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Anti-tuberculosis treatment strategies
and drug development: challenges
and priorities
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Abstract | Despite two decades of intensified research to understand and cure tuberculosis
disease, biological uncertainties remain and hamper progress. However, owing to collaborative
initiatives including academia, the pharmaceutical industry and non-for-profit organizations, the
drug candidate pipeline is promising. This exceptional success comes with the inherent challenge
of prioritizing multidrug regimens for clinical trials and revamping trial designs to accelerate
regimen development and capitalize on drug discovery breakthroughs. Most wanted are markers
of progression from latent infection to active pulmonary disease, markers of drug response and
predictors of relapse, in vitro tools to uncover synergies that translate clinically and animal models
to reliably assess the treatment shortening potential of new regimens. In this Review, we highlight
the benefits and challenges of ‘one-size-fits-all’ regimens and treatment duration versus individu-

Active TB

Disease that occurs in
individuals infected with
Muycobacterium tuberculosis
and present symptoms that
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night sweats and fever.

!Center for Discovery and
Innovation, and Hackensack
Meridian School of Medicine,
Department of Medical
Sciences, Hackensack
Meridian Health, Nutley,

NJ, USA.

?Harvard T.H. Chan School of
Public Health, Department
of Immunology and Infectious
Diseases, Boston, MA, USA.

e-mail: veronique.dartois @
hmh-cdi.org

https://doi.org/10.1038
$41579-022-00731-y

scientific and operational perspectives.

The Nobel Prize-winning discovery of streptomycin
has enabled the treatment of several infectious dis-
eases, including tuberculosis (TB). Since then, many
newer antibiotics have been combined into anti-TB
drug treatment regimens that have saved millions of
lives. However, despite advances in the past, until the
emergence of SARS-CoV-2, TB was the leading cause of
infectious disease mortality worldwide, with more than
1 million deaths annually.

Although the current standard treatment for TB is
effective, it is also unwieldy. Patients with uncomplicated
drug-susceptible TB are required to take multiple anti-
biotics for 6 months. Since compliance is inconsistent,
WHO recommends that this be directly supervised,
adding an enormous layer of infrastructure to an excep-
tionally long treatment programme. With the rise of
drug resistance, treatment failure rates have increased
along with more toxic therapies that are far more costly.
Improved interventions could have a substantial effect
on our ability to decrease the morbidity and mortality
associated with the disease and to limit further spread,
as treatment of active TB is the major modality for
preventing transmission in most of the world.

We are at an exciting juncture in TB regimen devel-
opment. For the first time in four decades, a 4-month
regimen, containing rifapentine and moxifloxacin, was
found non-inferior to the standard 6-month regimen in
the treatment of drug-susceptible TB at the 12-month
follow-up'. In 2019, the first 6-month regimen was

alized therapy based on disease severity and host and pathogen characteristics, considering

approved for the treatment of multidrug-resistant
(MDR) and extensively drug-resistant (XDR) TB, com-
prising only three drugs with two novel mechanisms
of action: bedaquiline, pretomanid and linezolid”. Yet,
shorter, better tolerated and more successful treatments
are needed for all patient populations. Accomplishing
this will require both new antibiotics and new com-
binations of approved drugs and clinical candidates.
Compared to a decade ago, the anti-TB drug pipeline is
in healthy shape with both repurposed and repositioned
antibiotic classes as well as drug candidates that act via
novel mechanisms of action (Working Group on New
TB Drugs). Because of this success, the most important
research focus has become the prioritization of prom-
ising drug regimens. Although there is a considerable
amount of active research and development in this area,
one major limitation is the lack of validated in vitro and
animal models that predict the success of drugs and drug
combinations.

Here, we discuss the uneven distribution of TB burden
and disease spectrum around the world and its implica-
tion on treatment strategies and challenges. We review
new technological advances in mycobacteriology, their
impact on TB drug discovery and development, and
where knowledge gaps remain. Basic and preclinical
research priorities are proposed to accelerate the develop-
ment of curative drug regimens. Not included here are a
survey of host-directed therapy approaches, an exhaustive
summary of clinical drug candidates and their targets, nor
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a Estimated TB incidence rates in 2020
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b Past and future trajectories of TB incidence in three high-burden countries
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a list of clinical trials of single drugs and drug regimens,
all recently and comprehensively reviewed elsewhere.

TB burden and spectrum of disease
Burden distribution and inequalities. TB disease is
proceeding asynchronously around the world. In 2019,
30 countries with a high TB burden accounted for 87%

of new TB cases and 8 countries accounted for two-thirds of
the total cases (WHO tuberculosis)®. As disease burden
is strongly associated with socio-economic conditions’,
its incidence rates have different trajectories in different
parts of the world. In the USA, TB has an incidence sim-
ilar to amyotrophic lateral sclerosis; in other words, it is
avery rare condition. China and the Russian Federation
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<« Fig. 1| Global TB burden. a| Incidence of tuberculosis (TB) per 100,000 population in
2020. Not applicable: WHO criteria for national prevalence survey not met. b | The top
graphs represent the incidence of TB in South Africa, the Russian Federation and China
from 1990 to 2020. Sub-Saharan Africa has been on an overall trajectory of increased
incidence until 2010, mostly driven by the TB-HIV-1 epidemic and the 20-fold increased
risk of reactivation in people positive for HIV-1. Initial increase in incidence and mortality
in the Russian Federation coincides with the collapse of the Soviet Union and health-
care system, which was brought under control after 2000. China has been on a consistent
steady decline since 1990. The bottom graphs show the estimated impact of the COVID-19
pandemic on TB mortality in South Africa, the Russian Federation and China up to 2025.
Plots were generated using publicly available TB burden data from WHO reports*© and
the World Bank database. Part b, top graphs, based on data from WHO global TB reports
from 1990 to 2021 and adapted from the World Bank database, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/). Part a and part b, bottom, adapted with
permission from REF.°, WHO.

formerly suffered from high TB rates but, although still
incurring substantial burden, they are on a better trajec-
tory than most high-burden countries (FIC. 1). In other
parts of the world, such as in South America, North
Africa and parts of Asia, where incidence was moderate a
few decades ago, the TB-diabetes syndemic has reverted
the trend; diabetes being an important risk factor for
developing TB and presenting more complicated disease,
higher relapse rates and mortality®’. Although several
comorbidities can increase susceptibility to TB, HIV-1
is the leading determinant of reactivation risk and thus
contributes to the TB burden in sub-Saharan Africa. The
long-term repercussions of the COVID-19 pandemic'®"!
combined with wealth inequalities will further widen
the divide'”. To a large extent, distinct regions and sub-
continents face unique challenges that require tailored
improvements in diagnostic and treatment strategies.
Yet, treatment guidelines, diagnostics and research needs
tend to be defined globally, based on the integration of
worldwide statistics.

Spectrum of disease. WHO defines latent TB infection
(LTBI) as a state of persistent immune response to stim-
ulation by Mycobacterium tuberculosis antigens without
evidence of clinically manifested active TB and with
bacillary replication absent or below some undefined
threshold as a result of immunological control. LTBI
affected approximately 1.7 billion individuals in 2014
(REF."), just under one-quarter of the global population.
The rate and risk of LTBI reactivation are greatest within
2 years from infection, then decline from 2 to 5 years
and beyond'’. Quantifying the rates of late reactivation
versus early progression is complicated by reinfection in
high-incidence areas'” and difficulties in validating start-
ing assumptions'® such as the presumption that asymp-
tomatic infection is lifelong'”. The substantial gaps that
remain in our understanding of reactivation hinder our
efforts towards TB eradication as the burden of LTBI
constitutes an enormous reservoir from which active
TB cases can emerge. Identifying and triaging this popu-
lation will drive our chances to meet the global targets of
90% reduction in TB incidence by 2035 and elimination
of TB (less than 1 incident case per 1,000,000 per year)
by 2050 (REF.").

