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Foreword

Tuberculosis (TB), despite being a curable disease, continues to be a major public health threat: the World
Health Organization (WHO) estimated that 1.3 million people died of the disease in 2012. Rapid, accurate
diagnosis is critical for timely initiation of treatment and, ultimately, control of the disease. But of the 8.6
million people who developed TB in 2012, over one third were not diagnosed—an estimated 3 million
missed cases. Lack of access to appropriate diagnostic tools is caused, in part, by shortcomings in TB
diagnostics markets. For example, currently available diagnostics are often ill-adapted to resource-limited
settings or specific patient needs, or may be priced out of reach.

Although TB diagnosis often still relies on basic tools, such as smear microscopy and culture, new diag-
nostics are changing the TB diagnostics landscape. Several technologies have been endorsed by WHO and
incorporated into country policies since 2007. Further change can be expected, with a robust technology
pipeline promising new products and continued development to address persisting unmet needs.

This report reviews current and potential future technologies, as well as critical market issues, to identify
market-based approaches to alleviate market shortcomings and, ultimately, access issues related to TB
diagnostics. For example, potential opportunities may include efforts to accelerate market entry for inno-
vative TB diagnostics that address unmet needs, and to engage private-sector care providers to increase
access to appropriate diagnostic tools.
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Executive summary

Public health problem and access issues related to diagnostics

The World Health Organization (WHO) estimates that, in 2012 alone, 8.6 million people fell ill with tuber-
culosis (TB) and 1.3 million died from the disease. Rapid, accurate diagnosis is critical for timely initiation
of treatment, but many people with TB do not have access to adequate initial diagnosis. In 2012, only 5.7
million newly diagnosed TB cases were notified to national TB programmes (NTPs). The remaining 3 mil-
lion cases were either not diagnosed, or not notified to TB programmes. That is, about one third of all TB
cases were missed.

Access issues in people with multidrug-resistant (MDR) TB and in children are even more pronounced.
Globally, in 2012, WHO estimates that 450 000 people developed MDR TB; of these, 170 000 people died. It
is estimated that less than one in four cases of MDR TB was detected in 2012. Also, in 2012, an estimated
530 000 children became ill with TB and 74 000 HIV-negative children died of TB, but the true case burden
of paediatric TB is likely higher than estimated. Childhood TB is notoriously difficult to diagnose, and
most conventional TB tests perform poorly in this vulnerable population.

TB diagnostics technology and market landscape

This TB diagnostics technology and market landscape highlights current and emerging diagnostic tech-
nologies from over 80 manufacturers and developers. Diagnostic products reviewed in this report include
those for chest radiology, smear microscopy, culture, tests for latent TB infection (LTBI) and nucleic acid
amplification tests (NAATs). In addition, existing and novel biomarker-based technologies are described,
along with advances in next-generation sequencing (NGS) methods.

Overall, the TB diagnostics technology landscape is promising, with many product developers and a
robust pipeline of technologies. The range of technologies that may replace smear microscopy con-
tinues to expand, and smaller, simpler, more robust and portable products expected in the next two
to three years herald a more competitive, decentralized market. Several fully integrated tests aim to
deliver results in less than one hour, and also incorporate markers of drug resistance; this should
improve time to treatment, enable point-of-care (POC) testing programmes and support greater access
to drug susceptibility testing (DST). However, lack of sufficient field evidence deters widespread
uptake of next-generation NAATs. Current assessments and limited published data have proven inad-
equate; more performance data are needed to inform NTP policies.

In the medium term, the need for a biomarker-based, low-cost, non-sputum-based test remains a key
priority for TB diagnostics beyond the microscopy centre where the majority of people first seek care.
Although biomarker discovery is an active area and several potential products (e.g. antigen or antibody
detection tests; volatile organic compounds [VOCs]; enzymatic detection) are under development, no test
in development is likely to be on the market with policy endorsements within the next three to five years.

Technical Report 9
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With the expected introduction of new TB drug regimens within two to three years, new technologies are
also needed for rapid detection of drug resistance to existing as well as new drugs.

Market landscape

Globally, the scale-up of GeneXpert® MTB/RIF (Xpert® MTB/RIF) continues to be the most important,
measurable shift in the TB diagnostics market, with over 7.5 million Xpert® MTB/RIF cartridges procured
in the public sector in 108 of the 145 countries eligible for concessional pricing. However, data suggest
that most NTPs use Xpert® for selected patients at risk of resistance or co-infection with HIV, and not for
early case detection in all patients with presumed TB. In fact, most high-TB burden countries still rely on
sputum smear microscopy (SSM) as the primary, and often, sole diagnostic test. A recent study showed
that 22 high-burden countries (HBCs) performed a total of 77.6 million sputum smears annually at a value
of US$ 137 million in 42 827 microscopy centres.

While the Xpert® MTB/RIF assay is a much needed breakthrough, it was not designed to reach lower tiers
of the healthcare system, and not intended to meet all needs. High cost is also a hurdle for underfunded
NTPs. A recent study of various stakeholders helped establish the most important unmet needs, and
helped identify priority target product profiles (TPPs). A rapid, sputum-based, molecular test for micros-
copy centres (with the option of an add-on DST cartridge) was ranked as highest priority, followed by a
rapid biomarker-based, instrument-free test for non-sputum samples. Efforts are ongoing to quantify the
potential market value for each priority TPP, and to estimate the current, served available market for TB
tests in priority countries.

Market shortcomings related to TB diagnostics

Market shortcomings related to TB diagnostics include issues of availability, affordability, quality, ac-
ceptability/adaptability and delivery. For example, there is no true, instrument-free, inexpensive POC TB
diagnostic test for use in peripheral settings. While Xpert® MTB/RIF offers rapid diagnosis in decentral-
ized settings, the test is still expensive. Current diagnostics are not adapted for specific patient groups or
decentralized health-care settings, and limited (or no) information on the quality of diagnostics is available
to guide procurement. Inappropriate tests are commonly used, particularly in the unregulated private sec-
tor where WHO-endorsed tests are often very expensive. Also, emerging data suggest that the impact of
Xpert® MTB/RIF on TB transmission and mortality may be limited because of widespread empiric therapy,
weak health systems and lack of adequate linkages between diagnosis and treatment/follow-up.

Potential opportunities for TB diagnostics market interventions

Potential market-based interventions related to TB diagnostics may include efforts to accelerate market
entry for innovative TB diagnostics that address unmet needs. Where critical for access, work may include
support for manufacturing scale-up or demonstration of field performance to inform policy. Given the
importance of the private sector in many HBCs, potential interventions that engage private-sector care
providers could also be critical for addressing global access issues related to TB diagnostics.

10 (AID



Introduction

1. Introduction

The UNITAID Tuberculosis Diagnostics Technology and Market Landscape is published annually and is pre-
pared as part of a broad and ongoing effort to understand the technology and market landscape for tuber-
culosis (TB) diagnostics. The first and second editions of the landscape report were published in July 2012
and July 2013, respectively, with semi-annual updates published in December 2012 and December 2013.
These documents are available at http://www.unitaid.eu/en/resources/publications/technical-reports.

This document, the third edition of the report, is intended to complement these earlier reports, stimulating
discussion and informing potential opportunities for market intervention to improve access to effective TB
diagnostics. To serve this purpose, this report:

m reviews the public health problem of TB and critical access issues related to TB diagnostics
(sections 3 and 4);

B presents a comprehensive overview of TB diagnostic technologies that are commercially available
or close to market (section 5);

B analyses the market landscape, including ongoing efforts to identify and define high priority target
product profiles (TPPs) for new TB tests, quantify market potential, and improve access to World
Health Organization (WHO)-endorsed TB tests in the private sector (section 6);

B describes major market shortcomings related to TB diagnostics (section 6.4) and presents
opportunities for market-based intervention to address these shortcomings (section 6.5).

A dynamic understanding of existing and forthcoming technologies is key for UNITAID in facilitating
access to appropriate TB diagnostic tools through market-based interventions. As such, this landscape is
intended to be a living document, updated as the TB diagnostics market evolves, to highlight potential
opportunities for market-based interventions to improve access to effective TB diagnostic commodities.

Technical Report 11
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2. Methodology

The Tuberculosis Diagnostics Technology and Market Landscape, 3™ edition (2014) was developed by
David Boyle (PATH, Seattle) and Madhukar Pai (McGill University, Montreal). Focused technical input
was provided by the Foundation for Innovative New Diagnostics (FIND), Geneva. Additional assistance
was provided by UNITAID and Carole Jefferson (independent consultant). The material in this landscape
report was gathered by the authors from primary sources (e.g. surveys and interviews with technology de-
velopers; targeted analyses where needed) and extensive review of secondary sources (e.g. published and
unpublished reports; WHO policies and systematic reviews; corporate prospectuses; developer websites).

The technologies described in this document were identified by continued outreach to known diagnos-
tic manufacturers and technology developers with questionnaires addressing their technology, target
population(s), intended market, pricing and national or regional regulatory approvals and manufacturing
standards. The authors continually review peer-reviewed literature to identify new technologies, assays or
validation studies on existing tools to update the landscape reports. The assistance of FIND in the drafting
of this document further increased the scope and number of developers approached for product/market
information. With the dissemination of UNITAID reports since 2012, diagnostics developers also now
approach the authors with product information to be included in the landscape.

While information on cost per test or device and intended markets is provided solely at the discretion of
the manufacturer, performance data of any product described in this manuscript are derived only from
independent studies that have been published in peer-reviewed literature in an attempt to validate the
veracity of claims regarding test accuracy.

All images have been reproduced with permission from the respective companies or agencies. In particu-
lar, materials from the following published articles by the authors were adapted, with permission from the
authors and copyright holders:

m Kik SV et al.! Tuberculosis diagnostics: which target product profiles should be prioritised?

B Kik SV et al.> Replacing smear microscopy for the diagnosis of tuberculosis: what is the market
potential?

B Kik SV et al.* Optimal diagnosis: how early and improved diagnosis can help prevent TB
transmission.

2.1. Acknowledgements and conflicts of interest

The authors and UNITAID are grateful to all the industry representatives who shared information (and im-
ages) on their products, and also acknowledge technical input from FIND, Geneva, and Carole Jefferson,
independent consultant for UNITAID, on sections 5 and 6. Industry and FIND contributions were technical
in nature; section 6.5, on potential opportunities for market intervention, was developed independently by
authors David Boyle and Madhukar Pai with support from UNITAID.

David Boyle currently holds a grant from FIND to assess the performance of the LoopAMP™ MTBC detection
kit in a field setting and is a consultant to the Keck Graduate Institute TBDx System project (RO1AI111477).
In addition he receives funding from three grants unrelated to TB in which Ustar Biotechnologies (here-
after Ustar; China) and TwistDx Ltd (United Kingdom; a subsidiarity of Alere Inc. [hereafter Alere; USA])
are collaborators. He has no other commercial/financial conflicts pertaining to information described in
this document.

Madhukar Pai has no commercial/financial conflicts. He has received grant funding for TB diagnostics
market research from the Bill & Melinda Gates Foundation (BMGF). He previously served as co-chair of the
New Diagnostics Working Group (NDWG) of the Stop TB Partnership. He serves on the Scientific Advisory
Committee of FIND and as a consultant for the BMGF.
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Public health problem

3. Public health problem

In 2012, 8.6 million people fell ill with TB and 1.3 million died from TB, according to WHO estimates.*
A majority of TB cases occur in 22 high-burden countries (HBCs). Brazil, the Russian Federation, India,
China and South Africa alone—the BRICS—account for 46% of all incident cases of TB, and 40% of all
TB-related mortality. Over 95% of TB deaths occurs in low- and middle-income countries.

TB is also a leading killer of people living with HIV (PLHIV), causing over one quarter of all deaths.® For
PLHIV, as in children, paucibacillary specimens are very common, and rapid dissemination of disease
beyond the lungs makes diagnosis more difficult. In areas of high HIV co-morbidity, up to 50% of cases
may be extrapulmonary TB (EPTB),® and trying to diagnose EPTB with methods for pulmonary TB (PTB)
is often unsuccessful.

Multidrug-resistant (MDR) TB is a form of the disease resistant to isoniazid (INH) and rifampicin (RIF),
two of the most important first-line TB drugs. Globally, in 2012, WHO estimates that 450 000 people devel-
oped MDR TB, and 170 000 people died of MDR TB.* Together, China, India and the Russian Federation
account for over half of the global burden of MDR TB, but MDR TB has been reported in virtually all coun-
tries surveyed.* Most cases of MDR TB never get diagnosed and appropriately treated: it is estimated that
less than one in four cases of MDR TB was detected in 2012 (section 4 further details commodity access
issues related to diagnostics).*

In 2012, an estimated 530 000 children became ill with TB and 74 000 HIV-negative children died of TB,
but true case burden of paediatric TB is likely much higher, due to difficulties in diagnosing TB in chil-
dren.” That is, the clinical and radiological features of childhood TB are often non-specific and subject to
variable interpretation: very often there is limited microbiologic confirmation of TB infection performed in
children from whom specimens are often paucibacillary (fewer Mycobacterium tuberculosis [MTB] bacte-
ria) and typically require culture.®?

