T

AGACTAATTIECGCT

2. We have computer power to genetically compare thousand,
s Piogn even millions of samples and to share globally

3. We have tools to convert genetic similarities to local, regional
and global patterns of transmission of the disease and impact of
genetic diversity

All this is particularly true for SARS-CoV-2 but it was already
advanced in TB!

Nature Reviews | Genetics

5ardy and Loman Nat Rev Genet 2017
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Role of Mtbgenomics in public health

1. To investigate (on-going)
2. To evaluate (control programmes, interventions)

3. To understand TB transmission
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Genome sequencing reveals limitations of typing tools
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Walker TLID 2013 MIRU-VNTR loci

* |dentical MIRU-VNTR not a marker of recent
transmission (Wyllie EBioMedicine 2018)

* Identical MIRU pairs separated by 10-125 years!
(Meehan EBioMedicine 2018)

Why WGS?
Conventional genotyping

o + . @
] J

1% coverage 90% coverage

Use of genome for recent
transmission:

0-5-12 SNPs (genetic differences)

(Walker LID 2013,
Jajou Plos One 2018, Guerra-Asuncao 2015)



PloSMed 2019
eLife 2022

Valencia Region MTBC genome Phylogeny
(2014-2016)

Tree scala: 0.001 ——

Mariana G. Lopez
Senior Scientist

Low burden setting

8/100,000

Transmission vs long-term
reactivation vs imported
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Recent transmission is a major contributor to TB burden in

Risk of transmission
using genomics CV Risk of transmission
using contact-tracing

33%

o
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Clustering (%)
8 8

-
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SNP threshold
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Most genomic links are
missed by contact
tracing
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Minimun genetic distances between isolates

Community transmission
is common even in a low-
burden country
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Beyond SNP threshold: genomic epidemiology for tailor-made strategies in TB
A
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distance (SNPs)

3. SNP distributions reflect

1. Burden does not correlate with 2. TRANSMISSION is much more complex, _ o o
uninterrupted transmission, limited

transmission dynamics goes beyond recent transmission ) s |
impact of infection control
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Cancino, Lopez et al. eLife 2022
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Need for population-based genomic epidemiology studies

% of samples
in transmission

75
50

25

Geographic transmission hereterogeneity
as revealed by available large-cohorts datasets
Martinez-Martinez F (unpublished) ) (>20K genomes)
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Can we improve understanding of TB transmission?

e Most studies measure clusters
e We need to measure individual events

* Develop high resolution phylogenetic mapping
based on TransPhylo

When?

Who is the index case?
Missing cases?

Risk factors associated to
transmitters?

@%@
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Phylogenetic mapping to infer individual transmission events

o
. 69
] . . .. \
Median time of first transmissions (\9(0
for cases with posterior probability of transmitting greater than 0.6 ,\(9
Caroline Colijn Ges2 - \_ SymptomsA  § piagnostics
2012 2013 2014 2015 2016

Xu, Cancino-Muioz PloS Medicine 2019 Time

 Evidence of
presymptomatic
transmission

Impact of subclinical
TB in Transmission?
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Beyond epidemiology: comprenhensive nature of genomic data

A) Surveillance

ETH  Susceptible
PZA  Susceptible

NO MARKER
L]
- B) Strain and subspecies typing . . ¢
L] il [ ]
L ]
. % A . ° °
[ ®
- _ LOW RESOLUTION ]
““““““““““““““ et A C) Drug susceptibility
Drug Phenotype
o' 2", RIF Resistant
.if'.?% INH Resistant
L]

GENOME (HIGH
RESOLUTION)

anbnsups? smonsd-alodw J

Armstrong et al. NEJM 2019 Meehan et al. Nat Rev. Mic. 2019
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Towards the genome as a drug resistance molecular test

Mutation / l

Catalogs

Rifampicin
Ethambutol
Pyrazinamide
ﬁ Ethionamide
Levofloxacin
Moxifloxacin
Amikacin

& L 9 .
/ L Kanamycin
- Linezolid
Drug resistance Delamanid

phenotype

VLV nunoono

W

@0
@0
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EEE

Genome
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From bench to bedside

High sensitivity/specificity for 1st line

13 drugs — 47 genomic (WHO consortium, The Lancet Microbe 2022)
regions
2nd line
Catalogue of mutations in | P
Categoria Mutaciones R —
complex and their association - w901 WD
with drug resistance Asociada a R 1396 E 80+ : ‘
Asociada a R 2
| _ 1004 3 ™ /
nterim 'E_ 60 ik d S Pyrazinamide .
Incierto 15910 S o Mipnaige 1st line
No asociadaa R 33 E 40 Linezolid
interim S 30-
No asociada a R 213 & 204 I\@ugs/repurpo d
10+ Delamanid
od.......Bedaquiine Clofazimine e
* Hain MTBDRplUS — 9 mutations — 3 0 5000 10000 15000 20000 25000 30000 35000 40000
u%’!ﬂ.ﬁ:ﬂgg genes _ 2 drugs Mumber of isolates with a phenotype
* Xpert MTB/RIF — 23 mutations — 1 Limited in new and repurposed, geographic
38K genotype/phenotype gene — 1 drug and bacterial diversity -> New versions

isolates
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Sputum
L1 e__emeg %0, e oW
Mozambique
(n=42)
0 25 50 75 100
Sputum
Georgia
(n=19)
0 25 50 75 100

