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Tuberculosis has impacted human health for millennia. The World Health Organization estimated that, in 2014, 9.6 million people
developed tuberculosis and 1.5 million people died from the disease. In May 2014, the World Health Assembly endorsed the new
“End TB Strategy” that presents a pathway to tuberculosis elimination. The strategy outlines 3 areas of emphasis, one of which is
intensified research and innovation. In this article we highlight the essential role for fundamental tuberculosis research in the future
of tuberculosis diagnostics, treatment, and prevention. To maximize the impact of fundamental research, we must foster collabora-
tion among all stakeholders engaged in tuberculosis research and control to facilitate open dialogue to assure that critical gaps in
outcome-oriented science are identified and addressed. We present here a framework for future discussions among scientists, phy-
sicians, research and development specialists, and public health managers for the reinforcement of national and international strat-

egies toward tuberculosis elimination.
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“The field of TB research has suffered enormous neglect
over the past several decades and the consequences have
been striking . . . It is critical to question the usual assump-
tions that have driven the field of TB research, and think in
new and innovative ways, employing all the modern tools
of biomedical research. Only by doing so can we develop
the transforming innovations that are needed to end the
global TB pandemic.”

— Dr. Anthony Fauci
Director of the US National Institute of Allergy
and Infectious Diseases [1]

Tuberculosis has plagued humankind since its earliest existence
[2,3], and the rise of drug-resistant tuberculosis threatens to take
us back to the preantibiotic era [4]. Revolutionary new technolo-
gy and better ways to provide patient care are imperative to
achieve tuberculosis elimination. For the first time, the recently
adopted World Health Organization (WHO) “End TB Strategy
2016-2035” [5] recognizes the need “to promote the research
and knowledge-generation required to end the global tuberculo-
sis epidemic and eliminate tuberculosis” as one of the 3 funda-
mental pillars for global action: (1) integrated patient-centered
care and prevention; (2) bold policies and supportive systems;
and (3) intensified research and innovation (Figure 1).
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Elimination of tuberculosis is an ambitious goal. The WHO
recently reported that 9.6 million people developed tuberculosis
worldwide in 2014, and 1.5 million died from the disease, in-
cluding 400 000 individuals who were also infected with human
immunodeficiency virus (HIV) [6, 7]. Moreover, an estimated
480 000 of those tuberculosis patients had the multidrug-resistant
(MDR) form, and 190 000 individuals died from MDR tubercu-
losis. Around one-third of persons with MDR tuberculosis re-
ceived treatment and only 50% of those were successfully
treated [6, 8]. Any realistic prospect of eliminating tuberculosis
would rely on the development of innovative diagnostic, treat-
ment, and prevention tools coupled with improved uptake of
existing technologies [9]. The “research” pillar thus advocates
for the development of public health outcome-oriented re-
search that can drastically alter the tuberculosis control and
care landscape through the discovery of new tools and interven-
tions, and their optimal uptake [10].

To accomplish this, dialogue between all stakeholders in tu-
berculosis (biomedical scientists, medical officers, healthcare
workers, public health experts, and program managers) will
be needed to define the tuberculosis prevention and care
needs that can only be addressed through intensified research.

This article outlines a vision of how the continuum of re-
search aimed at responding to increased needs for tuberculosis
control can be integrated through a fundamental research ap-
proach. We refer here to “fundamental research” to designate
all scientific studies that are conducted as part of basic, transla-
tional, clinical, and epidemiological research that contribute to
the understanding of tuberculosis and describe its underlying
biological and medical mechanisms. Fundamental research
thus spans several disciplines of science and can serve to
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VISION A world free of tuberculosis
— zero deaths, disease, and suffering due to tuberculosis
GOAL End the global tuberculosis epidemic
MILESTONES TARGETS

INDICATORS

2020 2025 SDG 2030 ‘ END TB 2035
Reduction in number of TB deaths [ ‘ [
compared with 2015 (%) #2% | 1% | Buse ‘ 252
Reduction in TB incidence rate 20% 50% 90%
cpmpareq _w?th 20;[5 (%) (<85/100 000) (<55/100 000) {<20/100 000) (<10/100 000)
TB-affected families facing | [
catastrophic costs due to TB (%) Zero Zero Zero Ll

Government stewardship and accountability, with monitoring and evaluation
Strong coalition with civil society organizations and communities

Protection and promotion of human rights, ethics, and equity

. Adaptation of the strategy and targets at country level, with global collaboration