Recognizing the magnitude and scale of the TB problem, WHO and partners have announced an ambitious
Post-2015 Global TB Strategy, approved by the World Health Assembly in May 2014. The new strategy
aims to end the global TB epidemic, with targets to reduce TB deaths by 95% and cut new cases by 90%
between 2015 and 2035, and to ensure that no family is burdened with catastrophic expenses due to TB.
The strategy set interim milestones for 2025 and 2035 (Table 1).

Table 1. Post-2015 Global TB Strategy and targets

Vision A world free of TB: zero deaths, disease and suffering due to TB
Goal End the global TB epidemic
Milestones for 2025 75% reduction in TB deaths (compared with 2015)

50% reduction in TB incidence rate (compared with 2015)
No affected families facing catastrophic costs due to TB

Targets for 2035 95% reduction in TB deaths (compared with 2015)
90% reduction in TB incidence rate (compared with 2015)
No affected families facing catastrophic costs due to TB

Source: WHO.™
TB diagnostics are highlighted in two of the pillars of the new TB strategy:
B integrated, patient-centred care and prevention;

m intensified research and innovation.

Under the first pillar, early diagnosis of TB, including universal drug susceptibility testing (DST) and system-
atic screening of contacts and high-risk groups, are key components. The latter relies on development and
rapid uptake of new diagnostics as well as research to optimize implementation and impact of diagnostics.
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2014 Tuberculosis Diagnostics Technology and Market Landscape

4, Commodity access issues related to diagnostics

Diagnosis is a critical step in effective TB care and control, but many people with TB disease do not have
access to adequate initial diagnosis. In 2012, only 5.7 million newly diagnosed TB cases were notified to
national TB programmes (NTPs).* This suggests that nearly 3 million people with TB were “missed”—ei-
ther not detected, or detected but not notified.*

When appropriately diagnosed, TB is largely curable with currently available medicines. But initiation of
appropriate TB drug regimens is impossible without timely access to the right diagnostic tools to diagnose
both TB disease and drug resistance. It is estimated that up to one third of patients in high-burden settings
does not have access to adequate diagnosis.* A variety of barriers can prolong a patient’s pathway to TB
diagnosis (Figure 1)." Systematic reviews suggest that diagnostic delays are common in many settings, and
overall diagnostic delay has been attributed to both patients and the health system.!*!3

Even when patients seek care, and diagnostics are used, lack of a highly sensitive test at the primary
care level limits the effectiveness of care. Furthermore, because molecular and culture-based methods are
often available only in regional or referral laboratories, few patients are able to access these more sophis-
ticated tests. This is underscored by the fact that only 5% of patients with a new diagnosis of TB and 9%
of retreatment cases undergo DST. Without DST to assess drug resistance, a patient with MDR-TB may
receive inappropriate treatment—Ileading to a risk of treatment failure in the individual, and drug resis-
tance in the wider community.

Figure 1. Patient pathway to diagnosis and care, with common barriers and potential interventions
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The Post-2015 Global TB Strategy calls for early diagnosis of TB, including universal DST. However, while
rapid DST tests (e.g. line probe assays [LPAs] and Xpert® MTB/RIF) are available and endorsed by WHO,
they are still not widely implemented in many low-income countries. Currently, most NTPs do not offer
universal DST, resulting in detection of less than one in four cases of MDR TB. In many countries, the
diagnostic infrastructure in the public sector relies primarily on sputum smear microscopy (SSM) that
cannot detect drug resistance. Patients often receive MDR TB screening only when they fail to respond
to standard first-line TB treatment, or have recurrence of TB; this contributes to morbidity, mortality and
continued transmission.

While the Xpert® MTB/RIF assay is a much needed breakthrough, it was not designed to reach lower tiers
of the health-care system, and not intended to meet all needs (e.g. it cannot detect resistance against mul-

14 (AID



Technology landscape

tiple drugs). Cost is also a hurdle for many NTPs and private sector providers, the latter typically excluded
from subsidized pricing agreements. A recent survey of Xpert® MTB/RIF use in 22 HBCs suggested that
most NTPs only use the assay for selected patients at risk of MDR or HIV, and not as a tool for early case
detection in all patients with presumed TB.*

Thus, a majority of the high-TB burden countries still rely on SSM as the primary and, often, sole diag-
nostic test. SSM has limited sensitivity, and cannot detect drug resistance. Access to accurate diagnosis is
also a big challenge in children with suspected TB, and in people with HIV co-infection (who often present
with disseminated or extrapulmonary disease).

Diagnostics are also necessary to detect latent TB infection (LTBI), which can be treated to prevent pro-
gression to active disease. Although about half of all PLHIV is thought to be eligible for isoniazid preven-
tive therapy (IPT), only 30% of people infected with HIV in 30 countries that reported was started on IPT
in 2012.1516

For the many situations described above, access to the right tools to detect TB and guide appropriate treat-
ment is poor. Better access to more appropriate, effective diagnostics tools is, therefore, critical to improve
detection and care of TB.

5. Technology landscape

5.1. Overview of the technology landscape and approach

Overview of the technology landscape

In 2014, the TB diagnostics technology landscape looks very promising, with many product develop-
ers and a robust pipeline of technologies. The range of technologies that may replace smear micros-
copy continues to expand. In addition, in the next two to three years, new products on the market
will compete with Xpert technology, all deployable in laboratory settings where the Xpert is currently
installed and many designed to operate in more decentralized environments by virtue of smaller size,
reduced complexity, increased robustness and use of battery power.

Many of these technologies use innovative and proprietary components to target the same needs of rapid
diagnosis of TB at decentralized clinics and microscopy centres. Several fully integrated tests aim to
deliver results in less than one hour; this should enable point-of-care (POC) testing programmes and
reduce time to treatment. Traditional concerns around contamination rates associated with open nucleic
acid amplification test (NAAT) platforms have not yet been noted in larger evaluation studies of open
or semi-automated NAATS, but more information is still needed to assess use by minimally skilled users
in intended settings.!”'® Several developers have assays for drug resistance incorporated into the detec-
tion test or as a reflex test upon confirmation of TB disease, thus facilitating universal DST. Microarrays
and next-generation sequencing (NGS) will increasingly become cheaper and easier to perform and will
become a critical component of molecular detection of drug resistance as newer drug regimens emerge
over the next three to five years.

A significant deterrent to widespread application of NAATs is the need for appropriate field evaluation of
newer tests. Currently, there have been limited assessments of the next-generation NAATs, with only two
evaluations of LoopAMP™ MTBC Detection Kit and EasyNAT™, and one each for Genedrive®, Truelab™
and FluoroCycler® technologies. For most of these products, on the market for a few years now, more
performance data are needed to inform NTP policies. Manufacturing capacity can also be challenging for
manufacturers of new technologies, particularly when faced with widespread scale-up.

In the medium term, the need for a biomarker-based, low-cost, non-sputum-based test remains a key
priority for TB diagnostics beyond the microscopy centre where the majority of people first seek care.
Although biomarker discovery is an active area and several potential products (e.g. antigen or antibody
detection tests; volatile organic compound (VOCs); enzymatic detection) are under development, no test
under development is likely to be on the market with policy endorsements within the next three to five
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years. With the impending introduction of new TB drug regimens within two to three years, there is also
a need for new technologies for rapid detection of drug resistance to existing as well as new drugs. New
drug regimens will require companion diagnostics to ensure a coherent, seamless approach to “test and
treat”. In the longer term, breakthrough technologies are necessary to identify those with latent infection
who are at the highest risk of progressing to TB disease, so that the vast pool of latently infected individu-
als can be successfully reduced. The pipeline for such tests is currently weak, with few companies working
on such products.

Approach to developing the TB technology landscape

While the 2013 edition of this landscape report focused primarily on molecular tests, this edition presents
a comprehensive range of products and their roles in the TB diagnostic spectrum—from reference labora-
tories to peripheral clinics and microscopy centres. Tools include those used for systematic screening, LTBI
diagnosis, TB detection and DST.

For the purposes of this report, TB technologies are grouped into the following eight categories:
1. chest X-rays (CXRs) and computer-aided diagnosis (CAD);
. sputum collection and sample processing tools;
. microscopic diagnosis of MTB;

. culture-based tools for the diagnosis of TB and DST;

. serodiagnostic assays for detection of MTB antigens or immune response to MTB;

2
3
4
5. biomarkers to detect active TB or indicate LTBI;
6
7. VOCs;

8

. NAATs and sequencing methods.

Pipeline analyses in previous WHO TB reports focused on TB diagnostic products and policies endorsed by
WHO since 2007, and include automated liquid culture, rapid MTB speciation tests for culture, LPAs, fluo-
rescence microscopy (FM), liquid non-commercial culture and the Xpert® MTB/RIF assay. These, however,
reflect only a subset of a much larger set of products on the market or those that are in late development
or evaluation.

Our search identified a total of 81 manufacturers and developers. Surveys provided data on 191 products
(tests or associated hardware); of which 144 are commercially available and 47 are in late- or mid-stage
development. Several academic groups were also included as their technologies were considered suf-
ficiently advanced that a product release date could be estimated. NAATs accounted for 123 products, of
which 93 are currently marketed. However, the only WHO-endorsed NAATs are the first-generation LPAs
and the more recent Xpert® MTB/RIF assay (Cepheid Inc. [hereafter Cepheid]; California, USA). That is,
the emerging NAAT technology pipeline has many new products, but limited evidence to extensively vali-
date products in independent, multicentre evaluations in high-burden settings.
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5.2. Role of FIND in product development

For many of the currently available WHO-endorsed TB tests, the evidence presented to a WHO Expert
Group was compiled by FIND, an international not-for-profit product development partnership. FIND
works with a variety of academic and commercial partners to create a pipeline of new diagnostic tests,
from early development to multicentre evaluations, presenting the most promising solutions for review by
WHO Expert Groups (Figure 2).

Figure 2. Current FIND TB diagnostics pipeline listing the development phases and the types of
technologies in development or evaluation

Early development Late development -

. Molecular DST Molecular DST Molecular DST
H |gh TruArray MDR-TB (Akkoni)* TRC Rapid MTB (Tosoh) GenoTYPE MTBDRs! (Hain)#
INFINITIMTB (AutoGenomics) TB Drug Resistance Array (Capital Bio) LiPA MDR-T8 (Nipro)
Co m plexlty VereMTB (Veredus quammnes/ REBA MTB-Rifa (YD Diagnostics)
. LPA Pyrazinamide (Nipro)
Culture-based technologies . . .
LATE-PCR/ Lights on/Lights off (Hain)
assays BNP Middlebrook (NanoLogix)
Rapid colorimetric DST* Culture-based technologies
TREK Sensitive MYCOTB (Trek)
Molecular detection and DST Molecular detection and DST Molecular detection
Xpert MTB/RIF (1 Sensitivity), XDR (Cepheid) Genedrive MTB/RIF (Epistem) TB LAMP (Eiken)
Alere Q (Alere) * Truelab/Truenat MTB {Molbio)

Enigma ML (Enigmadiagnostics)
Q-POC (QuantuMDx)*
DiagCORE (Stat-Diagnostica) Volatile organic compounds

EOSCAPE (Wave80) Giant African Pouch Rats (Apopo)
RT-PCR Testing Platform (NWGHF)

iCubate 2.0 (iCubate)
Moderate Mycobacteria RT PCR (CapitalBioTM)

complexity
Volatile organic compounds
assays BreathLink (Menssana)
ype br (Next Di

TB Breathalyser (Rapid Biosensor Systems)

Aeonose (The eNose Company)

Breath analysis instrument (Metabolomx)
L Antigen detection Antigen detection

ow LAM in sputum (Standard Diagnostics) Alere Determine TB-LAM in urine (Alere)

Comp|EXIty Antibody detection

Multiplex antibody array (mBio)
assays

Enzymatic detection and DST
[p-lactamase reporter (Global BioDiagnostics)*

Notes: Complexity categorization according to criteria that are applied for similar diagnostics by the US Food and Drug Administration. Tests
marked in italics are commercialized (not including research use only products). Early development: prototype development post proof-of-
concept. Late-stage development: turning prototype into design-locked, manufacturable product.