Active pulmonary TB disease either appears within
1-2 years after infection or following reactivation of
latent infection in ~5-15% of infected individuals
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throughout their lifetime'. TB disease is defined by
progressive bacterial replication and pulmonary necro-
sis and often but not always includes cavitary lesions
that promote the transmission of bacteria®. Although
the outcome of infection by M. tuberculosis has gener-
ally been represented as a bimodal distribution between
active and latent TB based on the presence or absence
of clinical symptoms, it is now increasingly viewed as
a continuous spectrum generated by a varied immuno-
pathology that supports bacterial replication, persistence
or killing®'**, extending to within-host heterogeneity™.

The current drug regimen used to treat uncompli-
cated drug-susceptible TB is the outcome of several
decades of clinical trials*. This short-course therapy
with isoniazid, rifampicin, pyrazinamide and etham-
butol for 2 months followed by 4 months of isoniazid
and rifampicin was implemented four decades ago and
has not changed since. By contrast, numerous clinical
trials of drug-resistant TB were recently completed
or are recruiting, providing a dynamic landscape and
opportunities to improve cure rates and reduce therapy
duration from 24 to 6 months>”. The mandate of major
drug discovery initiatives is to develop drugs that, in
combination, create shorter, safer and simpler regimens
to cure all patients with TB*.

The possibility that isoniazid could be used to pre-
vent reactivation of LTBI was considered soon after it
was introduced in 1952. Subsequent clinical trials in the
50s and 60s demonstrated a marked reduction in active
TB in patients treated with isoniazid and a long-lasting
protection®*. Based on these results, preventive treat-
ment of TB infection with isoniazid for 6 or 9 months
became a widespread approach to TB control and is still
in use today. More recently, a rifamycin was added to
or substituted for isoniazid, which successfully reduced
treatment duration’"”. Five regimens of various dura-
tions that include isoniazid and/or a rifamycin are
recommended globally and considered equivalent by
measure of effectiveness and hepatotoxicity, though they
have not been directly compared in clinical trials™-*.
Besides historic trials with pyrazinamide®, levofloxacin
in children® and adults*’** and delamanid (PHOENIx
MDR-TB) (ClinicalTrials.gov, NCT03568383) are cur-
rently being tested as prophylactic therapy in household
contacts of patients with MDR-TB.

TB infection and disease present as a multifaceted
spectrum that can be represented in three dimensions
(FIG. 2). This multitude of manifestations and microbio-
logical diversity creates formidable treatment challenges
(see below). LTBI is now recognized as a dynamic con-
tinuum of response to infection’"*. At the ‘active’ end
of the latency spectrum are individuals at high risk of
developing active disease (‘progressors’), who would
benefit from reactivation risk assessment and treat-
ment. Identifying and curing this population is critical
to meet the global targets for TB control and elimination
by 2050 (REF.*%). The spectrum of LTBI, from true latency
to incipient disease, has been comprehensively reviewed
elsewhere’*”. Due to the lack of validated immune and
bacteriological markers, LTBI is only operationally
defined as a state of persistent immune response to stim-
ulation by M. tuberculosis antigens without evidence of
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Fig. 2 | TB infection, disease spectrum and associated challenges.
Tuberculosis (TB) presents as a spectrum along three axes: disease pathology
and severity, bacterial persistence and drug tolerance, and genetic
resistance. The pathology of TB disease is a dynamic continuum from fully
latent asymptomatic infection to active disease with high bacterial burden
in open cavities, leading to transmission and more frequent treatment
failure. Individuals with latent TB infection who are progressing towards
incipient TB are at high risk of developing active disease and would benefit
from reactivation risk assessment and treatment. The spectrum of

Difficulty to sterilize

immunopathology creates a diversity of microenvironments to which the
pathogen responds with metabolic and physiological adaptations leading
to drug tolerance or phenotypic drug resistance and persistent disease.
Drug tolerance as well as other patient and pathogen factors lead to
a spectrum of genetic resistance both in terms of the number of drugs a
bacterium is resistant to and the level of resistance to each drug. Such
variability along three axes creates a gradient of decreased drug efficacy and
lesion sterilization within and across patients, constitutes a multidimensional
challenge for health-care programmes and complicates clinical trials.

Cavitary disease

Active disease characterized
by the presence of open
pulmonary cavities in the lung
parenchyma, composed of a

for active disease.

clinically manifested active TB, hampering the triaging
of those at greatest risk for progression to TB disease™.
Overall, basic knowledge gaps are deeper for LTBI than

retrospective analyses have shown that patients with
cavities and a high bacterial burden in sputum may
require treatment durations of more than 6 months,
whereas 4-month therapy was non-inferior to 6-month

wall filled with necrotic debris
and high bacterial burden,
leading to poor treatment
outcome and increased
person-to-person transmission.

Active symptomatic TB presents with a range of
severity, primarily classified as either cavitary disease
or moderate non-cavitary disease. Decades of clinical
trials consistently point towards poorer prognostic and
treatment outcomes for cavitary disease*’~*.. Recent

therapy in patients with non-cavitary minimal disease®.
The identification of patients who might benefit from
shorter treatment durations could therefore only require
broadly available chest X-ray radiography and sputum
smear methods.
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Drug tolerance

Increased survival of bacterial
cellsin the presence of drug,
generally not driven by genetic
mutations but due to
physiological or metabolic
adaptations that lead to
decreased growth rate upon
encountering specific
environmental conditions.

Persister subpopulation
The subpopulation of bacteria
that survives the bactericidal
action of antibiotics but is
genetically identical to
susceptible bacteria and
appears to be non-replicating
or slowly growing in response
to various stresses.

Treatment of drug-susceptible and drug-resistant
M. tuberculosis strains requires a minimum of three to four
antibiotics in combination, leading to complex pat-
terns of drug susceptibility and resistance. The infecting
M. tuberculosis strain is classified as fully drug suscepti-
ble, mono-resistant, MDR or XDR. Within the latter two
categories, individual drug susceptibility profiles guide
the design of patient-tailored drug regimens, which are
subject to national guidelines and institutional policies*-*.