% TB

WGS Workflow ¢ Direct Enriched gPCR Negative
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Final frontier: genome sequencing directly from Dx
samples

SNP Frequency comparison Bams Filtered
MZ51 1.445 % TB MZ351.752% TB GE29 4.46 % TB MZ18 5.415% TB MZ125.46 % TB GE167.14% TB GE149.76 % TB

|= = /'P" /z_’_;_:.‘l';’ et - ’—/,ﬂ:’ = . . _/_’_’_,_s-_r -
3 gt — e /_,,.,-::‘./4 T tEE ST L /,/
’ztﬁ _,.a»../‘”;ﬁ

g e Sputum vs Culture SNP diversity
e

L wmmmesm * Cohen’s Kappa agreement 0.99

ESr =a=ss * Drug resistance prediction 100%
s e * Minor differences in diversity (in our settings)!
sEne .

S ot * Sputum still problems of LOD

Frrs =i I . .

T mmesn After careful filtering of false negatives/positives!!!
i

EE P B

L ,--,»/'/ = I --.:"")/w- <7 = -,;/%“/!ﬂ- - ,»r/ = [sNPs

r = /‘*-""’A“ﬁ /,-A"f"/::& _,;-M 3 _,.,*"}":. = f,;‘/i;‘: = ® Common Only Culture

25 50 75 100 0 25 50 75 100 0 25 50 75 100 0 50 75 100 0 o 50 i1 100 Common Rescued @ Only Sputum

Frequency in Sputum

Goig et al The Lancet Microbe 2020 Mariner-Llicer (unpublished)
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Drug resistance is a more complex phenomenon than just diagnostic mutations:
three examples

1. The case of unnoticed mutations
2. The case of polyclonal infections

3. The case of early responses to treatment
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Drug resistance is a more complex phenomenon than just diagnostic mutations:
three examples

1. The case of unnoticed mutations
2. The case of polyclonal infections

3. The case of early responses to treatment
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CONSORCI
HOSPITAL GENERAL
UNIVERSITARI Genome Med 2020)
HRE VALENCIA
1*TB Relapse /
episode episod

2009

AW’GSi

Towards pathogen-based personalized treatments

False negative DST (eg. Torrea et al. Sci Rep 2019 )
Driver of hidden MDR in Eswatini (Beckert et al.

2013

Isolate analyzed by
n a retrospective manner

Isolate analyzed by
o WGS in a prospective manner

RIF rpoB 1491

EMB
(new)

INH katG
G273R (new)

Identification
MDR strain 1%t MDR
by WGS regimen

!

FQ

Kan (new)
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2" MDR
regimen Cured

R

I !
—|—A—|—A—HHA—A—A—A—HH—H-Q—|—0-0—|—Q—|—>
2014 ‘ 015 2016/ 2017T 2018

INH katGdel (new)

Last positive
sputum and culture
sample

Sample | G1480 | G1479 | G516 | G520 | G249 | G252 | G535 | G841 | G842 | G993 | G1003 | G1257 | G1478 | G1720 | G1721 | G1928
Date 27/04/09 20/09/13 | 21/01/14 | 17/03/14 | 27/06/14 | 11/08/14 | 13/10/14 | 09/12/14 | 27/01/15 | 15/04/15 | 11/06/15 | 09/11/15]| 111215 | 02/06/16 | 14/10/16 | 09/01117
Sputum/
c‘;‘:tﬂr"; +/+ +/+ +/+ | +/+ | +/+ 4+ | +/+ | +/+ | +H+ ++ | +[+ | ++ +/+ +/+ | +/+ +/+
Hospital

DST I | e e L L [ e e e e I N ™ £ I M oy £
(RIF/INH)

L)

L)

RIF-R MDR-TB

Cancino-Munoz JID 2019



09| G1479 Sep2013 | G516 Jan2014 | G520 March2014 |G249 June2014| G252 Aug2014 | G535 Oct2014 | G841 Dec2014 | G842 Jan2015| G993 April2015 | G1003 June2015| G1257 Nov2015| G1478 Dec2015 G1720 Jun2016 G1721 Oct2016 G1928 Jan2017