* Indicates that the development is cosponsored by direct donor funding to the company (e.g. BMGF; National Institutes of Health [NIH]; National
Health Service; Wellcome Trust or other).

# CE marked (for both instrumentation and assay).

Source: FIND, Geneva.

Technical Report 17



2014 Tuberculosis Diagnostics Technology and Market Landscape

5.3. Role of WHO in policy development

WHO issues global policies on TB diagnostics and algorithms based on best evidence. Key steps in the

WHO policy process for diagnostics, described in detail by Weyer K et al.,' are illustrated in Figure 3.

Figure 3. WHO policy process for review and endorsement of TB diagnostics

Identifying the need
for policy change

WHO strategically monitors
country needs for diagnostic
policy changes, interacts with
researchers and industry
regarding diagnestic
development, product
specifications and the needs
of end-users, conduct active
scanning of the emerging
diagnostic landscape and new
technologies, and regularly
assess the body of evidence
available that would allow
GRADE assessment and
subsequent policy
development

Reviewing the
evidence

Provided that an adequate
evidence base is available
WHO commissions systematic
reviews and appropriate meta-
analyses (where applicable] of
all available data [published
and unpublished], under non-
disciosure agreements with
researchers and/or industry
Systematic reviews and meta-
analyses are conducted by
independent individuals/groups
with the required expertise,
elected through a competitive
process, with a priory agreed
protocols using standardised
diagnostic accuracy tools (e.g.
QUADAS)

Convening an Expert
Group

WHO convenes a broad-based
external Expert Group to
assess the systematic review
findings and objectively
evaluate the evidence using
the GRADE system

Experts Groups are balanced
geographically and by sex,
and include technical experts,
epidemiologists, GRADE
methodologists, end-users
[e.g. clinicians laboratory
experts, health authorities),
patient and civil society
representatives, and
economists

Declaration of interest is
managed by the WHO legal
Department

Assessing
recommendations and
policy proposals

Expert Group
recommendations are
submitted to the WHO
Strategic and Technical
Advisory Group for TB [STAG-
TB, the main advisory body to
WHO on TB policy, technical
and strategic issues) for
review/revision/endorsement
and advice to WHO to
proceed/not with policy
development

Draft policy guidance is
subsequently submitted to the
WHO Guidelines Review
Committee for final approval

Formulating,
disseminating and
updating policy

Final policy guidance is
subsequently disseminated to
WHO Member States and
other stakeholders, including
technical agencies and
donors

Policy guidance is

supported by ‘how-to” advice
and tools to facilitate
implementation, within
phased pland for
implementation and scale-up
at country level

WHO policy guidance is a
dynamic process, with regular
[3-5 year) review of additional
evidence to update and refine
initial policy recommendations
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The WHO process for endorsement for TB products relies on review conducted by an expert group to
inform guidance on use. The expectations for the type and level of evidence required by WHO for expert
review is described in Table 2. This is particularly relevant for product developers who will be required to
compile data not only on the analytical performance of assays, but also to gather evidence for outcome
and health benefit. Adequate evidence on patient-important outcomes is also required to inform WHO
guideline development using the GRADE (Grading of Recommendations Assessment, Development and
Evaluation) framework (http://www.gradeworkinggroup.org/) and the WHO policy process.
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Table 2. Evidence required for the WHO policy process for TB diagnostics

Phase 1: research and W Typically consists of upstream research and development to define and validate
development a prototype, followed by laboratory validation under international standards that
culminate in a design-locked product.

B WHO interacts with developers, if requested, to discuss end-user requirements
such as biosafety, assay robustness and intended setting of use.

Phase 2: evaluation and B The performance of the new diagnostic product should be evaluated in
demonstration controlled trials at three to five trial sites in high-burden TB and HIV countries,
ideally using pre-specified and user product specifications. The data are often
used for product registration.

B Product specifications and performance should be subsequently validated in
uncontrolled trials under field conditions in 5-10 trial sites in HBCs and include
cost-effectiveness studies.

Phase 3: WHO evidence For new technologies or new indications for use of technologies already endorsed
assessment using GRADE | by WHO:
B submission of dossier with Phase 1 and 2 data to WHO;

W structured evidence assessment process.

For fast-follower or generic versions of already endorsed tools:

B manufacture of the technology under ISO (International Organization for
Standardization) 13:485 standards; equivalent performance demonstrated in
two or three independent supranational reference laboratories to the reference
technology already approved by WHO.

Phase 4: Phased uptake B New diagnostic successfully implemented in routine diagnostic services by early
and collection of implementers in HBCs; systemic assessment of proposed algorithms, laboratory
evidence for scale-up workload, operational constraints and cost-effectiveness.
Phase 5: Scale-up and W Scale-up of the new diagnostic, with subsequent data used to inform and refine
policy refinement WHO policy guidance in a dynamic and ongoing process.

Source: Adapted from Weyer K et al.”

Since 2007, WHO has used the above process (or a variant thereof) to endorse a variety of TB diagnostics
(Table 3).

Table 3. TB diagnostic technologies endorsed by WHO

Year ‘ Technology reviewed by WHO

2007 Commercial liquid culture and DST tools, and rapid speciation strip tests

2008 Molecular LPAs for first-line anti-TB drug resistance detection

2010 LED microscopy

2010 Selected non-commercial DST methods (MODS, CRI and NRA)

2010 Xpert® MTB/RIF

2013 Policy update on Xpert® MTB/RIF, with extension to childhood and EPTB

Source: WHO policies are available at http://www.who.int/tb/laboratory/policy_statements/en/.
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The WHO policy process has also been used to review other technologies not shown in Table 3. Some
received negative policy recommendations (e.g. commercial serological antibody-based TB tests; inter-
feron-gamma release assays [IGRAs] for detection of active TB),*** while others were not endorsed due
to lack of adequate evidence (e.g. loop-mediated amplification [LAMP]; LPAs for second-line drugs.***
In 2014, no TB technologies underwent review by the WHO Strategic and Technical Advisory Group for
Tuberculosis (STAG-TB).

WHO policies form the basis for the International Standards for TB Care (ISTC), developed by TB CARE
1, with funding from the United States Agency for International Development (USAID), and endorsed by
several international agencies. The 3™ edition of ISTC was published in March 2014;* standards related to
diagnosis are summarized in Box 1.

Box 1. ISTC, 3rd edition: standards for diagnosis

Standard 1. To ensure early diagnosis, providers must be aware of individual and group risk factors for TB
and perform prompt clinical evaluations and appropriate diagnostic testing for persons with symptoms and
findings consistent with TB.

Standard 2. All patients, including children, with unexplained cough lasting two or more weeks or with
unexplained findings suggestive of TB on chest radiographs should be evaluated for TB.

Standard 3. All patients, including children, who are suspected of having PTB and are capable of producing
sputum should have at least two sputum specimens submitted for smear microscopy or a single sputum
specimen for Xpert® MTB/RIF (Cepheid Inc.; USA) testing in a quality-assured laboratory. Patients at risk for drug
resistance, who have HIV risks, or who are seriously ill, should have Xpert® MTB/RIF performed as the initial
diagnostic test. Blood-based serologic tests and IGRAs should not be used for diagnosis of active TB.

Standard 4. For all patients, including children, suspected of having EPTB, appropriate specimens from the
suspected sites of involvement should be obtained for microbiological and histological examination. An Xpert®
MTB/RIF test is recommended as the preferred initial microbiological test for suspected TB meningitis because
of the need for a rapid diagnosis.

Standard 5. In patients suspected of having PTB whose sputum smears are negative, Xpert® MTB/RIF and/

or sputum cultures should be performed. Among smear and Xpert® MTB/RIF negative persons with clinical
evidence strongly suggestive of TB, antituberculosis treatment should be initiated after collection of specimens
for culture examination.

Standard 6. For all children suspected of having intrathoracic (i.e. pulmonary, pleural and mediastinal or
hilar lymph node) TB, bacteriological confirmation should be sought through examination of respiratory
secretions (expectorated sputum, induced sputum, gastric lavage) for smear microscopy, an Xpert® MTB/RIF
test and/or culture.

Source: WHO.%#

The above-described WHO policy process is the route for policy endorsements at WHO, and donors such
as UNITAID, the US President’s Emergency Plan for AIDS Relief (PEPFAR) and the Global Fund to Fight
AIDS, Tuberculosis and Malaria (Global Fund) use WHO policy endorsement to guide decisions on TB
commodity purchases. However, WHO is not a regulatory body and does not recommend or approve tech-
nologies for individual country use. While WHO and ISTC policies outline best practices for diagnostics
at the global level, countries implement their own national guidelines and standards. For example, India
has developed its national policy, Standards for TB Care in India.>* All 22 HBCs have national guidelines
or standards in place, with heterogeneity evident in diagnostic algorithms used.
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5.4. Currently available and pipeline technologies

The 2014 TB diagnostics technology landscape is promising, with several product developers and a ro-
bust pipeline of new technologies. The range of technologies that can improve upon the performance of
smear microscopy and compete with the GeneXpert continues to expand. In the next two to three years,
new products will challenge the Xpert technology, with many designed to operate in more decentralized
environments by virtue of smaller size, reduced complexity and cost, increased robustness, use of battery
power and improved performance over smear microscopy.

Many of these technologies use innovative and proprietary components to target the same needs of rapid
diagnosis of TB at decentralized clinics and microscopy centres. Several fully integrated tests aim to deliver
result in less than one hour; this should improve time to treatment and enable POC testing programmes.
The automated NAATSs solutions also appear to be more suitable for use by minimally skilled users in their
intended settings, but larger scale trials of novel tests are still limited.

Several developers have assays for certain drug resistance patterns incorporated into the detection test or
as a reflex test upon confirmation of TB disease. This will enable programmes to aim for selective DST—
albeit sometimes limited to only one drug (e.g. RIF). Commercial microarray platforms are increasingly
becoming cheaper, easier and faster to use. The application of NGS may well become a critical compo-
nent of molecular detection of drug resistance in the future, and help manage use of new drug regimens
expected to emerge in the coming three to five years.

A main bottleneck to the application of NAATs is appropriate evaluation of these tests under field condi-
tions. There have been limited assessments of some new NAATSs, with only two evaluations done so far for
the LoopAMP™ MTBC Detection Kit (Eiken Chemical Company [hereafter Eiken]; Japan) and the EasyN-
AT™ TB kit (Ustar),”!%2¢27 and one each for the Genedrive® MTB assay (Epistem; United Kingdom),?*
Truelab™ MTB (using the Truelab™ RealTime micro PCR system, Molbio; India)* and FluoroType® MTB
assay (using the FluoroType ® platform, Hain Lifescience; Germany).** However, the limited evidence gen-
erated is inadequate for informing policy. Some of these products have been on the market for at least a
few years now and more performance data are needed to inform NTP policies.

Capacity and ability to meet demand can present another concern with widespread scale-up of new tech-
nology. Following WHO endorsement and donor-sponsored price-reductions, demand for Xpert® MTB/
RIF was so great that manufacturer Cepheid had difficulty fulfilling orders in a timely manner. Many TB
diagnostics manufacturers today are relatively small companies with limited experience responding to
extremely rapid increases in demand compromising the product quality or service. With these challenges
in mind, FIND recently launched its Support for Success programme, through which companies can
gain access to a global team of experts to address their special technological and knowledge needs dur-
ing product development, manufacturing, scale-up and market entry. Taking a different approach, Alere
recently accessed a low-interest loan of US$ 20 million from the BMGF to expand production facilities in
Jena, Germany, thus expanding manufacturing capacity for the pending release of their HIV viral load
and TB assays.