In both LTBI and active disease, host immunity
produces diverse microenvironmental niches that sup-
port suboptimal growth or complete growth arrest of
M. tuberculosis. Many different lesions, with different
immune effects, exist simultaneously in a single infected
individual. The physiological state of non-replication
in bacteria is associated with drug tolerance or phe-
notypic drug resistance. Indeed, the response to drug
treatment is biphasic, with an initial phase of rapid
though incomplete clearance of the bulk of infecting
bacilli, followed by a longer phase required for complete
sterilization of persisting populations*. In a defined
bacterial population, drug tolerance is either induced
by a variety of stresses or is conferred by pre-existing
physiological heterogeneity’’~*, both producing a
persister subpopulation. Cell-to-cell variability creates an
almost infinite spectrum of phenotypically heterogene-
ous subpopulations even under uniform conditions™->°,
which is thought to ensure survival, as at least a small
proportion of cells are predisposed to respond to
potential threats such as antibiotics, a strategy coined
as ‘bet-hedging™. Cell-to-cell heterogeneity is viewed
as the consequence of both stochastic noise and spe-
cific regulatory systems that couple cell cycle progres-
sion and adaptive bacterial metabolism with changing
host-associated environmental stress. Inclusion of
adaptive regulatory elements to the stochastic noise
mechanism for the generation of phenotypically diverse
bacteria within a population has led to a concept referred
to as ‘phenomic potential”’. The phenomenon of drug
tolerance is particularly acute at the sites of TB disease
and is a hallmark of the disease as well as a major fac-
tor contributing to protracted therapy duration due to
long-standing host-pathogen co-evolution® and the
resulting adaptations of M. tuberculosis in response to
host immunity. There is broad consensus that pheno-
typic drug resistance contributes to individual variabil-
ity in TB disease persistence”, relapse and reactivation.
However, large knowledge gaps remain to determine
how in vitro observations of these phenomena can be
applied to predict clinical outcome. In the following
section, we explore the treatment challenges that are
associated with disease complexity.

Treatment challenges

Treatment of all forms of active TB disease requires
multiple antibiotics administered for several months®.
Approved first-line, second-line and third-line agents
recommended to treat drug susceptible, MDR and XDR
TB, respectively, are listed in Supplementary Table 1.
The variability of disease progression, host response and
drug resistance phenotypes complicates treatment
and drug discovery but also creates opportunities to
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stratify patient populations and optimize preventive and
therapeutic strategies. Because TB is largely a disease that
occurs in resource-constrained countries, existing infra-
structure only enables moderately complex interventions.
This adds substantial operational and implementation
challenges to the already daunting research mandate.

Identifying individuals with LTBI at high risk of reac-
tivation. Currently, the WHO recommends preventive
treatment for individuals with LTBI who are at high
risk of TB reactivation; that is, people living with HIV-1,
infants and children under 5 years of age who are house-
hold contacts of patients with pulmonary TB, and
patients who receive immunosuppressive therapy™ .
Scientific breakthroughs have recently made it possible
to identify patients at risk of reactivating LTBI based on
immunobiology rather than on the mainly operational
criteria described above®. These include non-invasive
positron emission tomography-computed tomogra-
phy (PET-CT) and PET-magnetic resonance imaging
(PET-MRI), immune response markers identified by
transcriptomics® and other omics approaches, genome-
wide association studies of host and pathogen, epigenet-
ics, and the identification of differentially expressed genes
in individuals who control LTBI and progressors in both
patients and animal models (Supplementary Table 2).
However, validation studies are needed to determine
the utility of biomarkers in estimating the size of myco-
bacterial burden, and markers of protective immunity
as surrogates of incipient TB®. Although some of these
approaches are not compatible with the capacities in
resource-poor countries, they critically contribute to our
knowledge of reactivation and can form the basis for the
development of surrogate markers adapted to the global
health realities where TB burdens are highest. Once
predictive markers are validated in prospective clinical
studies, implementation hurdles will remain to trans-
late ‘high risk’ determination into appropriate treatment
of potential progressors®. This is further compounded
by the caveats of current preventive therapy: the lack
of a universal regimen active against drug-resistant
M. tuberculosis™, the hepatotoxicity® and limited steriliz-
ing activity of isoniazid®, drug-drug interactions between
rifamycins and anti-retroviral therapy”, and poor accept-
ance and completion rates globally*®. Moreover, adding
LTBI therapy to current TB treatment programmes will
be a logistical challenge. However, the CDC does cur-
rently recommend treatment for every infected individual
regardless of the risk of reactivation. The preferred regi-
mens are identical to those recommended by WHO: three
rifamycin-based regimens and two alternative monother-
apy regimens with daily isoniazid, unless the infecting
M. tuberculosis strain is presumptively resistant to both
isoniazid and rifampin®. This treatment approach is
manageable within the USA and, perhaps, other countries
with either low or moderate prevalence of LTBIL

Assessing disease severity of patients with active TB.
Cavitation status and bacterial burden in sputum
are consistently emerging as correlates of disease
outcome***’. According to the current American
Thoracic Society/CDC/Infectious Diseases Society
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Minimum inhibitory
concentration

(MIC). The lowest drug
concentration that inhibits
growth.

Resistance breakpoints
The minimum inhibitory
concentration (MIC) above
which an antimicrobial agent
is considered to have a low
probability of treatment
success in the clinic.

of America Clinical Practice Guidelines®, therapy for
9 months is recommended to treat extensive cavitary
TB as well as for patients with positive sputum cultures
persisting at 2 months. Extended treatment duration is
also considered for patients with low body mass index,
smokers, individual with diabetes, and individuals
with HIV-1. Recently, an in-depth analysis of clinical
trial data has revealed that patients with non-cavitary
TB, infected with drug-susceptible M. tuberculosis and
with a low sputum burden could successfully complete
therapy within 4 rather than 6 months. This opens up
the possibility for a stratified approach that would tailor
treatment duration based on initial disease severity
(high bacterial burden in sputum and cavitary disease)
as an alternative to the standard 6-month duration for
treatment®. Shortening treatment when appropriate
would improve completion rates and provide welcome
relief to health-care systems. Markers such as presence of
cavities and bacterial load in sputum can be assessed in
resource-limited settings and could be rapidly validated
if their correlation with treatment duration were system-
atically integrated in clinical trials”. Pending formal vali-
dation, the remaining challenge is the implementation of
new flexible treatment guidelines on a global scale given
burden inequalities and unique treatment challenges in
distinct regions and subcontinents.

Understanding drug tolerance. Targeting drug-tolerant
bacterial populations and persisters is the key to achiev-
ing faster durable cure”'. These populations drive the
drug recalcitrant nature of both active disease and LTBI.
As a research community, we have a good understand-
ing of the microenvironments and stress conditions that
exist at the site of disease, but there remain uncertainties
about the clinical relevance of each one and how they
influence treatment outcome. We have developed assays
that reproduce conditions of immune pressure and envi-
ronment as well as drug-induced stress, in vitro and
ex vivo, and we understand how M. tuberculosis adapts to
these conditions and how this translates to reduced drug
susceptibility in these models (TABLE 1). Ex vivo models,
such as those relying on explanted cavity caseum from
rabbits’* and differentially culturable M. tuberculosis
retrieved from patient sputum®*”, most faithfully repro-
duce in vivo conditions but are inherently resource
intensive and mostly suitable to profile approved drugs
and clinical development compounds. Drug tolerance of
intracellular M. tuberculosis remains a substantial knowl-
edge gap for two reasons. First, a wide range of immortal
cell lines and, occasionally, macrophages derived from
primary blood or bone marrow monocytes are used for
M. tuberculosis infection assays, leading to discrepant
potency values. For example, M. tuberculosis is approx-
imately 100-fold less susceptible to rifampicin within
hypoxic lipid-loaded macrophages than in normoxic
THP-1-derived macrophages’”, yet macrophage-like
immortalized cell lines are commonly used due to their
low cost and ease of maintenance considerations. A com-
parative review of anti-TB drug potency within infected
primary macrophages and common cell lines is lacking.
Second, polymorphonuclear leukocytes are increasingly
recognized as a crucial and permissive niche of bacterial

survival and replication’*””’. Rather than eliminating
mycobacteria, neutrophils seem to provide a safe haven
and transport mycobacteria to macrophages while they
retain the potential to damage host tissue®. To date, no
in vivo or ex vivo assay has been developed to assess
the drug tolerance of M. tuberculosis residing within and
around neutrophils and other granulocytes. Although
the short lifespan of neutrophils may present a challenge,
a recent study showed that granulocytes are retained in
M. tuberculosis-infected mouse lungs at least as long as
monocytes and macrophages, consistent with a model in
which M. tuberculosis uses granulocytes as a replicative
niche for intracellular growth®.