PILLARS AND COMPONENTS

1. INTEGRATED, PATIENT-CENTERED CARE AND PREVENTION
A. Early diagnosis of tuberculosis including universal drug-susceptibility testing, and systematic screening of
contacts and high-risk groups
B. Treatment of all people with tuberculosis including drug-resistant tuberculosis, and patient support
C. Collaborative tuberculosis/HIV activities, and management of co-morbidities

BwNR

2. BOLD POLICIES AND SUPPORTIVE SYSTEMS

3. INTENSIFIED RESEARCH AND INNOVATION

D. Preventive treatment of persons at high risk, and vaccination against tuberculosis

A. Political commitment with adequate resources for tuberculosis care and prevention

B. Engagement of communities, civil society organizations, and public and private care providers

C. Universal health coverage policy, and regulatory frameworks for case notification, vital registration, quality
and rational use of medicines, and infection control

D. Social protection, poverty alleviation, and actions on other determinants of tuberculosis

A. Discovery, development, and rapid uptake of new tools, interventions and strategies
B. Research to optimize implementation and impact, and promote innovations

THE GLOBAL STRATEGY AND TARGETS FOR TUBERCULOSIS PREVENTION, CARE AND CONTROL AFTER 2015,
WERE ENDORSED BY ALL MEMBER STATES AT THE 2014 WORLD HEALTH ASSEMBLY.

*SDG: Sustainable Development Goals

Figure 1.

The World Health Organization’s new “End TB Strategy.” Abbreviations: HIV, human immunodeficiency virus; TB, tuberculosis.

connect these disciplines through cross-functional, integrated
projects. Furthermore, we refer to “translational research” as
all scientific studies that contribute directly to the development
of new diagnostics, drugs, and vaccines, as well as to diagnostics,
treatment, and prevention strategies. The intent of this article is
to present a framework for future discussions among scientists,
physicians, research and development specialists, and opera-
tional researchers for the development of leading strategies to-
ward tuberculosis elimination.

FUNDAMENTAL TUBERCULOSIS RESEARCH:
OVERVIEW AND CONTRIBUTIONS

Several aspects of fundamental tuberculosis research strive to
understand the biology of Mycobacterium tuberculosis (Mtb)
and its interaction with the human host. These are comprised
of interconnected, complementary areas that require continued
emphasis and support to refine our understanding of human

tuberculosis globally: How does Mtb cause disease? What are
the pathways that allow the pathogen to remain dormant or
evade the immune system? How can one identify biological
markers that characterize the various stages of infection and dis-
ease? Indeed, fundamental scientific discoveries provide the bi-
ological knowledge that underlies all product development and
new technologies that are eventually translated into clinical ap-
plication. For example, the recently developed Xpert MTB/RIF
diagnostic assay is built upon an understanding of the genetic
basis of rifampin resistance in Mtb [11] and makes use of mo-
lecular assays that were developed as research tools then inte-
grated into a diagnostic platform. Without fundamental
research, none of the underlying knowledge that drives this ef-
fective diagnostic tool would be available.

The number of research questions being addressed by scien-
tists studying basic biology is vast and can be referenced in the
recently developed International Roadmap for Tuberculosis
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Fundamental research

Fundamental science is an integral part of a concerted, transformational research response to the
global TB epidemic and is crucial for addressing critical questions in the development of new tools
and strategies for prevention, diagnosis, and cure. Key aspects of fundamental research for the
development of new tools and strategies for better TB control are the better characterization of
human TB, the better understanding of the various stages of TB disease progression and the
identification of the stage-specific markers of this progression.

The main research priorities identified in the International Roadmap for TB Research are the
followings:
» Understanding the stages of TB disease progression and identifying markers of progression are
key to the generation of knowledge necessary for developing new tools and strategies for better TB
control.
e Better characterization of human TB is required for subsequent research. The highest priority is to
better understand the transitions between the stages of human TB, from infection to disease, and
the bacterial or host markers that indicate the stage of disease and predict which individuals will
progress from one phase to the next.
» Highest priority is given to better understanding of the host—pathogen interaction, particularly:
- The interaction of M. tuberculosis with the immune system during the phases of progression
from infection to disease,
- The mechanisms leading to persistence or elimination of bacilli in various conditions (eg,
according to age or HIV infection),
- The identification of the respective components of the host’s immune system and of the

risk for progression to disease).

pathogen that are responsible for elimination of M. tuberculosis or for preventing reactivation

of latent TB infection and the role of mucosal lung immunity in addition to systemic immunity.
» Great importance is given to identification of biomarkers (or combinations of biomarkers) that
will help distinguish the stages of TB and will allow accurate identification of patients at various
levels of the spectrum (including the detection of latently infected individuals, who are at highest

Figure 2.