With the expected introduction of new TB drug regimens, there is a need for new technologies for rapid
detection of resistance to both existing and new drugs. That is, new drug regimens will require compan-
ion diagnostics to ensure a coherent, seamless approach to test and treat. In the medium term, the need
for a biomarker-based, low-cost, non-sputum-based test also remains a key priority. Although biomarker
discovery is an active area and several potential product concepts (e.g. antigen detection tests; VOC; enzy-
matic detection) are presently under development, none is likely to be on the market with policy endorse-
ments within the next three to five years. In the longer term, new diagnostic solutions will be necessary
to identify those patients with latent infection who are at the highest risk of progressing to TB disease, so
that the vast pool of latently infected individuals can be successfully reduced. The pipeline for such tests
is currently weak, with very few groups working on such solutions.
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5.4.1. CXRs and CAD

Perspective: The use of radiography (i.e. CXRs) to screen for lung abnormities indicative of current or previ-
ous TB infection has been in use for decades. A CXR can be used to raise suspicion of active PTB disease
or to identify previous infection (e.g. old, healed scars). There are no TB-specific abnormalities, and <10%
of patients with active PTB may have normal findings on CXRs.**? However, CXRs have shown good sen-
sitivity in identifying individuals with the highest risk of TB, particularly when extended criteria of “any
abnormality” and “intentional overreading” are applied.*®* With the prevalence of smear-negative diagno-
sis in patients with HIV, an abnormal CXR may raise persistent concern for TB using a relatively cheap yet
rapid method (although non-specific).** However, in HIV-infected people, CXRs have limited sensitivity.*

CXR is a diagnostic tool, but can also be used as a triage test, and is used in prevalence surveys as a
screening tool. A prevalence survey for TB in Shandong Province, China, in 2010 revealed that around
50% of positive TB cases found in this survey did not present with cough.* Persistent cough is one of the
primary indicators used in the passive case finding of TB, after which sputum microscopy is performed to
diagnose TB. Abnormal CXRs could, therefore, be key to active case finding by identifying cases that oth-
erwise would have not have been diagnosed by conventional, passive case finding. An alternative study
investigated the cost-benefit of using CXR as an adjunct diagnostic test in combination with the Xpert®
MTB/RIF assay. Preliminary data demonstrated that radiology can be a useful tool for ruling out TB in
Xpert-negative individuals, but that this approach was still more costly than performing Xpert® MTB/RIF
alone.’” CXRs are also frequently used to rule out active TB, before initiating LTBI therapy (e.g. IPT) in
addition to a symptom screen and possibly a sputum examination.

Historically, several technological hurdles have hindered the widespread application of CXRs in resource-
limited settings. X-ray technology itself requires adequate power supply, air conditioning and logistical
considerations in moving equipment and film processors in rural areas. In addition, CXR requires radiogra-
phers or clinicians to interpret the images for abnormalities, and reproducibility of interpretation has been
a challenge. Many studies show wide variation in performance by different readers (radiographer versus
clinician), or even the same reader, and training approaches can vary.*

Today, CXR is becoming more accessible in remote settings due to technological advances such as pow-
erful yet more compact electronics, high resolution digital imaging instead of film-processed images and
appropriate computer hardware/novel image analysis software algorithms. These advances have created
a series of systems, including less expensive portable systems, which may improve the ability to perform
CXR to investigate PTB in resource-limited settings. However, larger-scale evaluation of these novel tech-
nologies for use in active case finding or as adjunct diagnostics, particularly with image analysis software-
enhanced CXR, is still limited.??

Comprehensive guidance for TB prevalence surveys, the Lime Book, is available from WHO and provides
key information on the use of CXR.?* Several types of X-ray equipment can be used. One option is conven-
tional X-ray (with manual or automated film developing), conventional X-ray with a digital plate or digital
X-ray (computed radiography, direct digital systems or slot-scan systems). Conventional X-ray equipment
(analog) is much lower in initial cost compared to digital X-ray, but the continued costs of film and pro-
cessing materials over the lifespan of the equipment means that it is more expensive in the longer term. A
cost-benefit analysis of analog versus digital X-rays for general hospital use highlighted lower costs using
digital systems.*® Analog systems have been mounted onto trucks and used as mobile units in rural areas,
but as film development is temperature-sensitive, air conditioning is required if temperatures exceed 32°C.
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Figure 4. Example of the small size and portability of digital X-ray equipment and its potential for
use outside of clinical settings

Source: Images produced with permission from MVIP Software and Consulting, Germany (www.mvip.de).

As an alternative to film-based CXR, digital plates can be used with conventional X-ray equipment, remov-
ing the need for X-ray film, a film developer and associated reagents (Figure 4), offering reduced com-
plexity and cost, improved image quality, decreased radiation dose, better archiving and the potential for
electronic transmission of acquired images (for expert opinion and quality assurance, etc.).*

Digital CXR also offers the possibility for use of objective computer-aided interpretation of PTB. While, in
principle, effective on analog films as well, in practice, the quality of many analog films is poor (overex-
posed or underexposed prior to scanning). CAD systems permit uniformity in identifying lung abnormali-
ties and reduce variability in reading. The challenge has been to design appropriate algorithms that have
sensitivity similar to trained readers.*

A recent comparative analysis of the performance between the CAD tools and human readers showed no
significant differences.?**° The Diagnostic Image Analysis Group (Radboud University, the Netherlands)—
leaders in CAD of PTB using digital CXR—have partnered with Delft Imaging Systems to commercialize
their CXR analysis algorithms, currently marketed as CAD4TB (Figure 5). This software can also be applied
to analog CXR films when electronically scanned and digitized. The Zambia AIDS Related Tuberculosis
(ZAMBART) group have investigated the combined use of a CAD tool with digital CXR to help diagnose
TB in areas where there is no radiologist.* The results suggested that CAD has the potential to increase the
use and availability of chest radiography in screening for TB where trained human resources are scarce.
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Figure 5. Example of a digital CXR (left) and CAD4TB interpretation of lung abnormality (right)

Source: Maduskar P et al.* (reproduced with permission from the International Journal of TB and Lung Diseases).

MVIP (Germany) is developing DigiPortXCAD, DigiportX TB, an ultra-portable digital CXR from Medex
Loncin S.A. (Belgium) and a TB CAD system in collaboration with Damien Foundation (Bangladesh)
and the University of Applied Science (Gottingen, Germany). They are currently evaluating this system
in Bangladesh.

Advantages: To perform digital CXR, no other materials are required, and recurring costs are low once the
initial equipment investment is made. Existing conventional X-ray machines can use digital plates instead
of analog film and, therefore, existing systems can be converted at lower cost than new capital investment.
Digital X-rays expose each patient to a lower dose of radiation than conventional CXR. Screening can be
rapid, with two staff required to screen roughly 40 patients per hour. The use of CAD permits broader
application, as trained staff are not required to interpret images: tele-radiology gives each patient and pro-
vider rapid feedback after screening and all images can be archived and/or exported to a central repository
and remotely interpreted. Mobile screening units permit active case finding in the community, leading to
earlier detection and detection of subclinical cases, therefore, potentially limiting TB transmission. Digital
CXR can be used as a triaging tool to optimize more expensive confirmatory tests such as Xpert® MTB/
RIF. The application of CXR may have a positive impact on health care in resource-limited countries for a
broader variety of pulmonary diseases, including pneumonia, chronic obstructive pulmonary disease and
lung cancer.

Disadvantages: Current digital X-ray systems are expensive, but this initial capital cost is offset over time,
as no other consumables are required for operation. Although units can be loaded onto trucks or contain-
ers to be mobile, most equipment is not ruggedized and is, therefore, sensitive to jarring and vibration.
A valid warranty or service agreement is recommended and maintenance or repair can be challenging
in remote field settings. A generator is necessary for power supply. Tele-radiology requires high-speed or
broadband data transmission systems. If human resources review images for abnormalities, intra- and
inter-observer variability are common and there is a lack of a universally accepted reporting system. CXR
presents only a two-dimensional image of a three-dimensional structure, with parts of the lung obscured
by overlapping structures. X-rays create exposure to a small dose of radiation and can increase the life-
time risk of cancer; however, while there is no threshold that is considered safe, the exposure from one
CXR equals the exposure from 10 days in natural surroundings, so the lifetime risk is considered to be
very small.
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5.4.2. Sputum collection and sample processing tools

Perspective: Sputum is the most important clinical sample for TB diagnosis using most existing technolo-
gies. To detect PTB, a patient must expectorate a sufficient volume of sputum to enable diagnostic testing
by microscopy, culture or molecular tests. For the improved collection of sputum to diagnose PTB, two
tools were identified, one currently marketed and the other in development. The Lung Flute, from Medical
Acoustics® (USA), is shown in Figure 6.

Figure 6. Lung Flute from Medical Acoustics® to aid sputum collection from patients who are
unable to expectorate a sufficient sample

Note: The user blows into the blue mouth piece (left) and the low resonating frequency generated aids the release of sputum located deep in the
lung tissue.

Source: Image reproduced with permission from Medical Acoustics®.

A small, plastic device, the Lung Flute is non-invasive and easy for the patient to use. The tool uses sound
vibrations to stimulate mucus clearance, effectively thinning and dislodging mucus deep in the lungs to
ease production of a sputum specimen. One study assessed the performance of the Lung Flute on TB
suspect patients, finding that the Lung Flute permitted 88% of this cohort to subsequently provide a
specimen.** The device is approved by the United States Food and Drug Administration (US FDA), CE-IVD
marked and approved for use in Australia, Canada, India, Japan, Philippines, Republic of Korea and Sin-
gapore. The company cites a list price of US$ 10 per unit, but notes that price is related to volume of sales.

Deton Corp. (USA) is developing a cough collection tool for testing by nucleic acid detection. A patient
coughs into a bag until at least 1 litre of air has been collected. The hypothesis is that the droplet nuclei
produced by this and the TB cells therein are so small that they cannot precipitate, instead remaining as
particulates in suspension. The contents of the bag are forced over a device designed to focus the airflow
and permit the deposition of particles onto a capture film. This film can then be removed and processed
to extract MTB DNA for subsequent testing via polymerase chain reaction (PCR) or a similar diagnostic
method. The developers speculate that this tool may enhance sensitivity of MTB diagnosis as other poten-
tially inhibiting materials in sputum are not collected by this method.

For rapid processing of sputum for culture, Salubris Inc. (USA) offers Decomics®, a product that is both
CE-IVD marked and US FDA (510k) cleared, and marketed since 2012. This is used to decontaminate and
concentrate specimens for culture-based testing from a variety of common specimen types without the
need for a centrifuge. The test uses absorbent beads and reagents to liquefy, decontaminate and neutralize
samples in less than 25 minutes. A variety of commercial vendors, including Becton, Dickinson and Com-
pany (hereafter BD; USA) and Hardy Diagnostics (USA), also offer kits to decontaminate sputum samples
for culture, employing derivatives of the N-acetyl cysteine and NaOH methods commonly used to prepare
sputum specimens prior to culture.

DNA Genotek Inc. (Ottawa, Canada; a subsidiary of Orasure Technologies, Inc., USA) has developed two
products to process sputum. The OMNIgene® SPUTUM is intended to liquefy and decontaminate the
sample allowing it to be transported without cold chain to a laboratory for diagnostic testing. Samples can
be used for microscopy, culture or nucleic acid analyses. An evaluation of the OMNIgene® SPUTUM by the
All India Institute of Medical Sciences, New Delhi, highlighted that no samples were contaminated when
tested by culture and the time to positive result was not altered. The company’s prepIT® MAX technology
is intended to be a high-performance method to release nucleic acids from Mycobacterium tuberculosis
complex (MTBC) cells without the need for a mechanical approach, such as bead beating. Samples first
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treated by the OMNIgene® SPUTUM method can be subsequently processed with this kit to obtain nucleic
acids for further analysis. The current method does rely on ethanol precipitation of DNA, so a centrifuge,
heat block and ice are required to process samples. The cost of these products is currently not available.

Akonni Biosystems (Maryland, USA) offers the TruTip™ DNA extraction system to extract TB DNA without
requiring a centrifuge. Here, MTB cells are lysed in buffer and the DNA captured, washed and released
from a specially designed pipette tip. This requires only a single battery-powered pipettor. Akonni Biosys-
tems has demonstrated the use of the tips with liquid handling systems for higher-throughput extraction
of DNA.®

Longhorn Diagnostics (Texas, USA) produces PrimeStore MTM®, a proprietary material that kills and
lyses MTB cells and then stabilizes the nucleic acids, while being shipped to the laboratory without cold
chain.*** The PrimeStore MTM® can either accommodate a swab taken from the sputum sample (100-200
pL sputum) or up to 500 pL of raw sputum. It is intended for use with NAAT-based testing such as LPA or
PCR-based methods.* Reagents cost US$ 500 for 50 tubes (list price). Recently, Molzym & Co. (Germany)
released MTB-DNA Blood, a product used to extract DNA from MTBC cells in 1 and 10 mL of whole blood.
The MTB-DNA Blood is based on the Molzym & Co. MolYsis™ technology, which removes non-target
human DNA and enriches MTBC. Molzym & Co. also offers SelectNA™ and SelectNA™plus, automated
extraction tools for use with this product. After DNA is extracted, it can be applied to a variety of NAATSs.
The tests cost US$ 15.80 and automation equipment costs US$ 16 725 or US$ 32 780 (list prices). The
products are currently not yet CE-IVD marked.

