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This disease isn't dangerous at my
age, and they say the cure is going
on quite well, though slowly... We
are now sending for some new
American drug called streptomycin
which they say will speed up the
cure.

George Orwell, Hairmyres Hospital,
Scotland, February 1948 - Letter to
F.J. Warburg
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STREPTOMYCIN TREATMENT OF PULMONARY TUBERCULOSIS
A MEDICAL RESEARCH COUNCIL INVESTIGATION

I'he following gives the short-term results of a controlied investigation into the effects of streptomycin on one

The Control Scheme
Determination of whether a patient would be treated by

streptomycin and bed-rest (S case) or by bed-rest alone
(C case) was made by reference to a statistical series based
on random sampling numbers drawn up for each sex at
cach centre by Professor Bradford Hill ; the details of the
series were unknown to any of the investigators or to the
co-ordinator and were contained in a set of sealed
envelopes, each bearing on the outside only the name of
the hospital and a number. After acceptance of a patient
by the panel, and before admission to the streptomycin
centre, the appropriate numbered envelope was opened at
the central office ; the card inside told if the patient was to
be an S or a C case, and this information was then given
to the medical officer of the centre.
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DAYS AFTER TREATMENT STARTED
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Despite initial response, large
proportion of cases developed
resistance, some within very
short period after initiatiing
treatment.
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Streptomycin used

PAS, STR combination therapy

INH, PAS, STR

Pyrazinamide

Ethambutol

Rifampicin

Standard short course oral therapy
Rif, INH, PZA and Ethambutol

Bedaquiline and Delaminid discovered
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TB: BASIC BIOLOGY



Phylogeny of bacteria
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Figure 11. Phylogeny of Bacteria. The tree is based on 165 rRNA comparisons.
From Prescott ef al,, 2005.




Nature 393, 537-544 (11 June 1998) | doi:10.1038/31159; Received 15 April 1998; Accepted 8 May
1998

Deciphering the biology of Mycobacterium tuberculosis
from the complete genome sequence

S. T. ColeZ, R. Brosch2, J. Parkhilll, T. Garnier?, C. Churcherl, D. Harris!, S. V.
GordonZ, K. Eiglmeier?, S. GasZ, C. E. Barry, III3, F. Tekaia, K. Badcock?, D.
Bashaml, D. Browni, T. Chillingworthl, R. Connorl, R. Davies!, K. Devlini, T.
Feltwelll, S. Gentles!, N. Hamlinl, S. Holroydl, T. Hornsbyl, K. Jagels?, A.
Krogh2, J. McLean?, S. Moulel, L. Murphyl, K. Olivery, 1. Osbornel, M. A. Quaill,
M.-A. Rajandreaml, J. Rogersl, S. Rutterl, K. Seegerl, J. Skeltonl, R. Squares?,
S. Squaresl, J. E. Sulstonl, K. Taylorl, S. Whitehead! & B. G. BarrellX

Countless millions of people have died from tuberculosis, a chronic . 1o
infectious disease caused by the tubercle bacillus. The complete

genome sequence of the best-characterized strain of Mycobacterium
tuberculosis, H37Rv, has been determined and analysed in order to
improve our understanding of the biology of this slow-growing pathogen
and to help the conception of new prophylactic and therapeutic
interventions. The genome comprises 4,411,529 base pairs, contains
around 4,000 genes, and has a very high guanine + cytosine content that

is reflected in the biased amino-acid content of the proteins. M.

tuberculosis differs radically from other bacteria in that a very large
portion of its coding capacity is devoted to the production of enzymes
involved in lipogenesis and lipolysis, and to two new families of glycine-
rich proteins with a repetitive structure that may represent a source of
antigenic variation.




Lipid-Rich Cell Wall of Mycobacterium
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Investigational drugs Existing antitubercular drugs

Isoniazid
Ethionamide
Ethambutol
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Mechanisms of drug resistance



Mechanisms of drug resistance

Rifampicin

Altered
efflux

Decreased cell
wall permeability

Pyrazinamide

Isoniazid




More about Rv0667 on

Rv0667

TBDB.org
More about Rv0667 on Tuberculist
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Display all mutations or select a bar from the histogram above to examine in greater detail

Display high confidence mutations only

|Rv0667: high confidence mutations (high confidence mutations are highlighted in yellow)