In vivo, we have optimized a wide range of animal
models, none fully reproducing human TB, but each with
features justifying its utility (Supplementary Table 3).
It has been suggested that TB should be approached as a
polymicrobial infection®. Human infection may consist
of replicating, dormant (slow-growing or non-growing)
and reactivated bacteria in all clinical stages*. The rela-
tive proportions of these cells may change in response to
host immune responses and antibiotic therapy™. In other
words, the range of phenotypic antibiotic susceptibility in
a population is extreme, possibly exceeding that seen for
genetic variants. Filling the knowledge gaps to achieve
treatment shortening can thus be viewed as a two-step
process: first, the inventory of available assays and mod-
els that collectively recapitulate micro-environmental
conditions encountered in vivo and produce all poten-
tially relevant pathophysiological states of the bacteria,
validation of in vitro assay panels that predict clinical
treatment shortening, and determination of which ani-
mal models are required to bridge in vitro assays and
clinical efficacy for new drug candidates; second, the
identification of missing assays, models, and bacterial
profiles to refine the predictive power of the approach
and determination of how they integrate within a patient
to drive treatment outcome (that is, the response to treat-
ment may be more complex than the sum of its parts,
even if, collectively, assays and models faithfully capture
all relevant in vivo conditions). Many have thought that
the best way to identify successful therapies is to find
agents active in all assay conditions; however, this might
well not be true. Prioritizing in vitro assay conditions
that have been validated as predictive of in vivo and clin-
ical treatment is likely to yield better drug candidates
and help focus resources. Though challenging, all this
seems attainable with the ever-faster development of
new technologies and a healthy drug pipeline.

Determining high risk of recurrence following therapy
completion. Rather than complete bacterial eradication
in all treated individuals, apparent bacterial sterilization
during and following TB chemotherapy is now under-
stood to include an antibiotic-induced persistent state
that forms a relapsing reservoir in a subset of treated
patients. Accordingly, ‘high resolution’ determination of
the minimum inhibitory concentration (MIC) of isoniazid
and rifampicin within the drug-susceptible range (that is,
below standard resistance breakpoints) has shown that
higher MIC values were associated with a greater risk
of relapse than lower MIC values®*’. We lack validated
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Table 1| Selected? potency assays to reproduce microenvironments of pulmonary tuberculosis®

Microenviron-
mental condi-

tion replicated
in each assay

Replicating
culture®

Nonspecific
conditions
thatinduce
dormancy

Acidic pH

Acidic pH with
host lipids

Nutrient
deprivation
and/or carbon
starvation

Oxygen
starvation

Lipid-rich and
cholesterol-rich
niches

Lipid-rich and
acidic niche

Assay and model

Standard minimum
inhibitory
concentration and
minimum bactericidal
concentration assays

Streptomycin-addicted
strain SS18b

Late stationary phase
(30 to 100 days old)
culture, can be grown
microaerophilically

pH 4.5-6 in standard
growth medium

pH 4.5-5.5 with oleic,
palmitic, arachidonic
acid and/or cholesterol
added

Loebel cidal assay

in PBS or carbon
starvation assay in
standard media lacking
carbon source

Low oxygen recovery
assay

Wayne cidal oxygen
depletion assay

Fatty acids (typically
butyrate) or
cholesterol as carbon
source in standard
growth medium

Host-relevant lipids
(long-chain fatty acids
and cholesterol) at

pH 4.5

Replication
status

Replicating

Non-replicating

Non-replicating

Slow-replicating
tonon-replicating,
pH dependent

Replicating

(M. tuberculosis
can grow at pH
aslowas4.5in
the presence of
host-relevant
lipids)

Non-replicating

Non-replicating
followed by
recovery for 28 h

Non-replicating

Replicating to
slow replicating

Slow replicating

Drug
tolerance

NA

Drug class
specific (SS18b
mostly tolerant
to cell wall
inhibitors)

High but
likely to be
heterogeneous

Variable from
sensitization
to tolerance,
drug specific

Moderate to
high

High (carbon
starvation) to
very high (PBS)

Moderate to
high

High

Low to
moderate

ND

Strength

Baseline reference assays

Requires no special
equipment; SS18b can be
used in vivo to simulate
latency in animal models

Simple, requires no special
equipment

Amenable to high-throughput
screening

Integrates lipid utilization
as a target and as a source
of drug tolerance; mitigates
the limitation of the acidic
pH-only assay

M. tuberculosis isolated from
lung lesions has an altered
morphology and reduced
acid-fast staining similar to
M. tuberculosis starved in
PBS in vitro; amenable to
high-throughput screening
with a recovery phase

Adequate for
high-throughput screening

Low-oxygen tension is
encountered in necrotic
lesions and is a key driver of
non-replication and dormancy
through DosR and induces
drug tolerance

Reproduces the lipid-rich
environments M. tuberculosis
encounters in foamy
macrophages and necrotic
lesion foci, leading to
accumulation of intrabacterial
lipid inclusions and
pronounced drug tolerance

Shift from glycerol or glucose
to long-chain fatty acids
and/or cholesterol as carbon
source supports growth at
pH 4.5; amenable to high
throughput screens

Limitation

Baseline reference
assays

Induction of dormancy is
non-physiological

Bacterial population is
highly heterogeneous
and asynchronous in late
stationary phase, which
affects reproducibility

Acidic pH can either
sensitize Mycobacterium
tuberculosis to drug
action or induce drug
tolerance; acidic pH
affects M. tuberculosis
growth below pH 5.8 and
may affect drug stability

Media preparation
includes poorly soluble
long-chain fatty acids

Does not reproduce
physiological conditions
typically encountered at
the sites of disease

Recovery phase is
sensitive to drug
carryover through
absorption to the
bacterial surface

Low-throughput
resource intensive assay

Assays do not reproduce
the complex mixture of
triacyl glycerides, fatty
acids, cholesterol and
cholesterol esters found
in macrophage lipid
droplets and in caseum

Assay does not
reproduce the complex
lipid mixture found in
lipid droplets and in
caseum

Refs

156

158,159

160,161

162

163-166

167

83,168-170

74,96,171-174

162
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Table 1 (cont.) | Selected? potency assays to reproduce microenvironments of pulmonary tuberculosis®

Microenviron-
mental condi-
tion replicated
in each assay

Assay and model

Macrophages Multi-stress model:

and acidic pH, mild

phagolysosomes hypoxia, reactive
nitrogen

Replication
status

Drug

Non-replicating High
(can be followed

by recovery and
outgrowth to

tolerance

Strength

Clearly defined
conditions that facilitate
reproducibility; combines
major growth-restrictive

Limitation

The four stresses
omit other relevant
conditions that could
limit M. tuberculosis