Other sample preparation methods have been developed to capture and enrich MTB cells from sputum,
with paramagnetic beads coated with ligands specific to the mycolic acid components of the MTB cell
wall. Besides enriching for MTB, washing of beads removes confounding components to limit non-specific
background in microscopy. Microsens Diagnostics Ltd (United Kingdom) markets TB-Beads, which can
capture MTBC cells directly from sputum for use in microscopy, culture or other diagnostic tests. The cap-
ture is rapid, requiring just five minutes, and does not require other equipment such as a centrifuge. The
company estimates that 30-40 samples can be processed in one hour. The beads are priced at US$ 1.20 per
test for low-resource countries. This product is CE-IVD marked, and two recent evaluations have shown
that the beads can improve the sensitivity of microscopy by 25-35% .44 A further study compared TB-
Beads’ performance to traditional centrifugation to prepare samples for culture, showing similar prepara-
tion times per sample and culture data.*® Therefore, although data are limited, it appears that TB-Beads
might have some benefit in laboratories where consistent power is a concern, and could reduce biohazard
as there is no opportunity to generate aerosols.

Genetein Co. Ltd, a subsidiary of Precision System Science Co. Ltd (Japan), has developed a similar prod-
uct, the TRICORE bacterial concentration kit. This has been evaluated in one study where the authors
noted that the tool improved the detection of MTBC in paucibacillary specimens.* Currently, no other
information is available on this product.

5.4.3. Microscopic diagnosis of MTB and associated tools

SSM

Perspective: SSM specifically stains the mycobacterial cell wall with colorimetric or fluorescent dyes for
subsequent visualization via microscopy. The original method is now over 130 years old and it remains
the primary diagnostic test for pulmonary MTB in HBCs. A positive smear test is not wholly specific for
MTB; a positive result indicates the presence of acid fast bacteria (AFB), but does not discriminate be-
tween MTBC and other non-tuberculous mycobacteria (NTM). SSM is also used for treatment monitoring
with confirmed TB cases on drug therapy. The low cost, relatively rapid time to result, ability to be used
in peripheral laboratories and limited need for equipment and reagents supports the continued use of this
test, particularly in low-income HBCs.
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A recent survey of 22 HBCs indicated that the average cost of SSM is US$ 1.77 (IQR US$ 1.28-2.69) per
smear, including various components (e.g. material; labour; equipment and overheads).? In this survey,
a global estimate of the total number and cost of SSM tests was calculated via input from 22 HBCs: 77.6
million sputum smears performed annually in 42 827 microscopy centres, for a total value of US$ 137 mil-
lion—with the majority of tests (61 %) performed in the BRICS countries.?

SSM algorithms use either three or two specimens for diagnosis. The three-sputum algorithm includes two
specimens produced by the patient at the microscopy centre (the spot specimens) and a morning speci-
men, expectorated by the patient at home in the early morning. The latter is considered to contain a higher
bacterial load, which improves diagnosis. The incremental improvement with three specimens as opposed
to two (a spot and morning) is limited (i.e. 2-5%) and the obligation of patients to present three inde-
pendent specimens to a clinic on multiple days can lead to patients defaulting from the testing pathway.*

A meta-analysis of the incremental diagnostic value of two versus three specimens led to a WHO recom-
mendation in 2007 that two smears are adequate, and only one positive smear (out of two) is required to
identify a new case of TB, provided that the microscopy laboratory had effective external quality assurance
(EQA) systems and documented good-quality microscopy.® Furthermore, in 2010, WHO recommended
that same-day microscopy on two samples results in test performance comparable to spot testing on dif-
ferent days. The aim of this policy was to reduce loss-to-follow-up of suspected cases, supported by a ran-
domized trial and meta-analysis demonstrating an insignificant change in performance using the two-spot
method as compared to the three-specimen screening process.**? in practice, however, many HBCs still
rely on analysis of three specimens: the recent analysis of SSM in HBCs by Kik SV et al. showed that 13 of
22 NTPs in HBCs reported using three smears, while 11 used only two.2

Samples for smear microscopy are commonly processed directly, but concentration of MTB via centrifuga-
tion or bleach sedimentation may improve sensitivity. Centrifugation does add an extra biosafety require-
ment for sealed rotor buckets to minimize risk from aerosols. An advantage of bleach sedimentation is that
all bacteria are killed, creating a non-biohazardous specimen. An evidence base is developing for the use
of bleach sedimentation for improved diagnosis of MTB, but no policy recommendation has been made
by WHO.%

The most common method for SSM uses a conventional light binocular microscope in addition to the
Ziehl-Neelsen (ZN) staining method where AFB are stained red with carbol fuschin, while other types of
bacteria are stained blue with methylene blue. This requires that the microscope be used at 40x and 100x
magnification with oil immersion. The number of visible AFB units are scored to determine the bacterial
load based on the number of AFB viewed per field (e.g. 3+: > 100 AFB 20 fields; 2 +: 1-10 AFB 50 fields;
1+:10-99 100 fields; + /-: 1-9 AFB 100 fields; 0; negative in 100 fields).** Fully trained microscopists can
read a maximum of 25-30 slides a day.

The application of FM has led to an improvement over conventional SSM as MTB cells are easier to
observe. Staining of AFB with fluorescent dyes is more rapid than the ZN method and, most importantly,
each field can be read at a lower magnification thus it is easier for microscopists to identify the AFB. As a
result, the number of slides that can be read by a microscopist in one day increases to 50-60. The result
follows the same scoring algorithm to note the bacterial load. Studies conducted in reference laboratory
settings have shown that light emitting diode (LED)-FMs used for SSM have, on average, 10% greater sen-
sitivity than light microscopy and similar specificity.>¢>

FM to detect MTB was first reported in 1947,% but was not appropriate for use in resource-limited set-
tings due to a variety of factors, including a need for a dark room, bulb longevity and overall cost.>*
The advent of LED technology allowed durable, battery-powered, low-cost yet effective fluorescent micro-
scopes that do not require a dark room. FIND partnered with Carl Zeiss Microimaging (hereafter Zeiss;
Germany) to develop a reduced cost monocular fluorescent LED microscope, the Primo Star iLED, for use
in HBC microscopy centres (Figure 7). The CyScope® TB Fluorescence Microscope and a CE-IVD approved
stain are also offered by Partec (Germany) (Figure 7). Alternative strategies include conversion to a LED
light source with existing conventional light microscopes for FM use: FluoLED™ (Fraen Corp.; Italy);
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Lumin™ Illuminator (LW Scientific; USA); Fluo-RAL (RAL Diagnostics, a partner of bioMérieux, France)
and ParaLens™ (QBC™ Diagnostics; USA). FIND currently offers negotiated pricing for the Primo Star iLED
at approximately US$ 1640.

Figure 7. Examples of LED-FM products: Zeiss Primo Star iLED (left); Partec CyScope® (right)

3
B

Sources: Images reproduced with permission from Zeiss and Partec.

In 2010, WHO endorsed LED-FM for SSM® and, in 2011, issued a policy statement recommending fluo-
rescent microscopy as a replacement to conventional light microscopy.® Recent studies have investigated
the suitability of FM for scale-up, with a focus on operational issues.*®® In one study, three FM systems
were compared to a traditional mercury bulb FM and, while all were comparable, users showed a prefer-
ence for the Primo Star iLED and the FluoLED™ due to easier operation.*® Trainee technicians were more
likely to report false-positive as opposed to false-negative results on LED-FM microscopes than reference
technicians.® These findings point to further requirements for appropriate training, quality management
and performance monitoring in the field.>8.6263

Advantages: SSM is a low-cost, highly specific (~98%) tool for diagnosis of PTB that can be effective with
appropriate training. The test can be applied in peripheral facilities, with EQA programmes to improve
performance in many settings. FM increases the sensitivity of this test by ~10% over colorimetric light
microscopy and increases the number of slides read per day. (However, uptake of the more rapid “front-
loaded” algorithms and more widespread use of LED-FM is still necessary as many HBCs still read only
three slides per patient using direct ZN microscopy).? SSM is also effective for monitoring treatment of TB.

Disadvantages: The primary drawback to SSM is the lack of sensitivity, which is highly variable at
20-80%, especially with paucibacillary specimens (common with poor-quality sputum samples or HIV
co-morbidity).** In PLHIV, early diagnosis of an MTBC co-morbidity is necessary for effective treatment—
TB infections are the greatest cause of death in this subgroup—but SSM performs poorly in this group.
Furthermore, although SSM is intended to identify mycobacteria in sputum, it is estimated that 17% of
transmission is from patients who are SSM-negative.®

By identifying AFB, SSM is non-specific. SSM also cannot detect drug resistance. The reading of slides is a
time-consuming, tedious and repetitive task that requires diligence to be effective. There is a strong impact
of user skills on analytical performance and difficulty in training and maintaining skilled personnel to
work in microscopy centres. While an effective EQA plan can sustain improved performance, the resources
to maintain and coordinate such systems can be extensive.

Automated staining tools and slide processors

For the high throughput and consistent staining of SSM slides, RAL Diagnostics (a partner of bioMérieux,
France) offers an automated staining station, the RAL STAINER, and reagents for either conventional ZN
or fluorescent microscopy (RAL STAINER COLD ZN and FLUO RAL reagents). The product offers consis-
tency of staining via automation (Figure 8). The machine can be used on all specimen types in laboratories
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with electrical power, with applications in larger high-throughput microscopy centres and in smaller facili-
ties to reduce time spent preparing slides. Automated bulk staining of slides has been shown to be a factor
in saving significant resources and improving staining results in laboratories with a high workload.® The
RAL STAINER processes 10 slides at the same time, using two, 10-slide cassettes, requiring 20 minutes.
All staining reagents are housed within reagent reservoirs in the machine. Internal air is filtered to prevent
airborne release of chemicals. The tool has been marketed since 2013 and costs ~US$ 15 000. The ZN and
Auramine reagents are priced at US$ 0.30 and US$ 0.50 per slide, respectively.

Figure 8. A: RAL STAINER standalone slide processor with a touchscreen interface for operation;
B: Inoculated smear slides are processed (cartridge with maximum 10 slides capacity)

Source: Images reproduced with permission from bioMérieux.

The Aerospray® TB Series 2 from ELITechGroup (Switzerland) is another automated staining platform
for SSM and can also be used for conventional or fluorescent staining methods. Slides are prepared via
reagents applied from atomizing spray nozzles, limiting the volumes used. This platform can batch pro-
cess either 12 or 30 slides and requires five minutes processing time. The ELITechGroup notes that the
30-slide system can process up to 400 slides per hour. However, it should be noted that protocols for fixing
the smear prior to staining can vary from 15 minutes to overnight with incubation at 65-75°C. Current
pricing is unknown.

To address difficulties in reading microscopy slides to a consistently high standard, several groups pro-
mote automated approaches to autofocus, identify fields to view® 7 or scan the entire slide and automati-
cally score AFB counts from selected images.” One commercially available automated system is on the
market, the TBDx system from Signature Mapping Medical Sciences Inc. (a wholly owned subsidiary of
Applied Visual Sciences Inc.; USA) (Figure 9). This system consists of an FM with a digital camera and
automatic slide loader (maximum capacity 200). Stained slides are automatically loaded and viewed by
the microscope; the digital images of each field per slide are then automatically processed by a proprietary
algorithm. The system takes approximately 5 minutes to analyse one slide, 1 hour to analyse 10-12 slides,
or 16 hours to analyse 200 slides. Data and results are in a format that can directly populate laboratory
information systems. When 3 + /2 + AFB are consistently detected, the scoring algorithm can be adapted
to read fewer fields and, therefore, decrease the time taken to analyse slides with a high AFB. The system
is available without the slide loader, but capacity is limited to only four slides.
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Figure 9. TBDx system showing the automated slide loader (left) FM with digital camera and
automated stage (centre) and PC operation to operate the reader and employ the scoring
algorithm
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Source: Image used with permission from Applied Visual Sciences Inc.

The TBDx system is commercially available, and is aimed at high-volume laboratories in HBCs, particu-
larly for triaging specimens prior to diagnosis by GeneXpert to reduce costs or serve as a diagnostic tool
in place of SSM. An initial independent evaluation in South Africa showed that the system has an excel-
lent correlation with identifying SSM 2 + /3 + versus manual FM performed by a reference microscopist.”
Compared with culture only, the TBDx had high sensitivity (75.8%), but low specificity (43.5%). TBDx
interpretation of scanty slides was affected; investigators suggested a hybrid approach where positive
and negative slides scored by TBDx were acceptable and that scanty slides were later reviewed by a
microscopist, still reducing workload by over 50%. They noted that if the sensitivity of the TBDx could be
increased to 70%, then specimens requiring Xpert® MTB/RIF confirmation would drop to 43% or 35%,
while still detecting 76 % of all culture-positive cases.” The developers are revising their scoring algorithm
to analyse scanty specimens and are now partnering with FIND to further assess the feasibility of this tool
in resource-limited countries. The microscope and computer are offered at US$ 23 000 with the optional
200-slide robotic loader at US$ 21 000. The software license is based on two components: the length of the
licensing period and the type of hardware purchased. Applied Visual Sciences Inc. notes that this could be
<US$ 1.00-2.00 depending upon the length of license.