Primary Polymorphism||Nucleotide||Codon ||Amino ||Time Origin |[Molecular |[Gene Resistance||MIC Susceptibility |R/Total ||R/S Additional mutations High
reference position position||acid period detection ||coverage||pattern testing isolates||isolates confidence
method method with support
mutation
KapurV JCM CTG/CCG - 511 Leu/Pro||Published||USA |[Sequencing||Whole R N.S. Proportion 121/128|(4/0 "One of the strains was
1994 1994 gene method, also Asp441Ciu;
BACTEC another was Asp441Tyr;
the third was also
Serd37Thr."
KapurV JCM CAA/CTA - 513 Gin/Leu||Published||USA ||Sequencing||Whole R N.S. Proportion 121/128||2/0 None described in the
1994 1994 gene method, region sequenced.
BACTEC
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The beta subunit of RNAP is
the target of rifampicin.

rpoB



Mechanisms of Rifampin Resistance

Rifampin
; Binding
Rifampin Site

rpoB homolog from Thermus aquaticus with rifampicin bound (crystal structure)



TB Drug Resistance
Mutation Database
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Isoniazid

Select gene(s) associated with drug resistance by clicking on the genome or from the list below:

Rv0128c (fbpC, fbpC2, 85C. mpt45)

Rv0340 | Rv0341 (iniB) | Rv0342 (iniA) | Rv0343 (iniC) | Rv3795 (embB)
Rv1483 (mabA, fabG1) | Rv1484 (inhA)

Rv1592c

Rv1772

Rv1854c (ndh)

Rv1908c (katG) | Rv1809c (furA)

Rv2242 (srmR homolog) | Rv2243 (fabD, mtFabD) | Rv2245 (kasA) | Rv2247 (accD6)
Rv2427A (oxyR') | Rv2428 (ahpC)

Rv2846c (efpA)

Rv3138 (fadE24)

Rv3566¢ (nhoA. nat)

Rv3795 (embB)




Proposed mechanism of action of KatG
INH is a prodrug activated by the catalase-peroxidase KatG

NdhII
NAD" = NADH
O NHNH, NH,
KatG NAD" NAD" EthA
[ P » — > INH-NAD ETH-NAD <— = 8 N
N Ny @ e N~ “CH,CH;
INH ETH
p-ketoacy! O et
ACP synthase SACP (InhA)
(KasA/B) i +2 ki
0] 0)
n SACP n SACP
B-ketoacyl- \ OH O B-hydroxyacyl
ACP reductase ACP dehydrase
(MabA) i SACP Vilchéze C et al. Antimicrob. Agents Chemother.

2005;49:708-720



Rv1908c

More about Rv1908c on

TBDB.org

Promoter
Mutations

More about Rv1908c on Tuberculist

Return to gene list
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Display all mutations or select a bar from the histogram above to examine in greater detail

Display high confidence mutations only

|Rv1 908c: high confidence mutations (high confidence mutations are highlighted in yellow)

Primary ||Polymorphism||Nucleotide |Codon ||Amino |[Time ||Origin Molecular ||Gene coverage ||[Resistance |MIC Susceptibility||R/Total ||R/S Additional High
reference position position||acid period detection pattern testing isolates||isolates ||mutations confidence
method method with support
mutation
Morlock |[GGC/GAC 836 279 Gly/Asp ||2003 ||Brazil Sequencing||fragment HEth >32 |, >200 ||Microplate 17/41 1/0 D55/A ethA,L44L
GP AAC encompassing Eth alamar blue inhA ORF, C(-15)T
2003 codons 249 to assay inhA regulator
342
Haas WA |[AGC/ATC 944 315 Serflle ||1997 |[Sierra PCR-RFLP ||892 bp central HRSEth,H |- - 124/212||4/0 -
AAC 1997 Leone, fragment
Lesotho




Activation and Binding of Isoniazid Derivatives

Isoniazid

l Activation

Isoniazid-NADH

Isoniazid-NADH bound to InhA



Global Burden of DR TB



MDR TB* XDR TB**
B with drug with drug resistance
with any resistance to at least to the first-line drugs
drug the first line drugs isoniazid and rifampin
resistance isoniazid and and to specific
rifampin second-line drugs

* Often resistant to additional drugs

** Resistant to any fluoroquinolone and at least one of three injectable second-line drugs
(i.e., amikacin, kanamycin, or capreomycin)



The global TB situation (1)

Estimated Estimated number
incidence, 2014 of deaths, 2014

b

= ® . . @ *
All forms of TB 9.6 million 1.1 m|II|.0f1
(9.1-10.0 million) (1.0-1.3 million)
. 1.2 million 390,000
alhrerr s L (1.0-1.3 million) (350,000-430,000)
Multidrug- 480,000 190,000
resistant TB (360,000-600,000) (120,000-260,000)




FIG.3.4

Estimated TB incidence rates, 2016
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Percentage of new TB cases with MDR/RR-TB?
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® Figures are based on the most recent year for which data have been reported, which varies among countries. Data reported before 2002 are not shown.