Rifampicin

Treatment

Rifampicin

WGS resistance profile Susceptible

Resistance type

1 — ,

0,9
0,8
0,7
e RIF_rpOB_I49 1F
= RIF_ropB_L449Q
0,6 e INH_katG_G273R (NEW)
e INH_APC_OxyR_(-39)
e INH_ABDC_OxyR_(-12)
e INH_Ahp C_OxyR_(-10)
0’5 e [NH_AhpC_OxyR_(-6)
—— INH_AhpC_OxyR_(+2) (NEW)
\ = INH_AhDC_K192T (NEW)
e EMB_ubiA_G1655 (NEW)
0,4 e EMB_embB_G328Y
= EMB_embB_M306V
e INH_katG_1pb_DEL(NEW)
0.3 e FLQ_gy 1B_E540D
’ e CAPRE_tlyA_L16R (NEW)
02 »
0,1 \ \
\/ \
% ~ D\ e

G1480 G1479 G516 G520 G249 G252 G535 G841 G842 G993 G1003 G1257 G1478 G1720 G1721 G1928
April_2009 Sep_2013 Jan_2014 March_2014 June_2014 Aug_2014 Oct_2014 Dec_2014 Jan_2015  April_2015 June_2015 Nov_2015 Dec_2015 Jun_2016 Oct_2016 Feb_2017
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Drug resistance is a more complex phenomenon than just diagnostic mutations:
three examples

1. The case of unnoticed mutations
2. The case of polyclonal infections

3. The case of early responses to treatment



A Sputum: PATIENT G039
- 100% L2.2.9 (G2)
|~ Nodulus: g s
100% 12.2.9 (G2)
g
g
i "o
. Healthy tissue: 3 ¢ E
~75% 12.2.10 (G1) & A
~25% L2.2.9 (G2) \
g . . . . e |
| Granuloma:
C: ~80% L2.2.10 (G1) ~20% L2.2.9 (G2)
l:  ~85% L2.2.10 (G1) ~15% L2.2.9 (G2)
E: ~50% L2.2.10 (G1) ~50% L2.2.9 (G2)

Moreno-Molina Nat Com 2021
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1) Polyclonal infections (>1 genotype) better reveal in
lung

40% in patients with surgery samples available
5% in patients when only sputum examined
18% when using serial sputum samples

= 2) Most “lungs” were part of transmission clusters
~, == sSuggesting superinfections common

Spuum

3) 71,4% cases of polyclonal infection reverted DST
profile -> TREATMENT FAILURE

4) Nobody knows the global extend and impact of

polyclonal infections
Moreno-Molina Nat Com 2021
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Drug resistance is a more complex phenomenon than just diagnostic mutations:
three examples

1. The case of unnoticed mutations
2. The case of polyclonal infections

3. The case of early responses to treatment
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MOZAMBIQUE
40 Patients
Susceptible

HIV+ and HIV-
ss cism

P | centrode
,%O investigagao

em salde de

: manhica Day 14 Day 28
Instltutode
Global siticiosa MIC fold Change |
1st and 2nd

1) Shifts in Minimun inhibitory concentrations at the
end of treatment associated to relapse -> Colangeli et
al. NEM 2018

2) Can we identify similar shifts during the first month
of treatment?

3) Are they associated to worst outcomes?
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% i+ Significant increases
? for several patients

* Increases also in drug
@ not in the regimen

* Susceptible
Ib ¢' - | ® Borderline

® Resistant

FC

1tH

Our data. 10 out of 12 patients with MIC shifts remained
culture-positive after a month of treatment. All cured at the
end

Moreno-Molina (unpublished)
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Genome sequencing is very powerful but...

A) Surveillance

(-]
B) Strain and subspecies typing . ¢
— . mm mm am m mm Em mm=a . .
o
® [
I C) Drug susceptibility
Whole genome sequencing Drug Phenotype
RIF Resistant
INH Resistant

ETH Susceptible
PZA  Susceptible

D) Clustering and outbreaks

Meehan Nat Rev Mic 2019
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Lessons from the past on the role of new technologies

Gap 1:

Did not access a TB
diagnostic test

Gap 2:

SRt Did not get Gap 3:
diagnosed Did not get Gap 4:
. . registered in D':.nOt Gap 5:
treatment o Experienced

treatment

- - ey’ i post-treatment
I SUCCESS TB recurrence
e —:I—— or death

Xpert/RIF

Number of patients at each step of cascade

Step 1: Step 2: Step 3: Step 4. Step S: Step 6:
Individuals with  Accessed TB  Diagnosed with  Registered in Treatment  Recurrence-free
incident TB tests T8 treatment success survival

Subbaraman et al. Plos Medicine 2019
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TB CARE ECOSYSTEM IS AS IMPORTANT AS DISRUPTIVE TECHNOLOG

Political
commitment HC providers
local/global

Barriers to Barriers to
implementation Wet-lab and implementation
of new computing of genomic

infrastructure

diagnostics approaches

Local
Capacity Educational capacity

building curricula

Stakeholders building and

sustainability
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