International Roadmap for Tuberculosis Research [12]: priorities in fundamental research for tuberculosis. Abbreviation: TB, tuberculosis.

Research [12]. A key issue for the integration of fundamental
science into a larger elimination strategy is to find iterative con-
nections between basic science and implementation, which will
require discussion among scientific disciplines that do not usu-
ally interact or share a common “language.” We present here
some examples to illustrate which areas of research may benefit
from broader engagement and discussion (Figure 2).

Understanding the biology of Mtb—the function of its intra-
cellular machinery and the biochemical pathways critical for its
survival, pathogenesis, and development of drug resistance—is
essential for developing control measures. Remarkable progress
has been taking place recently in the identification of (1) specific
bacterial processes against which new therapeutics can be devel-
oped [13-15];(2) host or pathogen molecules and pathways that
are involved in various stages of infection and disease and that
can be translated into new diagnostic tools [16];and (3) genetic
markers of microbial drug resistance that can help the develop-
ment of more rapid methods of identifying MDR/extremely
drug-resistant tuberculosis [17].

Opportunities for cross-disciplinary dialogue also exist in the
area of animal studies that are used to identify product candidates
for later clinical development [18]. While it must be recognized
that animal models are used to create hypotheses for basic science
to better understand infection and disease, models are also used
to simulate host/pathogen dynamics against which candidate
vaccines and therapeutics are directed, or which serve to diagnose
infection or disease [19]. However, a thorough understanding of
disease dynamics in humans is still lacking, and many models
are created based on what is measureable in animals, which
can create statistically significant outcomes but may have limited
biological relevance for affecting human outcomes [20]. To reach
this goal, opportunities must be created for physicians, animal
modelers, and basic scientists to discuss key issues in tuberculosis
pathology to arrive at endpoints that are clinically meaningful,
can be measured in animals, and can provide the necessary per-
spectives to better understand the realities, limitations, and pre-
dictive power of each other’s scientific approaches. An example
would be the role of measuring bacterial organ burden in animals
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as an indicator of treatment or prevention success. In humans
this endpoint can only be measured in sputum and likely under-
reports the extent of persistent infection that may drive disease
relapse. The iterative process of reevaluating both animal and
human clinical trial data can radically help to refine the predictive
power of animal models.

INTEGRATION OF FUNDAMENTAL RESEARCH INTO
GLOBAL TUBERCULOSIS ELIMINATION
STRATEGIES: CURRENT CHALLENGES AND
OPPORTUNITIES

Fundamental research holds promise for modernization of in-
terventions against tuberculosis; however, it is not always clear
to both scientists and the wider tuberculosis control community
how research directly impacts elimination efforts.

Indeed, the difficulty in connecting basic scientific studies with
tangible outcomes that benefit patients, clinicians, and program
managers has historically prevented interactions between the
most basic and most applied disciplines of research. It has to be
recognized that to innovate in tuberculosis research, fundamental
research for the generation of knowledge must continue to be sup-
ported, even in the absence of an immediate opportunity of trans-
lating this knowledge into interventions. However, and most
important, investigators studying processes with the potential to
inform product development would greatly benefit from a thor-
ough understanding of the realities of tuberculosis patient care
and all involved logistics and decision algorithms, as well as gene-
ral practices and expectations for developing clinical candidates of
diagnostics, drugs, and vaccines. Exposing basic research scientists
to the realities of tuberculosis control in endemic settings would
allow better understanding of the challenges and realities of
tuberculosis patient care and would provide a valuable opportu-
nity to create a deeper sense of where tuberculosis research
needs to be applied and create connections between basic and
clinical/operational disciplines.

For fundamental research to contribute effectively to tuber-
culosis control and patient care, it is critical that operational as-
pects of tuberculosis care are understood by all, so that scientific
findings can be combined with appropriate technologies to tai-
lor new diagnostics, drugs, and vaccines to the setting in which
they may be used [21]. Some examples of key tuberculosis con-
trol questions and the ways in which advances in fundamental
research can contribute are discussed below.