Percentage of previously treated TB cases with MDR/RR-TB?

o]
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Hl -0

:] No data
£ Not applicable

? Figures are based on the most recent year for which data have been reported, which varies among countries. Data reported before 2002 are not shown. The high percentages
of previously treated TB cases with MDR-TB in Bahamas, Belize, French Polynesia, Puerto Rico and Sao Tomé and Principe refer to only a small number of notified cases
(range: 1-8 notified previously treated TB cases).



Country Percent of new cases with Percent of previously
MDR treated cases with MDR
Belarus 38% 72%
Kazakstan 26% 44%
Kyrgystan 27% 60%
Moldova 26% 56%
Russia 27% 47%
Ukraine 27% 47%




Countries that notified at least one case of XDR-TB

The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoever on the part of the World Health Organization concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. Dotted lines on maps represent approximate border
lines for which there may not yet be full agreement.
© WHO 2015. All rights reserved
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Incurable TB an epidemic?

B For 1st time, 12 identified with totally drug-resistant TB

SHOBHAN SINGH
MUMBAL, JAN. 6

In what can be considered
as the country’s first-ever
_diagrg»sm of totally drug-
mele nt f'I'DR\ m nlo--
Fl). Himduid ¢ Haospital'y
déntifie
w nh the alarming disease.

This condition, experts
claim, is a result of years of
being prescribed heavy
antibiotics by doctors with
poor knowledge and exper-
tise in treating the disease,
which eventually results in
resistance to it. According
to doctors, TDR TB should
ideally be treated as an epi-
demic.

One of the 12 patients, a
31-year-old woman from
Dharavi died a couple of
months ago. “We have
reached this sorry state
because of a complete fail-
ure in public, private and

12° paucm:. 1

Totally

TDR TB
hes a
mortality rate
of 100%

So
far, there is
no single drug:
that can be
administered to a
TDR TB case

national
healthcare
institutions.

Considering
any person suffering from
TB contracts the disease at
least 10-15 persons every
vear, this is a potential epi-

demic.” said Dr Zarir F.
Udwadia, consultant physi-

drug-resistant
tuberculosis
(TDR TB) is TB for
which no effective
~ treatments are

| ‘avaliable,

Perils of totally
drug-redstant

cian. PD Hinduja Hospital.
All these patients were
resistant to the first line
and the second line of TB
treatment. While multi-
drug resistant (MDR) TB
has a mortality rate of 30
per cent, extensively drug

resistant (XDR) TB has a
mortality rate of 60 per
cent, but TDR TB has a
mortality rate of 100 per
cent, said Dr Udwadia.

So far, there is no single
dmg that can be adminis-

ter(;d o a TDR TB case,
“Our rience with the
12 cases disturbing. Each

patient on an average, has
visited five doctors and
subsequently, ended up
with TDR, before coming to
us,” said Dr Udwadia.

According to him, one of
the most callous stages in
the TB control programme
is Category 2, which is the
second line of treatment.

“Doctors continue it for
months toi‘ether despite
knowing at it hasn't
worked in the longest time.
Also, during this stage,
patients are given some of
the most toxic drugs,” said
Dr Udwadia.



Outcomes of MDR-TB treatment

MDR-TB cohorts 2007-2012, global = rrementsuccess
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Outcomes of XDR-TB treatment

XDR-TB cohorts 2012, by WHO Region*

Percentage of cohort

*number of cases observed shown next to the bars



480 000
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estimated cases of MDR-TB in 2014

123 000
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MDR/RR-TB cases detected in 2014

111 000
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TB patients started on MDR-TB treatment in 2014

50% g

of MDR/RR-TB cases started on treatment

in 2012 with successful outcome



FIVE PRIORITY ACTIONS TO ADDRESS THE GLOBAL MDR-TB CRISIS

10

Prevent the development Expand rapid testing and
of drug resistance through detection of drug-resistant
high quality treatment of TB cases

drug-susceptible TB

A7

Provide immediate access Prevent transmission
to effective treatment and through infection control
proper care

SS9
-

Increase political commitment with financing




How does TB DR emerge in
individuals and populations?



The evolution of drug-resistant M. tuberculosis
variants has generally been attributed to inadequate
implementation of control measures, interrupted drug
supply, low-quality drugs and patient non-adherence.
However, it is increasingly evident that these factors
alone are insufficient to explain the evolution of drug
resistance in TB, as resistant M. tuberculosis strains
evolve in well-functioning health systems and under
strict treatment adherence.