BD is currently developing a fully automated instrument for semiquantitative analysis of AFB in sputum
that also incorporates the staining procedure (Figure 10). The system standardizes specimen preparation
using a single-use disposable cartridge that houses unitized reagents.
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Figure 10. Automated slide reader in development by BD

Source:Image courtesy and © Becton, Dickinson and Company. Reprinted with permission.

A slide-reading algorithm scores the reading of slides; developers claim that sensitivity of the prototype is
similar to that of LED-FM performed by a microscopist. The system is being designed for ease of use so as
to suit relatively unskilled workers. Data input and operation are via a touchscreen interface. Preparing the
slides takes approximately 70 minutes. The overall test takes two hours to complete, and up to 40 slides
a day can be batch processed by a battery-powered machine that has a small footprint of approximately 1
square foot, or 930 square centimetres. The developers anticipate that this product will be commercially
available in 20-24 months.

There has been significant interest in the application of mobile phone technology with onboard high-
resolution cameras to LED-FM in resource-limited settings.”>’¢ The CellScope TB Microscope uses this
technology (Figure 11), with developers at the University of California (Berkeley, USA) intending for this
technology to replace LED-FM. Their device uses the camera of a tablet connected to an optical chamber
containing LED filters and lenses to read auramine-O stained slides. It takes approximately four minutes to
read each slide,”® and data are shown on the screen of a tablet postioned on the top of the instrument. With
the reader viewing a digital screen rather than looking into the microscope, the device has the potential
to make slide reading less tedious. Sensitivity and specificity of SSM diagnosis by new users were within
15% of those achieved by experienced technicians using conventional LED-FM.

The use of a tablet device allows all images to be archived and also sent via wireless networks for confir-
matory review. Currently, the device relies upon manual reading of each field, but algorithms to automate
the process are in development. The device is battery-powered, weighs approximately 2 kilograms and
has a footprint of 400 centimetres. Commercial release of this product is expected in 2017 at a price com-
parable to other quality FMs currently on the market.
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Figure 11. CellScope TB Microscope with a tablet on top for image capture, analysis and viewing

Source: Image used with permission from the University of California, Berkeley.

Fluorescence in situ hybridization (FISH)

FISH of ribosomal RNA (rRNA), messenger RNA (mRNA) and whole cells with targeted oligonucleotide
probes is a method that has been widely used to rapidly and directly detect pathogens in medical speci-
mens via FM (Figure 12). rRNA is an excellent candidate target molecule as it is single stranded and,
therefore, amenable to hybridization via a sequence-specific complementary probe. Regions of rRNA can
be species specific (including for MTBC), and as the copy number per cell is significant (e.g. 10*), ampli-
fication prior to detection is not required.”” Improvements to the detector probe chemistry have increased
the sensitivity of the method, predominantly via the use of peptide nucleic acids (PNAs), which act as
DNA mimics. The polypeptide backbone of PNAs permits better hybridization thermodynamics and ki-
netics that increase probe binding efficiencies and, therefore, sensitivity.”® PNAs are also hydrophobic in
nature, and it has been proposed that this enables PNA probes to more easily transverse the hydrophobic
mycolic acid-based cell wall and hydrophobic cell membrane and therefore encounter their rRNA target.”

Figure 12. Two-colour FISH using fluorescence labelled probes of a cultured sample derived from
a mixed infection of MTB and M. abscessus

Notes: Panels A and C reflect the detection of mycobacteria in the green fluorescence channel using Mycobacterium genus specific probe. The
MTBC specific probe used in the orange fluorescent channel can then discriminate MTB (panel B) from an NTM (panel D).

Source: Image used with permission from ID-FISH Technology Inc.
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While commercial assays to other bacterial pathogens are commercially available, existing research on
the application of FISH for MTBC diagnosis and identification has been limited. ID-FISH Technology Inc.
(USA) is developing their FISH FM assay kit with assistance from FIND. Their FISH assays are designed
for the speciation of culture-positive samples and for testing sputum. Each assay uses two probes; one
specific for mycobacteria and a second that can identify MTBC (Figure 12). Batched processing of up to 10
samples takes two hours and ID-FISH Technology Inc. recommends a maximum of 30 slides be prepared
per day per technician.” An incubator, centrifuge and clean water are required. Slides are read via FM,
and ID-FISH Technology Inc. currently claims a sensitivity of 1000-5000 cells/mL. Assays for mycobac-
teria, MTBC, M. avium complex, and M. kansasii are in their development pipeline. The cost per test for
the MTBC assay is US$ 5 and is currently commercially available for culture confirmation purposes. The
sputum diagnostic has not yet been commercialized.

Advantages: Automated slide preparation may provide more smears of more consistent quality for integra-
tion with the automated reader systems or allow staff to read slides. Where staffing is a constraint, lower-
throughput slide readers such as the fully integrated and automated BD device may meet the need to pro-
duce smear test results without experienced personnel. Automated microscopy platforms with screening
algorithms may alleviate labour and training requirements by identifying smear-positive or smear-negative
samples and leaving only the scanty slides for analysis. There is the potential to run such readers over-
night as, in principle, supervision is not required, and this may reduce laboratory technician time, while
increasing throughput. FISH assays can be employed in microscopy centres where FM is already utilized
and, unlike FM, a FISH assay can discriminate between AFB and MTBC improving specificity for PTB.

Disadvantages: Systems are expensive to purchase and maintenance contracts will be necessary. More
widespread evaluation of these technologies is under way, but their performance is not yet fully under-
stood within intended-use settings.

5.4.4. Culture-based tools for the diagnosis of TB and DST

Perspective: Mycobacterial culture remains the current gold standard diagnostic test for the detection of
MTB from sputum and other clinical specimens. Unlike SSM, which has a lower limit of detection of 10*
cells/mL,%% culture methods can detect lower levels of MTB as low as 10-100 cells/mL.% Therefore, when
possible, smear-negative sputum specimens should be further assessed by culture to confirm the absence
of MTB. In addition to its higher sensitivity, MTB culture can be used for further diagnostic purposes,
notably phenotypic DST to inform treatment regimens, to provide sufficient DNA for speciation, genotyp-
ing using rapid molecular DST or for molecular epidemiologic studies.

All culture methods are laboratory based as infrastructure and trained personnel are required for the speci-
men processing, inoculation, incubation and monitoring of cultures. Given the highly contagious nature of
MTB, culture laboratories are required to have biosafety level 2 capacity requiring laminar flow hoods to
allow handling of materials. When cultures of MTB are routinely manipulated for additional phenotypic,
molecular or biochemical testing, then the use of a biosafety level 3 laboratory is mandatory.®* These re-
quirements limit most culture-based diagnosis of MTB and DST to reference laboratories. The use of bio-
safety level 2-only facilities can widen the use of culture methods to other laboratories, but not third-tier
facilities such as microscopy centres.

Sputum specimens are processed prior to culturing to decontaminate the specimen from other commensal
microorganisms and to concentrate the MTB cells. This typically involves N-acetyl L cysteine and NaOH to
liquefy and decontaminate the sputum specimen. This is then neutralized and the MTB cells concentrated
via centrifugation in sealed containers to prevent risk of aerosolization. The cell pellet is then re-suspended
in a small volume of saline to provide the inoculum. The decontamination step is important to limit the
growth of other microbiological contaminants in the culture that would require reprocessing and significant
delay in reporting of results.®* NaOH is the most commonly applied decontamination method but there is a
trade-off to its use. Higher concentrations of NaOH (e.g. 4% total volume) produce reduced contamination,
but more MTB cells are killed.?*%> Prolonged exposure to lower NaOH concentrations also has a similar
bactericidal effect.® Culture media are also supplemented with antibiotics to further limit contamination.
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Culture can be performed with solid or liquid media using automated or manual methods to generate
results. Solid culture is the primary manual method of culture with Lowenstein-Jensen (L-J) medium, egg-
based media being the most popular. In low- and middle-income countries, L-J is routinely used for MTB
culture and DST due to its low cost and stability for several weeks if refrigerated. Other media for solid
culture and DST are available, including natural (e.g. blood agar®) or synthetic media (e.g. Middlebrook
7H10 and 7H11).%8 A wide variety of microbial media manufacturers sell powdered synthetic media in addi-
tion to L-J slants. Although solid culture is a sensitive test method for MTB, its suitability for diagnostic
purposes is limited by the time it may take to generate a positive result or rule out infection. A recent study
noted an average time to result of 21 days when using L-J culture with sputum specimens.® When L-J is
used for DST purposes, the average time to result is even longer, with one group reporting 63 days from
the original receipt of the specimen.”

Semi-automated and liquid culture

Liquid culture can be used with any specimen type. The primary advantage of liquid culture is that the
growth of MTB cells is more rapid (10-14 days) than culture on solid media, permitting faster diagnosis.
In addition, a variety of liquid culture systems are commercially available that can automatically detect
positive cultures and permit higher test volumes, greatly simplifying yet expanding the throughput of
culture-based testing (Figure 13).

In 2007, a WHO Expert Group endorsed the use of liquid culture for the identification of MTB and for DST
based on the performance of the BD mycobacterial growth indicator tube (MGIT™) system, noting that
other liquid culture systems give similar performance.” The endorsement, however, does come with the
caveats that testing should be performed in laboratories with uninterrupted power supply for critical equip-
ment and appropriate infrastructure and biosafety procedures to prevent laboratory-acquired infections.

Incubators with automatic reading of the media bottles are made by BD, bioMérieux and Thermo Fisher
Scientific (USA). Each of these technologies is US FDA-approved for the detection of MTB. The basic
principle of each technology is similar whereby the media bottle is prepared and then inoculated with
processed sputum, scanned via a barcode and then inserted into the machine. The measurement of growth
of MTB in the bioMérieux BacT/Alert® 3D system is based on the increase of CO, that is detected via the
change of reflectance from a sensor disc at the base of the tube, which gradually changes from green to
yellow. The BD Bactec™ MGIT™ technology is based on the depletion of O, where initially present O, is
quenching fluorescence from an indicator at the bottom of the vial and consumption of O, is gradually
reducing such quenching. The Thermo Fisher Scientific VersaTREK® system measures growth by auto-
matically monitoring the rate gas production (in this case CO,) within the headspace of the culture
bottles. All systems notify the laboratory personnel when a positive culture is detected or when the tube
has been incubated for the appropriate time without indicating growth.

Figure 13. Three commercial liquid culture platforms: BD (MGIT™ 960, left); bioMérieux (BacT/
Alert® 3D 120, centre); Thermo Fischer Scientific (VersaTREK® 528, right)

Sources: BD MGIT™ 960 image courtesy and © Becton, Dickinson and Company. Reprinted with permission. bioMérieux BacT/Alert® 3D image
reproduced with permission from bioMérieux. Thermo Fischer Scientific VersaTREK® 528 photo courtesy of Thermo Fisher Scientific. Copying
is prohibited.
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BD markets the Bactec® systems, which use MGIT™. The Bactec MGIT™ 360 and 960 instruments are
available; the Bactec MGIT™ 960 can host up to 960 bottles at any point in time, which translates to
approximately 8000 MGIT™ tubes per year. FIND has negotiated a pricing agreement with BD for pur-
chase by HBCs; the list of materials and their cost are available at http://www.finddiagnostics.org/about/
what_we_do/successes/find-negotiated-prices/.

The BacT/Alert® 3D Mycobacteria Detection Systems is manufactured by bioMérieux and comes in dif-
ferent modules and sizes, covering the entire range of 60 to 1440 bottles in incubation at any point in
time. The Thermo Fisher Scientific VersaTREK® Automated Microbial Detection System also comes in two
models that are both modular. The 528 version (hosting up to 528 bottles at any point in time) has greater
throughput and can process 4700 culture bottles per year. All three culture systems are US FDA-approved
for mycobacterial identification.

Salubris Inc. offers a series of products that also perform with automated TB culture (Figure 14). They
manufacture: TK MEDIUM® SLC; a biphasic, culture medium that can be incubated and automatically
monitored in the MYCOLOR TK® instrument (Figure 14); and TK MEDIUM SLC-L, a liquid formulation.