Refs

48,175

intermediates, fatty
acid carbon source
(and combinations
thereof)

Intracellular growth
inhibition assay

Cavity caseum

Explanted rabbit
caseum assay without

deconvolute
compounds
active against
replicating
Versus
non-replicating
bacteria)

Replicatingor ~ Lowto
slow replicating moderate

Non-replicating High

aeration to simulate
decreasing oxygen

gradient
Biofilm-like Multiple formatssuch ~ Both Generally high
aggregates as pellicles at the replicating and

air-medium interface  non-replicating

and attached microbial phases are

communitiesonlysed  amenable to

leukocytes drug potency

measurements tolerance

Sputum Most probable Non-replicating Variable and

number assay using
ex vivo sputum cells
to quantify effect

of drug treatment

on differentially
culturable M.
tuberculosis with and
without resuscitation

subpopulation
specific

filtrate

conditions encountered in
the phagolysosome; a stress
deconvolution scheme has
been proposed

Has the potential to
reproduce native conditions
found in macrophages in vivo,
if primary macrophages found
in infected lungs are used

Closest to native caseum
conditions

M. tuberculosis biofilm-like
structures form spontaneously fide M. tuberculosis
at the air-medium interface;
the model can be exploited
to understand the basis of
biofilm-associated antibiotic

Highly clinically relevant;
reveals drug tolerance of
three differentially culturable
bacterial populations found
in human sputum: forming
colonies on plate, growing in
liquid medium only without
resuscitation, or growing in
liquid medium only with prior
resuscitation using culture

replication and induce
tolerance; butyrate is the
sole lipid carbon source

Substantial assay REFUSIY

variability associated
with macrophage

type; less clinically
relevantimmortal cell
lines such as THP-1 or
J774 are used rather
than primary activated
foamy macrophages for
practical reasons; results
are sensitive to minor
assay differences and

a comparative review
appears to be lacking

Low-throughput and
resource intensive;
variable cavity-to-cavity
starting burden

The existence of bona 176-180

biofilms in patients
remains a matter of
debate; they may be
better described as
‘attached communities’;
assay formats vary
widely, which challenges
reproducibility

53,73,181

The assay is logistically
complex with very

few laboratories set

up to perform it;

result interpretation is
confounded by potential
subpopulation overlap
and transition between
the three states upon
drug treatment

NA, not applicable; ND, not determined; PBS, phosphate-buffered saline. *Most widely used in the field. "Dormancy models are reviewed in REF.'*2, <Listed as
reference assays to determine baseline potency under replicating conditions in standard growth medium.

markers to follow treatment response and distinguish,
in real time, patients who need to remain on treatment
from hyper-responders who can complete treatment
earlier. Identifying patients who might require longer-
than-standard treatment duration would minimize
costly relapses. A five-gene signature that correlates
with the pulmonary inflammatory state, as meas-
ured by PET-CT, identified patients at risk of treat-
ment failure 1-4 weeks after start of therapy®. More
recently, a 22-gene transcriptomic model that predicts

cure-associated end-of-therapy was defined for patients
infected with drug-susceptible and MDR M. tuberculosis
strains®. Developing rapid and affordable point-of-care
tests that quantify these biomarkers and deploying
assays and adapted treatment guidelines are the major
unmet needs.

Simplifying and improving treatment of drug-resistant
disease. The clinical drug candidate pipeline is healthy,
enabling a shift in favour of developing pan-TB or
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Synergistic drug
interactions

Interactions that occur when
the combined effect of two
drugs is greater than the sum
of each drug’s individual
activity.

universal drug regimens to treat all forms of drug-
susceptible and drug-resistant TB. The success of the
NIX-TB trial (NCT02333799), a 6-month three-drug
regimen that delivered high cure rates in select patient
populations infected with MDR and XDR strains?, con-
stitutes a promising step towards this aspirational goal.
New diagnostic tools that either simplify or increase the
accuracy of drug-resistance profiling are continuously
improved to help physicians and health services inter-
pret results and provide faster and more targeted treat-
ment for patients®”**. Recently, the WHO published a
catalogue of 17,000 M. tuberculosis mutations and their
association with drug resistance®. The report provides
a reference standard for the interpretation of mutations
conferring resistance to all first-line and a variety of
second-line drugs. It complements an elegant tool called
SplitStrains, which leverages whole-genome sequencing
data to identify and separate mixed M. tuberculosis infec-
tions with genetically different strains”, a phenomenon
that can lead to hetero-resistance and the ensued treat-
ment complications’*>. The new toolkit enables more
precise detection, identification and quantification of
multiple infecting strains within a sample. Besides the
implementation of new improved diagnostics, the major
challenge to eradicate drug-resistant TB is the discovery
and development of universal regimens only compris-
ing drugs with novel mechanisms of action and mini-
mum side effects, which would not only be used to treat
resistant TB but could also replace the first-line regimen.
Towards this goal, the Tuberculosis Drug Accelerator
was launched in 2011 as an experiment designed to facil-
itate collaboration in anti-TB drug discovery by breaking
down barriers among competing laboratories and insti-
tutions. The Tuberculosis Drug Accelerator is a unique
collaboration of academic, pharmaceutical, global
non-governmental organizations and governmental
organizations that pledge to make medicines affordable
to those in need, build knowledge and seek to develop
shortened, less toxic, universal drug regimens that can
achieve rapid, durable cure irrespective of resistance to
existing drugs®.

Drug development priorities

The shortcomings of TB treatment can be ascribed to
four major challenges: curing TB takes considerably
longer than any other bacterial infection of the lungs
owing to a combination of drug, pathogen and host
factors; drug tolerance fuels and synergizes with drug
resistance; single drug and regimen development tested
in sequence is inherently slow while tools are emerging
to rationally prioritize regimens early in the cascade; and
a surprisingly small number of drugs have been tested as
preventive therapy of LTBI. Although the division into
such broad areas may appear overly schematic, it pro-
vides a useful starting point to highlight where future
research could focus and identify drug development
priorities.

Addressing biological knowledge gaps to optimize
treatment. Persistent TB disease is a consequence of
immune evasion or the ability of M. tuberculosis to per-
sist and multiply within the very host cells committed to

REVIEWS

eliminating bacterial pathogens™*, suboptimal drug pen-

etration at the sites of disease, and extreme drug tolerance
of selected subpopulations, some located in necrotic
granulomas and cavity caseum’*. Such niche-specific
pharmacokinetics and pharmacodynamics present a
challenge to ensure optimal drug delivery to bacilli in
dynamic physical loci and metabolic states*””.

Host-directed approaches that complement antibac-
terial therapy to accelerate cure generally rely on four
major concepts: modulation of pro-inflammatory medi-
ators to dampen inflammation, curb immunopathology
and improve lung function and integrity; enhancement
of immune and memory response efficacy; enhance-
ment of macrophage and neutrophil bactericidal mech-
anisms to counter the immune evasion mechanisms of
M. tuberculosis; and disruption of granuloma structure
to improve drug penetration and expose the bacilli to
drug action. These approaches and corresponding ther-
apies in clinical development are beyond the scope of
this Review and have been comprehensively reviewed
in recent years>*.