Froma review by Sebastien Gagneux et al.



De novo resistance

* |n addition to programmatic failures,
“functional mono-therapy” can arise due to:

— Under-dosing of drugs

— Low absorption of drugs due to loss of intestinal
integrity in chronic disease

— Poor penetration of drugs into cavitary lesions



De novo resistance

* Population size
— Estimated at 1078-10710TB bacilli

— Need to consider cell death as true population size
should be binary fission events, not prevalent bacilli at
given point.

e Mutation Rate

— 2-4 x 10710 - slower than most bacteria.

— Other factors that affect rate may include
e Response to stress in macrophage environment
e Exposure to DNA-damaging drugs
* Presence of pre-existing mutations



De novo resistance

* Mutational target size varies by drug.

 Much larger target size for pro-drugs that are
modified by non-essential enzymes (INH, PZA)
than for drug target alterations 9Rif).



How about transmission?

Drug-susceptble TB MDRTE
Acquisition of resistance
>

Ircornect treatment

Poor adherence

Malabsorption

Poar drug guality
Expasure n health care or community setting
Transmissbility of MDRTB strain
Delayed dagnoss
Long culture-conversion time

v
NoTB Transmission of resistance MDRTS

>



Are there fitness costs to TB drug resistance?
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log 10 bacteria in lungs

Mycobacterial growth of INH
resistant strains

0 0. 0

1
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Time in Days

Ordway et al, Inf Immun, 1995



Some mutations that lead to drug
resistance do not impair fitness

A.
10° Wildtype KatG
o7 4 / YP
CFU 10% _ .
105 e \5315T INH resistant mutant
10° P
' ® _\ Other INH resistant KatG mutants
10 20 30 40
Days after infection
C. 107
10°
CFU .5 | The white bars correspond to the

CFU after 1 day, and the gray bars
correspond to the CFU after 40
days in the lungs.

Pym A et al, Inf Imm 2002



Relative competitive fitness of laboratory-derived
rifampin-resistant mutants of M. tuberculosis

TITITN

S531W H526R 5221 Q5130 H526P R5230
rpo8 mutation

All mutants had a statistically significant fitness cost (error bars indicate 95% confidence intervals). This
cost was less in rpoB 5531L mutants than in other rpoB mutants, imespective of the strain background.
Light gray bars, CDC1551 mutants; dark gray bars, T85 mutants. Y, Tyr; W, Trp; P, Pro.

The Competitive Cost of
Antibiotic Resistance in
Mycobacterium tuberculosis

Sebastien Gagneux,™**t Clara Davis Long,>* Peter M. Small,™* Tran Van,*
Gary K. Schoolnik,™* Brendan ]. M. Bohannan®
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Index case .

Brother-in-law

Household X Drug-resistance profile Molecular fingerprint

INH-RIF-EMB-PZA-THA-CPX

INH-RIF-EMB-PZA-SM (*)

INH-RIF-EMB (*)

INH-RIF-EMB-PZA-SM-KM

INH-RIF-EMB-SM

INH-RIF-EMB-PZA

Year 1989 90 91 92 93 94 95 96 97

v

Pulmonary TB, drug-resistance profiles and molecular fingerprints
in the household of a patient with infectious MDR TB

Mercedes Becerra
Department of
Social Medicine
HMS



Other epidemiological studies

Odds ratio for clustering of M. tuberculosis

Odds Ratio
(95% Confidence Interval) P

Resistance to isoniazid 0.16 (0.4-0.6) 008
and rifampin®

Other resistance® 114 (0.5-2.7) 80

Pleural effusiont 15.28 (1.6-147.9) 02

Primary school or less education 3.41 (1.6-7.4) .002

Cavitary diseaset 2.18 (1.0-4.6) 04

*Compared with fully susceptible strains.
tCompared with other radiographic appearances.

Garcia-Garcia et al, Arch
Intern Med, 2000




Impact of drug resistance on infection

Adjusting for multiple possible confounders including SES, co-morbidities, BCG
vaccination, index host HIV status, smoking, and alcohol use.

Impact of drug resistance on disease

Adjusting for multiple possible confounders including SES, co-morbidities, BCG
vaccination, index host HIV status, smoking, and alcohol use.



What is to be done?

e Early diaghosis and appropriate treatment of
MDR will reduce ongoing transmission.

e Calls for

— Programmatic interventions such as active case
finding

— Rapid diagnostics that allow selection of
appropriate drug regimens at time of diagnosis.
This requires identification of full compendium of

DR mutations and development of rapid
diagnostic tests to identify them.