Figure 14. A: MYCOLOR TK automated incubator; B: TK colorimetric media with changes from red
to orange (mycobacterial positive culture) red to green (contaminated culture); C: biphasic format
of TK media with both solid and liquid media

| ol : —— Solid

Source: Images reproduced with permission from Salubris Inc.

TK MEDIUM® is an egg-based solid medium similar to L-J.?? Unlike the liquid media used in other auto-
mated platforms, the TK media do not require any additives, creating a simplified workflow and reducing
risk of contamination.” The media contain dyes that react upon the growth of microorganisms (Figure
14).” Upon mycobacterial growth, the original red colour turns orange and then yellow. The colour change
is indicated before colonies are visible on the agar, improving the time to detection. Contamination by
fungi or Gram-negative bacteria produces a green pigment; some Gram-negative bacteria can produce
orange/yellow. The TK SLC medium is biphasic having both solid and liquid media (Figure 14). The TK
Mycolor instrument detects and monitors the colour changes (from red to yellow or to green) and this
system provides growth curves over time that are also analysed to predict the type of growing microorgan-
ism.”? The TK Mycolor instrument is priced at ~US$ 15 000 and TK SLC Liquid® costs US$ 2-3 depending
on volume. The TK Anti TM PNB kit (susceptibility testing to first-line drugs plus TB complex NTM dif-
ferentiation) is listed at US$ 15-18.

The performance of TK MEDIUM® was evaluated against L-J culture in one large study where 16 303
specimens were assessed.”? The authors reported that the median time to detection of the TK MEDIUM®
was 15 days as opposed to 25 days using L-J. However, the early colorimetric detection of growth with
TK MEDIUM® was on average 12 days, while for L-J it remained at 25 days. The TK media also produced
more positive cultures than L-J, 12.63% versus 11.69%, respectively. The authors noted that contamina-
tion with L-J was observed in 5.33% of all slants, while only 0.55% using TK MEDIUM®.?? A comparative
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assessment between this system and the other liquid systems has not been performed, but recently a new
liquid medium, TK SLC Liquid®, was compared to MGIT.” Overall, the performance of both media was
similar, but MGIT™ had a faster median time to result, 7.7 days as compared to 15.1. Contamination was
much more prevalent in the MGIT™ tubes (13.7 %) compared to TK SLC Liquid (1.3%), which may be due
to the preparation steps prior to inoculation of MGIT.

Manual non-commercial culture-based assays

Given that the application of automated culture-based testing requires significant infrastructure and
purchase of capital equipment, a variety of simplified, manual culture methods using commercial me-
dia are available. BD and Salubris Inc. both note that their culture tube methods can be used manually.
The BBL™ MGIT™ tubes can be incubated in a traditional incubator and growth indicated by shining a
long-wave ultraviolet lamp onto the reactive disc on the tube base. Positive tests emit a vivid orange fluo-
rescence and at the meniscus; negative tests remain non-fluorescent. With the Salubris Inc. TK MEDIA,
the laboratory technician visually notes the colour change of the media as an indicator of mycobacterial
growth (Figure 14B).

Other non-commercial culture-based methods include the microscopically observed drug susceptibility
(MODS) assay, the nitrate reductase assay (NRA), colorimetric redox indicator (CRI) assay, phage-based
assays and the thin layer agar (TLA) assay. Of these, MODS, NRA and CRI were endorsed by WHO as
non-commercial methods for mycobacterial culture and DST in 2010.% These tests are proposed as direct
or indirect tests for rapid screening of patients suspected of having MDR TB. Their use must be in clearly
defined programmatic and operational conditions, in reference laboratories and follow strict laboratory
protocols. In this section, we describe current perspectives on the performance of these assays and the
commercial products on the market or in late-stage development.

The MODS method was developed by the Peruvian National Tuberculosis Control Program to improve
upon existing diagnostic tests for MTBC.?**® The application of MODS is in diagnostic laboratories where
routine manipulation of culture is not performed. The principle is a rapid and sensitive assay that can
identify MTBC in addition to phenotyping resistance to RIF and INH. The test uses 24-well plates in
which four wells address a single patient specimen: two wells are drug free, while the other two wells
contain RIF and INH, respectively. After inoculation, the plates are inserted and sealed in zip lock bags
and then incubated. Mycobacterial growth is identified by using an inverted light microscope to observe
microcolonies in the liquid media. MTBC is morphologically different from many of the mycobacteria
in that they have a chording morphology.”® Alternatively, para-nitrobenzoic acid (PNB), a compound
that inhibits the growth of MTBC, but not of NTM, can be added to one (drug-free) well to discriminate
between NTM and MTBC.”

The performance of MODS is faster than with solid culture.® One study noted MODS detection of MTBC
took a median of 9 days as opposed to MGIT™ (16 days) and solid culture with 7H10 (29 days).'® A dif-
ferent study using MODS on smear-negative and smear-positive specimens noted median culture times
of 11.7 and 9 days, respectively.’® In a recent meta-analysis, the MODS assay had a sensitivity of 98% for
RIF resistance and a specificity of 99.4%. The mean turnaround time was about 10 days.!® While MODS
is an effective and relatively low-cost assay, it requires that materials are procured from multiple vendors,
which can present a challenge for many low- and middle-income countries. To circumvent procurement
and supply issues of variable components, Hardy Diagnostics offers a CE-IVD marked MODS Test Kit™,
which includes all necessary reagents for a single MODS plate and a colored guide to simply plate prepara-
tion prior to inoculation. To limit the risk of spills and cross-contamination, they have replaced the loose
plastic lid with a tightly sealing silicone lid.

A comparative evaluation of the Hardy Diagnostics MODS Test Kit™ and conventional MODS has recently
been completed in Peru.!® The authors reported that the sensitivity and specificity achieved with the
MODS Test Kit™ were 99.3% and 98.3 %, respectively, when compared to conventional MODS. The con-
cordance for direct DST for RIF and INH was 97.9% with the MODS Test Kit™ and conventional MODS.
The median time for detection including RIF and/or INH resistance was 8.5 days for the MODS Test Kit™
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compared with 10 days for the conventional MODS method. A standard operating procedure for MODS has
been developed by the culture and DST subgroup of the STOP TB Partnership NDWG, for use by countries
wishing to apply MODS to their TB diagnostics programme.'**

NRA, also known as the Griess method, relies on the growth of MTBC to reduce nitrate to nitrite.'® This
method uses L-J slants that contain potassium nitrate and the reduction of nitrate is detected using the
Griess reagent, a chemical substrate that in the presence of nitrite produces a coloured reaction by turning
from pink to purple. An advantage of this test is that it can be applied before colonies are visible on the
slant, therefore, reducing time for detection.

The principle of CRI is very similar to NRA and is based on the reduction of a coloured broth indicating
the growth of mycobacteria. A dye is added directly to the culture media and observed on a daily basis for
growth. While CRI can be used for the direct culture of MTBC,' the literature shows a preponderance of
studies using CRI as a rapid DST method after the initial culture isolation of MTBC. A meta-analysis review
of studies investigating CRI for rapid screening of RIF and INH resistance showed a median time to result
was within 7-14 days and that most studies had very high sensitivity and specificity.!” NDWG has also
published standard operating procedures for the application of NRA and CRI for diagnosis and DST.!0%10

TLA uses a solid medium such as Middlebrook 7H11 and utilizes the microscopic detection of early myco-
bacterial growth."® Colony detection is typically much faster than L-J medium at 7-14 days; a time to
result similar to liquid culture, but at reduced cost.!"!"> Duplicate plates can be prepared with PNB and,
therefore, discriminate MTBC from other mycobacterial species. While not currently endorsed by WHO,
there are two commercial developments under way to develop TLA products for MTBC culture. Nanologix
Inc. (USA) is producing the BioNanoPore (BNP™) Ultra-Fast Identification Technology. This is a TLA plate
for initial colony incubation that is overlaid with a nitrocellulose filter also pre-coated with agar. After a
preliminary incubation period, the membrane is removed and then applied to a chromogenic dye-based
TLA plate. After 20-30 minutes, the dye is reduced with a dark purple to black colouration of the bacterial
colonies on the membrane."?* Nanologix Inc. has also developed a packaging method in which TLA plates
are flat packed to limit catastrophic plate damage during shipping as compared to conventional vertically
stacked plates. Nanologix Inc. also adds an inert gas to prolong media stability.

Figure 15. Rapid Colorimetric DST assay

Notes: Food colouring dye is used to discriminate each quadrant for MTBC (clear) and DST (yellow, RIF; green, INH; blue, CFX). ' The addition of
STC indicates the presence of viable microcolonies as dark red spots. The left-hand plate indicates a drug-susceptible MTBC isolate, while the
right-hand image indicates an MDR TB isolate that is not XDR.

Source: Images reproduced with permission from FIND and Imperial College, London.
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Researchers at the Imperial College (London; supported by FIND) have developed the Rapid Colorimetric
DST, a TLA plate that can identify MTBC and phenotype MDR and XDR MTB (Figure 15). The TLA plate
is divided into four colour-coded quadrants that contain the growth media only (Middlebrook 7H11), or
7H11 media augmented with RIF, INH and ciprofloxacin (CFX), respectively."* The CFX component is a
proxy for the identification of fluoroquinolone (FLQ) resistance as the resistance mechanisms to different
FLQs are typically the same."* The test was developed to be used in minimally resourced settings where
traditional laboratory culture is not routinely performed. The test consists of a collection pot to liquefy and
stabilize sputum for up to five days at ambient temperature for transport to a laboratory. The contents of
the pot are directly transferred onto the plate without further processing. The lid of the plate is locked to
minimize biohazard risk and then stored in a zip lock bag to further protect personnel."'* Growth is moni-
tored using a conventional light microscope. As microscopic review of microcolony formation is tedious,
a CRI (2, 3-diphenyl-5-2-thienyl tetrazolium chloride [STC]) is added to indicate microcolony growth to
highlight plates to be assessed for growth.

The performance of the Rapid Colorimetric DST assay was assessed on a panel of MTB isolates that had
been previously tested using MGIT™."* Overall, the assay was found to perform well although the time
to result at 13 days was slower than the MGIT™. The test showed excellent sensitivity for the three drugs
tested, with the INH assay showing highest sensitivity. The authors noted that the low cost and simplicity
of use make this an affordable alternative to automated DST culture. However, more studies are required
where parallel performance is assessed using direct analysis of sputum. FIND is currently assessing pos-
sible partners to commercialize this assay.

Drug susceptibility testing products

Information on drug susceptibility is important in determining effective treatment for patients who do not
respond to first-line therapy. Contacts may also be treated appropriately and it offers epidemiologic data
on the prevalence of drug-resistant MTB within a given population or region. BD, Thermo Fischer Scien-
tific and Salubris Inc. have a variety of media products for detecting resistance to RIF, INH, pyrazinamide
(PZA), ethambutol (EMB) and streptomycin (STR) using their automated culture platforms (Figure 13 and
Figure 14). For extensively drug-resistant (XDR) TB, the critical concentrations to detect drug resistance to
second-line drugs have been established using the Bactec™ MGIT"platform."’

There is evidence that non-commercial assays can be used for DST. A recent multicentre study from six
countries used direct NRA to screen for MDR and XDR TB from smear-positive sputum samples."® Per-
formance was comparable with reference methods and the median time to result varied by setting with
21 days being the longest. The MODS assay format can also be used to screen for XDR TB. One prospec-
tive study investigated using MODS to screen for resistance to ofloxacin (OFX) and kanamycin (KM) in
archived clinical isolates.!” The sensitivity of the assays was 96.2% and 91.5% for OFX and KM, respec-
tively. The specificities were 100% and 98.7 %, respectively, and the median time to result was only seven
days. Similarly, another study reported on the assessment of CRI for rapid identification of drug resistances
to RIF, INH, OFX, KM and capreomycin in comparison to MGIT™.!?® The authors noted comparable perfor-
mance between sites and noted that with results in one week the CRI assay is more rapid than the solid
agar DST methods (from three to six weeks). The turnaround time for NRA was the same as for MGIT™,
but the test was less expensive to employ.
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Figure 16. Thermo Fischer Scientific Sensititre’ AIM™ System (left) and Sensititre” Vizion™ (right) to
automate 96-well plate inoculation and for the analysis of drug sensitivity during incubation

Source: Photo reproduced with permission from Thermo Fisher Scientific. Copying is prohibited

The DST methods described above use predetermined critical concentrations of each drug that indicate
sensitivity or resistance. Many reference laboratories use the agar proportion method where the isolates
are exposed to a range of increasing drug concentrations to more precisely establish the level of resistance
to each drug. Typically, laboratories will use solid media to perform this. This method is time consum-
ing to prepare plates and read the plates for results, and growth on solid media is typically slow. Thermo
Fischer Scientific offers three CE-IVD marked liquid DST plates for use with their Sensititre system: the
MYCOTB, RAPMYCO and SLOMYCO to assess minimum inhibitory concentration (MIC) for proportional
drug susceptibility analysis of MTB culture isolates, rapid or slow growing isolates of MTB, respectively.
These tools use 96-well plates that contain 12 first- and second-line drugs in ranges of at least seven
doubling dilutions for each. Thermo Fischer Scientific offers semi-automated tools to perform rapid plate
inoculation and reading of the plates (Figure 16). The Sensititre® AIM™ is a small touchscreen-operated
inoculating station; the Sensititre® Vizion™ is a plate imager that displays an image of the susceptibility
plate on a computer screen and provides the template of drug dilutions and colour-coded interpretive
results to reduce errors. The plate image is visually scored, but plates can also be manually scored via an
inverted mirror.'® The current cost of equipment and reagents are not known.
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Figure 17. Principal processes in the B-SMART™ assay (Sequella Inc.)
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Notes: MTBC cells are first cultured and then infected by a bacteriophage containing an engineered reporter system that produces a transcribed
RNA target. This target can then be extracted and measured using reverse transcription PCR or other nucleic acid amplification methods. MTBC
cells killed by the drug do not host the replication process and, therefore, the detector product is absent in drug sensitive isolates.