A multipronged strategy centred on the pathogen,
its metabolic and physiological adaptations, its precise
location relative to immune cells and lesion structures,
and its susceptibility to drugs and drug combinations in
these niches will certainly increase our understanding
and might contribute the knowledge required to develop
shorter regimens. Recent efforts have focused on the
identification of mycobacterial targets that are essen-
tial and vulnerable in persistence niches: sputum®'®,
infected mouse lungs, ex vivo and in vitro macrophages,
and other relevant environments (reviewed in REF”’).
Although host transcriptome analyses are widespread
and deliver increasingly robust data, the very low abun-
dance of pathogen transcripts relative to host transcripts
in biological samples constitutes a formidable challenge
and a limitation of currently available technologies.
However, this hurdle is likely to be overcome soon
given the ever-improving performance of sequencing
platforms and big data analysis. Multi-omics profiling of
M. tuberculosis in caseum, foamy hypoxic macrophages,
neutrophils and other persister populations in specific
lesion compartments will identify pathways and func-
tions that are critical to mycobacterial survival and
might represent new antibiotic targets, thus possibly
enabling shortening treatment duration. Likewise, a
proven CRISPR interference-based functional genomics
screen'”! could be applied to persistence environments,
such as ex vivo caseum, macrophages and mouse infec-
tions, to identify vulnerable targets as well as targets that
synergize or antagonize drug treatment'”.

Leveraging the potential of synergistic drug interactions
in multidrug treatment regimens to accelerate dura-
ble cure is a growing field that successfully combines
experimental, systems biology and computational
tools in powerful platforms such as INDIGO and
DiaMOND!*-'%, Collectively, they constitute a living
repository of drug interactions on which researchers
can build to refine their predictive value. However,
although screening for positive and negative drug inter-
actions in vitro is straightforward, understanding which
model systems and in vitro assays predict synergies that
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might translate into the clinic is complex because TB
is a polymicrobial disease spread across multiple sites
of infection, whereas in vitro synergies are measured
in a homogeneous environment using constant drug
concentrations. Stochastic and adaptive cell-to-cell
bet-hedging leading to a selective advantage for the
whole bacterial population is likely to contribute to
synergy and antagonism in ways that may be difficult
to reproduce in vitro'””. As a promising example, treat-
ment with bedaquiline in vitro activates a regulatory
network that coordinates multiple mechanisms to push
M. tuberculosis into a tolerant state, which can be dis-
rupted by knocking out its predicted transcription factors
Rv0324 and Rv0880, increasing bedaquiline killing'®.
This finding enabled the prediction that pretomanid
could synergize with bedaquiline through inhibition of
the Rv0880-response regulon and potentiate killing by
bedaquiline at the population level. Although the authors
experimentally confirmed the predictions in vitro, iden-
tifying bacterial populations to which this applies in ani-
mal models and in patients with TB is the critical next
step for bedaquiline-pretomanid as the backbone of the
highly successful NIX-TB regimen” and for all predicted
drug-drug synergies in general. In vitro models, such as
INDIGO, are pathway based, enabling the formulation of
hypotheses to test the underlying biological mechanisms
and adjust in vitro growth conditions to improve predic-
tions. Recently, the predictive power of the DiaMOND
platform was evaluated using drug combination dose
responses measured under eight conditions that repro-
duce lesion microenvironments. Machine learning was
applied to all two-drug and three-drug combinations of
ten antibiotics to develop classifiers predictive of mul-
tidrug treatment outcome in a mouse model of disease
relapse'®. Identifying positive pharmacodynamics inter-
actions in vitro that translate into the clinic is further
complicated by the fluctuating drug concentrations seen
by bacilli at the sites of infection as potency interactions
inherently depend on the relative concentration of each
drug in the combination. To better realize the poten-
tial of combination therapy, an interaction landscape is
drawn over the full dose-response matrix to delineate
synergistic and antagonistic dose regions and quantify
the interactions. These can then be mapped back to the
in vitro—in vivo correlation to refine in vivo predictions.

Elegant tools exist, and many more are developed, to
probe the heterogeneity of bacterial behaviour inside the
host niche, survey their metabolic state, and track them
during therapy in animal models*>'*'" and inpatient
bioaerosols'''. One key pragmatic outcome of these
activities is the detection and mapping of M. tuberculosis
persisters that survive drug treatment, which would
guide prioritization of future research. Validation of the
findings from samples of the human lung is challenging
although resected lung tissues from patients undergoing
elective surgery for drug refractory disease may be an
underexploited resource. As mentioned earlier, the con-
tribution of M. tuberculosis bacilli that survive and mul-
tiply in and around neutrophils to persistent disease”””*!
has been largely underappreciated, overshadowed by the
role of macrophages, which are much more amenable
to in vitro and ex vivo studies. However, in sputum and

cavity caseum, M. tuberculosis bacilli are primarily extra-
cellular or within neutrophils, with a smaller fraction
replicating in macrophages™. Consistent with these
observations, a signature of active TB is dominated by
a neutrophil-driven interferon-inducible gene profile'”
and cavity caseum is often infiltrated with infected
neutrophils in both animal models and patients.

Cavitary disease has long been recognized as a pre-
dictor of poor treatment outcome and as a factor for-
mally associated with the need for longer treatment
duration, especially when associated with positive
culture at 2 months* (see above). In a series of new
developments, pulmonary PET-CT and pCT imaging
have shown that cavities spread M. tuberculosis to other
parts of the lungs through the bronchi'**-'"*, revealing
wide networks of connected lesions with complex mor-
phology, in stark contrast with the oversimplified view
that TB granulomas and cavities are isolated spherical
structures. The extent of bronchogenic spread, its contri-
bution to disease dissemination, and its impact on treat-
ment outcome in animal models remain to be defined to
guide the manipulation of models that better recapitulate
this aspect of TB''®. Thus, targeting treatment not only
to cavities but also to airway networks and the bronchial
tree might be more important than previously realized
to accelerate cure.

Prioritizing promising drug combinations. Owing to a
growing pipeline of anti-TB drug candidates (FIC. 3a),
a new paradigm of pan-TB regimen development has
gained momentum over the past 5-10 years. New regi-
mens to treat drug-susceptible, MDR and XDR M. tuber-
culosis infections have become conceivable due to the
substantial proportion of drug candidates and recently
approved drugs with novel mechanisms of action
(FIG. 3b). Universal regimens would substantially acceler-
ate global efforts to control TB. Given the overwhelming
number of potential combinations of three, four and five
drugs selected from ten major classes, whether approved
or in clinical development, the number one priority is
the development of a rationale to predict best perform-
ing regimens. So far, the ranking of regimens for clinical
trials has been driven by limited preclinical data and
could thus be optimized'"’.