Preventing Tuberculosis

Prevention of tuberculosis can be addressed in multiple ways: pre-
venting transmission and M¢b infection, and/or progression to ac-
tive tuberculosis [22]. Although it is currently not well understood
what factors underlie transmission of Mtb and why certain pa-
tients are more likely to transmit the bacilli than others and there-
fore disproportionally contribute to the spread of tuberculosis,
innovative new models are being developed to study transmission
of Mtb directly from host to host rather than relying on artificial

infection [23, 24]. Results from recent clinical trials of advanced
vaccine candidates have again highlighted the need to better un-
derstand the reason why exposed persons diverge so widely in
their capacity to control infection and how confounding factors
such as age, sex, immune status, comorbidities, and coinfections
contribute to these differing responses. Several cohort studies that
are combining state-of-the-art immunology, microbiology, and
genetics techniques promise to give better insight into the ability
of the immune system to control Mtb infection, define more bio-
logically relevant immune markers to be elicited by vaccines, de-
fine what vaccination approaches may be optimal for what age
and risk groups, and thus contribute to the development of
new vaccines and chemoprophylactic approaches [25-28]. To bet-
ter understand the epidemiology, spread, and ability of specific
strains of Mtb to cause active tuberculosis, large-scale sequencing
efforts as well as detailed molecular dissections of Mtb virulence
factors are defining the genetic background, and resulting bio-
chemical characteristics of the pathogen may contribute to the de-
velopment of new diagnostic tests [29-31]. Fundamental research,
utilizing state-of-the-art laboratory and bioinformatics approach-
es, thus has the potential to explain the molecular basis of these
biological phenomena, particularly when conducted in conjunc-
tion with clinical studies and clinical trials of vaccine candidates
in a variety of epidemiological settings to estimate their efficacy
and also to learn about factors that may interfere with their ability
to prevent tuberculosis [26, 32].

Diagnosing Tuberculosis

Early diagnosis of drug-sensitive and drug-resistant disease is an
important component of the global tuberculosis strategy. The cur-
rent diagnostic methods are most applicable to patients with ac-
tive, transmissible tuberculosis. However, the detection of the
presence of Mtb before active disease commences is much more
difficult and relies on the measurement of markers that can indi-
rectly point to the presence of live organisms [33]. The search for
biomarkers and biosignatures through integration of sophisticated
molecular analysis of diverse clinical specimens, combined with in
silico and bioinformatics models, is starting to bear fruit and de-
liver combinations of immune and other biochemical markers
that may allow identification of high-risk individuals [27]. Similar-
ly, advances in the development of more sensitive tests and tech-
nologies for diagnosis of drug-sensitive and drug-resistant
tuberculosis from adult and pediatric specimens have the potential
to transform how tuberculosis is detected at the point of care [34].

Treating Tuberculosis

The currently recommended tuberculosis treatment regimens
have notable limitations. They are associated with side effects,
and due to a duration of treatment that typically lasts at least 6
months, place a significant burden on the patients and the health
systems [35].In addition, patients’ inability to complete the stan-
dard treatment regimen or take adequate doses of the medica-
tions favors the emergence of drug-resistant strains that are
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much more difficult to treat. To improve treatment of tuberculo-
sis, parallel efforts are needed in basic and translational research
to develop new drug candidates, regimens, and treatment options
and in programmatic research to improve access to and delivery
of quality-controlled first- and second-line drugs. The develop-
ment of specific “target product profiles” for new tuberculosis
drugs and tuberculosis treatment regimens can assist in aligning
the needs of end users with the targets and specifications that de-
velopers should meet for the performance and operational char-
acteristics of new tuberculosis treatment regimens [36].

Recent trials of shortened tuberculosis treatment provide some
insight into why it is not currently possible to treat tuberculosis
with only several weeks of chemotherapy, as is the case for
other common bacterial infections [37-39]. New hypotheses are
emerging that point to the importance of drug distribution into
lesions and key organs to affect diverse subpopulations of Mtb
that are difficult to eradicate and may contribute to the long du-
ration of treatment [40,41]. Similarly, new bacterial targets against
which drugs could be developed are emerging [15]. These studies
are facilitated through the close collaboration among physicians,
pathologists, and researchers, and guide the rational approach to
identification of acceptable new treatment options.