Several steps could contribute to a rationale for the
prioritization of regimens combining drugs that opti-
mally reach and kill all M. tuberculosis bacilli, thereby
maximizing the potential to shorten treatment. We can
measure how effectively each drug covers the diverse
sites of infection, how much is required to inhibit or
kill each mycobacterial subpopulation, and whether
adequate concentrations are sustained during a typical
dosing interval. Algorithms that integrate drug pene-
tration into major lesion compartments, drug potency
against intracellular and extracellular persisters at the
sites of disease, host immunity, and efficacy in preclin-
ical models can simulate lesion coverage''® and prior-
itize combinations predicted to accelerate sterilization
and reduce relapse rates''"'?%. This approach, combined
with predictions of synergistic drug combinations, could
deliver an affordable number of promising drug combi-
nations to be tested in resource-intensive animal models
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Fig. 3 | Anti-tuberculosis drug candidate pipeline and mechanism of
drug action. a | Shown are promising drug candidates currently in
preclinical and clinical development, including the development of
regimens that combine repurposed, repositioned and new drug classes.
Approved drugs are indicated by an asterisk (delamanid was approved by
the EMA only, and pretomanid was approved by the FDA for use in the
bedaquiline-pretomanid-linezolid regimen). Drugs are colour coded by
chemical class and target pathway. For a complete list of published
candidates currently in the pipeline, from early preclinical development to
regulatory approval, and a review of their mechanism of action, see Working
Group on New TB Drugs and REF.'®, b | A simplified version of the cell
envelope and the cytoplasmic membrane of Mycobacterium tuberculosis is
shown with schematized versions of the targets of recently approved drugs
and clinical candidates, with novel mechanisms of action, listed in part a.

intermediates

Normoxia

GSK656 —— a

The majority of novel targets are membrane associated. The diarylquinolines
bedaquiline, TBAJ-876 and TBAJ-587 target the ATP synthase. The
nitroimidazoles pretomanid and delamanid exhibit a dual mode of action
under low and normal oxygen tension, poison multiple essential pathways,
and are bactericidal against replicating and non-replicating myco-
bacteria’®’. SQ109 and the MPL series are the most advanced among a
broad panel of agents targeting MmpL3, involved in export of trehalose
monomycolate, a mycolic acid component. Three chemically distinct series
all target DprE1: OPC167832, TBA7371 and BTZ043 (REF.***). Both MmpL3
and DprE1 are unique to mycobacteria. GSK656 is the first oxaborole in
clinical development targeting a mycobacterial tRNA synthetase'® and
GSK286 is a new chemical entity with a novel mechanism of action related
to cholesterol catabolism. Part b adapted from REF.**’, Springer Nature
Limited.

Pretomanid
Delamanid

that reproduce features of human pathology not seen
in mice'”'**. Using an iterative strategy, researchers
can identify specific features, read-outs and outcomes
that predict treatment shortening and further refine the
computational tool (FIC. 4). Concomitant testing of pri-
oritized regimens in early clinical trials using biomark-
ers predictive of long-term outcome'?” would therefore

enable validation of animal models and refinement of
the translational platform. This translational approach is
in its infancy but holds promise to spare years of clinical
development for new pan-TB drug regimens.
Conventional assessment of durable cure of active
TB in clinical trials is inherently slow and involves very
large patient cohorts followed by long follow-up periods.
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Adaptive trial designs that simplify and accelerate both
phase II and phase IIT'** have been proposed to evaluate
the growing pipeline of drug candidates and leverage the
massive efforts dedicated to regimen prioritization using
translational platforms that link in silico, in vitro and
in vivo data (Supplementary Box 1). To maximize the
impact of adaptive designs and rapidly identify drug
combinations for progression from phase II to phase III,
biomarkers predictive of long-term outcome are sorely
needed, yet decades of research have not delivered a
‘magic bullet. Improved bacteriological read-outs (quan-
titative, longitudinal and continuous measures that are
more sensitive to differences than the traditional 8-week
sputum conversion end point) have been proposed and
are increasingly adopted in clinical trials'*’. Recent
efforts have focused on PET-CT to distinguish lesions
that resolve rapidly, slowly or not at all in response to
conventional versus novel treatment regimens'”’. Key
to the success of regimen prioritization, trials should
include measurements of drug concentrations to vali-
date the lesion coverage approach for predicting treat-
ment shortening as well as risk stratification algorithms

to tailor doses and treatment duration to the extent
of disease, immune status, and other validated corre-
lates of poor prognosis'*. Overall, many innovative and
exploratory development strategies remain to be harmo-
nized and formally endorsed to accelerate and enhance
our ability to learn.

Breaking the tolerance-resistance link. Bacteria can
produce populations of dormant cells that are tolerant
to killing by antibiotics. Drug tolerance conferred by
slow growth can be genetically encoded or not and sets
bacteria on the path to high-level resistance primarily
mediated by ‘on-target’ mutations. The discovery of
an evolutionary pathway from tolerance to resistance
underscores the possibility that treatment strategies that
can eliminate tolerant cells to prevent the development
of genetic resistance from phenotypically resistant bacte-
rial subpopulations could shorten therapy'*"'**. Bacteria
can also acquire non-canonical mutations that confer
survival advantages in the presence of a given antibiotic,
that is, an increased level of tolerance to the drug, likely
acting as stepping-stones for acquisition of canonical
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Fig. 4 | Regimen prioritization. Schematic illustration of the large number
of possible combinations if drug candidates selected from 10 drug classes
shown in FIG. 3 are combined in 3, 4 or 5 drug regimens (a minimum of 482
combinations assumes only 1 drug per class). In addition, owing to the
varying drug doses, varying treatment durations and varying dosing
frequencies, the number of clinical trial arms is within the thousands.
Resource considerations underline the need for prioritization, using
validated in vitro assays, drug interaction platforms, such as INDIGO or
DiaMOND, pharmacokinetic (PK) and pharmacodynamic (PD) studies in
preclinical species, and translational modelling tools, to select drug
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mp

combinations with the highest potential to reduce treatment duration and
improve cure in patients with tuberculosis, thus reducing the number
of clinical trial arms to practical dimensions. New strategies, such as
adaptive trial designs, doses and treatment duration tailored to patient
characteristics, and longitudinal biomarkers of efficacy are required to
accelerate the learning cycle, validate the in vitro and in vivo prioritization
tools, and refine the computational approaches. Middle panel, top right,
adapted from REF."%, Springer Nature Limited. Middle panel, bottom
left, adapted from REF.**%, Springer Nature Limited. Middle panel, top left,
reprinted from REF.**°, Springer Nature Limited.
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Box 1| Models and trials to test new drugs against reactivation of LTBI

Despite the substantial global population of individuals with subclinical
tuberculosis (TB) and the enormous medical need, the knowledge gaps
are vast and perhaps more difficult to fill than for active TB due to the
nature of latent infection. There is a lack of experimental model systems
that fully recapitulate the immune status of the infected individual or
Mycobacterium tuberculosis within host physiology'*!, and thus progress
has been slower than for active TB. The isoniazid-rifamycin-based recom-
mended regimens were empirically selected for clinical evaluation and
have not been compared side-by-side to calibrate model systems. Only
observational studies have been completed with individuals who had been
in contact with others who are infected with multidrug-resistant (MDR)
M. tuberculosis, which suggested that preventive therapy based on second-
line drugs may lower the risk of progression to TB disease, and three
placebo-controlled trials are ongoing (see the table).

Given the limited breadth of clinical efficacy data available to benchmark
latent TB infection (LTBI) in animal models for testing new preventive

therapies, one may consider a parallel strategy whereby new drugs or
regimens (FDA-approved or EMA-approved, such as levofloxacin and
delamanid) are evaluated in clinical trials without prior testing in a
preclinical model. If successful, these therapeutic interventions could
rapidly translate into the clinic and be integrated into global health
policies. Meanwhile, experimental models that accurately recapitulate
clinical efficacy, and integrate new technologies that provide quantitative
and physiological information about bacteria in lesions, could be validated
against existing and new clinical data. Optimizing an animal model that
reasonably recapitulates subclinical TB carries many pitfalls'*’. The
macaque models control infection in a subset of animals, as seen in

human TB, and are likely to be a suitable starting point for a preclinical
model to evaluate preventive therapy”'**. This could go hand in hand with
the development of tools to map, track during treatment, and quantify
viable bacilli and profile their metabolic status in latent TB granulomas,
lymph nodes and other sites of infection.

Drug or drug regimen
and duration

Isoniazid alone for
6 or 9 months, or an
isoniazid—rifamycin
combination for

2 or 3 months

Rifampicin for 4 months

Various second-line
drugs and duration

Levofloxacin versus
placebo control for
6 months

Levofloxacin versus
placebo for 6 months

Delamanid versus
isoniazid for 6 months

Subclinical tuberculosis
Muycobacterium tuberculosis
infection presenting with mild
or no symptoms, where low
bacterial burden persists in
a quiescent state, can be
detected by conventional
immune-based assays and
can be intermittently
culture-positive but sputum
smear-negative due to the
low bacillary load.

Mutasome

The protein components that
assemble at a DNA lesion in
the presence of a stalled
replication complex to mediate
translesion DNA synthesis in

a mutagenic manner.

Status Acronym  Patient population Refs or trial
number
Recommended by WHO and CDC; - Individuals with diagnosed LTBI at risk of .
considered equivalent though not reactivation in endemic countries, all individuals
compared directly in clinical trials with diagnosed LTBl in the USA
Recommended by the American - Children diagnosed with LTBI 1o
Thoracic Society in 2000; higher
completion rate than and comparable
safety to 9-month isoniazid
Evaluated in observational studies - Household contacts (children and/or adults) 19
of patients infected with MDR M. tuberculosis
Placebo-controlled trial TB-CHAMP  Children household contacts of patients infected ~ *°
with MDR M. tuberculosis
Placebo-controlled trial VQUIN Household contacts of all ages of individualswho ~ **
MDR are infected with rifampicin-resistant or MDR M.
tuberculosis
Placebo-controlled trial PHOENIx  High risk (individuals positive for HIV-1 or NCT03568383
MDR-TB individuals without HIV-1 positivity that are

immunosuppressed, and children under
5 years old) household contacts of individuals
who are infected with MDR M. tuberculosis

resistance'”. In M. tuberculosis, several tolerance mech-
anisms have been suggested to facilitate the emergence
of drug resistance: mistranslation'*, alteration of pro-
pionate metabolism'*, phase variation in glpK'*>"*¢ and
hypoxia-induced carbon flux diversion'*-'*. RNase J
is disproportionately mutated in drug-resistant clinical
M. tuberculosis isolates'”’ and preliminary results indi-
cate that deletion of the corresponding gene confers
increased tolerance to lethal concentrations of several
drugs by reducing their killing rate'*. Disabling the
DosRS dormancy regulon through chemical inhibi-
tion by artemisinin suppressed tolerance to isoniazid'"’;
targeting asymmetric cell division leads to the loss of
single-cell heterogeneity and faster killing by vancomy-
cin and rifampicin™; and decreasing mistranslation with
the aminoglycoside kasugamycin potentiates rifampicin
activity in vitro and in mice'*. Host immune responses
may promote drug tolerance through several mecha-
nisms: they apply pressure on bacterial growth, thereby
altering drug susceptibility'*’; they shape the micro-
environment to which drugs are exposed at the sites

where M. tuberculosis resides and can lead to pH and
oxygen concentrations'**'* that may reduce (or occa-
sionally enhance) drug activity; and they alter granu-
loma histopathology in ways that impact drug access’'*.
Host-directed therapies that target each of these mech-
anisms have the potential to reduce drug tolerance and
resistance’. Additional mechanisms of drug tolerance are
reviewed elsewhere'*” such as the disproportionate num-
ber of toxin-antitoxin systems present in M. tuberculosis
that mediate stress-induced adaptation, slowing of
growth and drug tolerance. These are early-stage and
exploratory observations, yet they lend support to the
concept of tackling tolerance to prevent resistance.
Though not falling under the category of tolerance
per se, other indirect mechanisms facilitate the emer-
gence of resistance and could be targeted to prevent or
limit it. For example, a preliminary study suggests that
disruption of the ImuB-DnaN (B-clamp) interaction
by griselimycin prevents DnaE2-mediated induced
mutagenesis, suggesting that the mycobacterial mutasome
might be a good target for novel ‘anti-evolution” drugs
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aimed at protecting against emergent resistance'*; inhi-
bition of bacterial factors that promote mutagenesis as
an anti-evolution strategy'*’; inhibition of intrabacterial
metabolism by promiscuous cytochromes and other
enzymes'”*"”! that may constitute a source of induced
resistance; and inhibition of nonspecific drug efflux
pumps shown to extrude anti-TB drugs'>">".

Preventing reactivation of LTBI. Once a validated bio-
marker signature of incipient and progressing TB has
been established to triage patients with LTBI who would
benefit from preventive therapy, TB control programmes
will need single drugs or regimens that can be adminis-
tered safely to individuals with LTBI who are not only at
risk of reactivation but are also contacts of individuals
who are infected with MDR M. tuberculosis. The five
recommended regimens all contain isoniazid and/or a
rifamycin and are thus inadequate for these important
populations. In addition, individuals with HIV-1 and
LTBI should not receive rifampicin if they are treated
with antiretroviral agents that are substrates of CYP3A4.
More so than for active TB, a universal drug or drug
combination is critical as the MDR or XDR status cannot
be assessed in LTBI and is only inferred from household
contact susceptibility profiling. New pan-TB regimens
that successfully shorten treatment of active TB may
provide invaluable lessons to tackle persisters in latent
TB granulomas and prevent reactivation of LTBL A ‘ster-
ilizing’ rationale would help design clinical trials with
a better potential to cure subclinical, incipient and
progressing TB (BOX 1).

Conclusion

The repercussions of the COVID-19 outbreak have
already made clear that we are unlikely to reach the
targets of the WHO ‘end TB strategy’, which call for

80% reduction in TB incidence and 90% reduction of
TB deaths by 2030 (REF.'*). Even under more favoura-
ble circumstances, these goals are often considered an
optimistic scenario given the logistical complexities of a
6-month multidrug regimen and the poorer treatment
outcomes in the setting of antibiotic-resistant disease.
Shorter and more effective therapies could get us along
way towards these millennium goals, but this will take
decades if we are to rely on the traditional approach of
iterative large clinical trials with small incremental vari-
ations in drug regimens. Breakthroughs will come from
transformative trial designs and rationally designed reg-
imens with novel mechanisms of action. The success of
bedaquiline-pretomanid-linezolid for MDR and XDR
M. tuberculosis is one promising step in that direction
and has provided a backbone for limitless variations that
can be explored. We are hopeful that the preclinical and
clinical approaches we described in this Review can lead
to the selection and evaluation of drug combinations
earlier in the development cascade and greatly accelerate
the approval of shorter treatment regimens.

Sociological changes, such as breaking down barri-
ers among collections of academia, non-governmental
organizations, funders and drug sponsors, favour col-
laborative actions that intensify the discovery of break-
through drug candidates®. However, truly accelerating
drug development will require changes at all levels,
from sustainable funding of basic and applied research
through modernized clinical trials. Additionally, ulti-
mately, we might end up with more personalized
therapy, which would entail broad changes in how we
deliver care in most of the world. For now, big challenges
remain but change has already come and there is cause
for optimism with a healthy dose of realism.
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