INTEGRATING FUNDAMENTAL RESEARCH IN
TUBERCULOSIS CONTROL: FORMING UNIFIED
TEAMS

Designing and conducting health outcome-oriented biomedical
research projects present both unique opportunities and chal-
lenges for scientists, clinicians, industry, and funders alike. The
potential contributions of fundamental research to tuberculosis
diagnosis, prevention, and treatment described above involve
the integration of multiple distinct fields of research that tradi-
tionally do not intersect. As recommended in the WHO Global
Framework for Tuberculosis Research [10], cross-disciplinary re-
search, in close collaboration with tuberculosis control programs
and governments, has the potential for improving tuberculosis
care. For instance, operational and implementation research
studies conducted by medical researchers in collaboration with
tuberculosis control programs are essential for mutual informa-
tion exchange, to inform public health recommendations and
create concrete medical evidence upon which global care recom-
mendations can be based [42]. A first step in the formation of
unified teams could be through symbiotically sharing data—
going beyond putting research data into the open access space,
by reaching out to discuss and share findings with partners in
the field and working together to translate research into the clinic
as well as move the field into new frontiers [43].

Funding agencies supporting global tuberculosis research
each have a unique mission and funding process. For cross-
disciplinary, integrated research to be successful, it must be rec-
ognized that co-funding of large projects remains challenging.
Because broad, cross-disciplinary projects span the mission of

multiple funders [44], projects need to be designed so that the in-
volved disciplines can seek funding from respective agencies that
support their very area of research. To assist researchers in target-
ing their project components to the most appropriate funding
mechanism, we envision complementing existing public informa-
tion about funding opportunities with more detailed and nuanced
information about the respective funders through the develop-
ment of a targeted tuberculosis research “Funders’ Compendium”
[10]. Furthermore, a “Funders’ Forum” has been advocated and is
being established by WHO to facilitate information exchange to
help guide grant seekers, as well as to discuss ongoing research
portfolios and identify gaps in common areas of science [10].

FUNDING OF FUNDAMENTAL TUBERCULOSIS
RESEARCH

For the past 5 years, global funding for tuberculosis research
and development has remained flat and well below the estimat-
ed amount needed to efficiently address global control of the ep-
idemic [45]. A major part of the global research funding for
tuberculosis is provided by only a few agencies, all of which op-
erate under specific missions and funding principles. For exam-
ple, within the US government's National Institutes of Health
(NIH), the National Institute of Allergy and Infectious Diseases
is one of the largest supporters of basic, applied, and clinical re-
search in tuberculosis and HIV/tuberculosis [46]. The NIH, to-
gether with the Bill & Melinda Gates Foundation, the European
Commission, the UK Department for International Develop-
ment, and the Wellcome Trust, as well as some pharmaceutical
companies conducting clinical trials, currently make up the top
tier of supporters for tuberculosis biomedical and product de-
velopment research. However, whereas most of the top 10 tu-
berculosis funding bodies are found in the United States and
Europe [45], the burden of tuberculosis continues to be felt pri-
marily in middle- and low-income nations. As countries transi-
tion into prosperity, it is necessary that they commit to the fight
against tuberculosis through contributions to public health and
the establishment of resources for fundamental research.

MAXIMIZING IMPACT

To combat this old disease, reinvigorated intellectual input and
action by all stakeholders—from basic researchers to medical
professionals and advocates—is required to arrive at new strat-
egies toward elimination. The new WHO End TB Strategy high-
lights the critical importance of biomedical research as an
integral part of a global strategy to governments and public
health officials and emphasizes that, in the 21st century, re-
search can and must complement and inform traditional con-
trol strategies. Integrated research efforts that are focused on key
issues with the greatest potential to lead to a reduction in inci-
dence, prevalence, and death can and should be prioritized
for action. The only way to obtain the necessary “quantum
leap” in tuberculosis research is to work together to improve
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the foundation of knowledge that is needed to understand the
biology of human tuberculosis and firm up the foundation for
new diagnostic, treatment, and prevention strategies.

To maximize impact, the tuberculosis research and control
community must engage in a continuous and open dialogue to as-
sure that critical gaps in outcome-oriented science are identified
and addressed with minimal duplication of effort. Basic research-
ers are discovering the knowledge needed to create new scientific
tools, diagnostics, therapeutics, and vaccines. Translational scien-
tists can provide crucial information about the feasibility of trans-
forming scientific findings into products. Last, clinicians have vital
knowledge about the application of tuberculosis care. By working
together as members of larger cross-disciplinary teams, we have
the opportunity to shape this field and change the course of,
and ultimately end, tuberculosis in humans.
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