Source: Image reproduced with permission from Sequella Inc.

Another commercial assay in development for the identification of both MDR TB and XDR TB by DST is
B-SMART™ from Sequella Inc. (USA). This assay uses a genetically engineered bacteriophage to measure
viability of MTBC in the presence of any antibiotic of choice. Phage infection of live MTBC cells gener-
ates an RNA molecule in large amounts, the circular Surrogate Marker Locus (cSML) (Figure 17). This is
detected via reverse transcription PCR.!?? More recently, Sequella Inc. has described a simplified system
using magnetic bead purification of the cSML, and the labelling of amplicons via nucleic acid sequence-
based amplification (NASBA) for detection via a nucleic acid lateral flow assay. If antibiotics are effective
against the pathogen, the bacterial cell cannot support phage infection and there is no cSML synthesis.
If the pathogen is drug resistant, cells are infected and the cSML is efficiently synthesized. The test is
designed to provide detection of multidrug/XDR TB directly from sputum within two days, but is also
being developed to speed comprehensive minimum inhibitory concentration determination for major anti-
TB drugs using Sensititre plates. It is aimed at the reference laboratory as bacterial culture manipulation is
necessary. The detection of viability can be achieved as early as 16 hours and definitively at 40 hours post
incubation; it is, therefore, considerably faster than phenotypic DST. Although the B-SMART™ assay incor-
porates a molecular test, there is no specific target allele for genotyping drug resistance and so specificity
is improved. The product release is due in 2015.

Rapid speciation tests for culture-positive specimens

While all of these culture systems can identify the growth of mycobacteria, the discrimination between
MTBC and NTM must be confirmed. PLHIV are more susceptible to an NTM pulmonary infection, typi-
cally when CD4 counts are < 50/uL.'?* NTM are acquired from the environment and not considered conta-
gious. Pulmonary disease via an NTM infection can be difficult to treat and, therefore, early identification
may improve treatment outcomes.!24126
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Traditional biochemical testing to confirm MTBC is time consuming, and other approaches such as high-
pressure liquid chromatography or NAATs require further equipment (NAAT-based speciation tests are
discussed in depth later). The use of PNB to discriminate MTBC from NTM requires an extra culture to be
performed. Three rapid MTBC speciation assays employ immunochromatographic strips to detect MPT64,
a protein secreted only by MTBC. These are available from BD (MGIT™ TBc Id), SD BIOLINE (TB Ag
MPT64 rapid) and TAUNS (Capilia™ TB-Neo).'”” The MGIT™ TBc Id test is for liquid culture only, while the
other two assays can be used to confirm MTBC from either liquid or solid cultures.!?® The Capilia™ TB-Neo
is an improved design on the Capilia™ TB, which was endorsed by the Expert Group in 2007.'%’

Advantages: Culture-based methods still offer the greatest level of sensitivity when detecting MTBC, and
the growth of a culture can allow for the speciation of mycobacteria and phenotypic DST. All culture meth-
ods described here can be used for DST or provide DNA for genotypic methods (described below). When
high-volume testing of cultures is necessary, then automated equipment can allow greater throughput.
There is also the development of manual assays for use in settings where automated tools are unaffordable
or impractical. Many non-commercial assays have similar performance to the automated liquid culture
systems and positioning them closer to the patient may improve early detection of MDR TB. There is con-
tinued commercial interest in the manufacture of MODS, CRI, TLA and phage-based assays.

Disadvantages: Culture-based diagnosis for TB is slow, typically taking from one to three weeks with lig-
uid media (and much longer for solid cultures) and requiring the resources to permit safe processing and
manipulation of cultures. Careful decontamination of specimens during processing prior to inoculation is
critical as prolonged exposure to NaOH can also kill MTBC cells. The slow turnaround time reduces the
clinical impact of culture results. Training and strict adherence to protocols to decontaminate specimens
is important for gaining consistent test results. Non-commercial cultures can be poorly standardized and
EQA systems are required, along with extensive training and standardization. Newer commercially avail-
able tools such as TK media, MODS and BioNanoPore (BNP™) plates still have limited evidence of per-
formance in resource-limited settings. High cost of commercial liquid cultures and DST has been a major
barrier for their scale-up in developing countries, especially given associated costs to install appropriate
biosafety infrastructure and equipment.

5.4.5. Biomarkers to detect active TB or indicate LTBI

Perspective: Many of the diagnostic tools described in this report focus on the use of sputum as the speci-
men from which to diagnose PTB. While sputum collection is non-invasive and relatively easy to per-
form, it can still present problems with an inadequate sputum volume, an excess of saliva, paucibacillary
samples and the required processing steps before use in a diagnostic test. A direct and rapid method for
the diagnosis of all active infections of TB (including EPTB and paediatric TB) using a non-invasive or
minimally invasive specimen such as urine or fingerstick whole blood would be of huge benefit for the
early diagnosis of MTB in peripheral settings.

While highly effective, low-cost and lateral flow-based rapid diagnostic tests (RDTs) are available for other
infectious diseases such as HIV or syphilis, similar RDTs for MTB are ineffective.!? There is a variety of
commercially available serodiagnostics, antibody-based tests for TB in different formats (e.g. enzyme linked
immunosorbent assays [ELISAs]) or RDTs. Unfortunately, evidence-based reviews indicate that none has
adequate performance'?!* or that these tests are not cost effective when compared to other conventional
tests for MTB.!*! Based upon such evidence, WHO took the unprecedented step of releasing a policy state-
ment that recommended against use of commercial serologic ELISA or RDT assays for TB diagnosis.*
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The WHO policy statement encouraged further work in this area, however, and did not rule out new bio-
markers for TB diagnosis. There is significant investment, research and investigation into the discovery
and utility of novel biomarkers in this area. For example, the BMGF has invested over US$ 10 million in
TB diagnostic biomarker research. Biomarkers and assays to detect them currently being developed for TB
diagnostic use can be roughly categorized into five areas:

1. assays that detect T-cell immune response when stimulated with TB antigens;

2. serologic assays that directly detect antibodies to MTB antigens;

3. detection of VOCs indicating the presence of MTB within the patients (e.g. breath or urine VOC tests);
4. antigen detection assays that specifically detect mycobacterial derived compounds or antigens;
5.

assays based on inflammatory markers for EPTB.

Immune response-based tests for LTBI

In most individuals, initial MTB infection is eliminated or contained by host defenses and remains latent.
Although latent and active (i.e. symptomatic; infectious) TB disease are part of a dynamic spectrum,
people with LTBI are generally considered to be asymptomatic and not infectious. However, latent TB
bacilli may remain viable and “reactivate” later to cause active TB disease. Identification and treatment of
LTBI can substantially reduce the risk of development of disease, and is an important TB control strategy,
especially in low-TB incidence settings where reactivation of LTBI often accounts for the majority of non-
imported TB disease.

The goal of testing for LTBI is to identify individuals who are at increased risk for the development of
active TB; these individuals would benefit most from treatment of LTBI (also termed preventive therapy or
prophylaxis). There is no diagnostic gold standard for LTBI and all existing tests are indirect approaches
that provide immunological evidence of host sensitization to TB antigens. There are two accepted, but
imperfect, tests for identification of LTBI: tuberculin skin test (TST) and IGRA. Both tests depend on cell-
mediated immunity (memory T-cell response), and neither test can accurately distinguish between LTBI
and active TB disease. A detailed recent review of these tests is available elsewhere.!*

TST, performed using the Mantoux technique, consists of the intradermal injection of 5 tuberculin units of
purified protein derivative PPD-S or 2 tuberculin units of purified protein derivative RT23 (these two types
of purified protein derivative are considered equivalent at these concentrations). In a person who has
cell-mediated immunity to these tuberculin antigens, a delayed-type hypersensitivity reaction will occur
within 48-72 hours. The reaction will cause localized induration of the skin at the injection site, then the
transverse diameter is measured (as millimetres of induration) by a trained individual and interpreted
using risk-stratified cutoffs (e.g. lower cutoff is used for HIV-infected people).

Several companies make commercial tuberculin products, including the Statens Serum Institute (SSI; Den-
mark), TUBERSOL® by Sanofi Pasteur (France) and Aplisol® by JHP Pharmaceuticals (USA).

TST has several known limitations. False-positive and false-negative results can occur. There are two
important causes of false-positive results: NTM infection and prior bacillus Calmette-Guerin vaccination.
False-negative TST results may occur because of limited sensitivity in particular patient subgroups (e.g.
immunosuppressed individuals [due to medical conditions such as HIV infection or malnutrition] or those
taking immunosuppressive medications), or because of pre-analytic or analytic sources of test variability.

IGRAs are in vitro blood tests of cell-mediated immune response; they measure T-cell release of interfer-
on-gamma (IFN-y) following stimulation by antigens specific to MTB—early secreted antigenic target 6
(ESAT-6), culture filtrate protein 10 (CFP-10) and the TB7.7 peptide antigen (only QFT). These antigens
are encoded by genes located within the region of difference 1 (RD1) locus of the MTB genome. They are
more specific for MTB than purified protein derivative because they are not encoded in the genome of any
bacillus Calmette-Guerin vaccine strains or most species of NTM other than M. marinum, M. kansasii, M.
szulgai and M. flavescens.
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Two commercial IGRAs are available in many countries: the QuantiFERON®-TB Gold In-Tube (QFT) assay
(Cellestis/Qiagen; Carnegie, Australia); and the T-SPOT® TB assay (Oxford Immunotec; Abingdon, United
Kingdom). QFT is approved by the US FDA, Health Canada, Japan, Russia Federation and Taiwan and is
also CE marked, while the T-SPOT® TB assay is approved in Europe (CE marked), the USA, China and
Japan. More recently, commercial IGRAs have emerged from India (Immucheck TB Platinum, Immunoshop
India Pvt Ltd) and China (e.g. TB-IGRA, Beijing Wantai Biological Pharmacy Enterprise Co. Ltd; ASACIR
TB (A.TB), Haikou VTI Biological Institute). There is very little published evidence about the accuracy or
quality of these newer commercial IGRAs, and there are no policy endorsements of these newer IGRAs.

The extensive evidence base on LTBI tests has been reviewed elsewhere.!*> In brief, published evidence
suggests that both TST and IGRA are acceptable, but imperfect tests. They represent indirect markers of
MTB exposure and indicate a cellular immune response to MTB. Neither test can accurately differentiate
between LTBI and active TB, distinguish reactivation from reinfection or resolve the various stages within
the spectrum of MTB infection. Both TST and IGRA have reduced sensitivity in immunocompromised
patients, and have low predictive value for progression to active TB. To maximize the positive predictive
value of existing tests, LTBI screening should be reserved for those who are at sufficiently high risk of
progressing to disease. Such high-risk individuals may be identifiable using multivariable risk prediction
models that incorporate test results with risk factors and using serial testing to resolve underlying pheno-
types. In the longer term, basic research is necessary to identify highly predictive biomarkers.

Currently, Autoimmun Diagnostika (hereafter AID; Germany) is developing an assay to measure IGRA and
I1-2 expression to discriminate latent for active TB. As with the other IGRA assays, the test requires whole
blood and the enrichment of the buffy coat cells prior to exposure to the MTB antigens ESAT-6, CFP10
and purified protein derivatives of MTB for stimulation. Essentially, it is the same test principle as with
the IGRAs described above. The test takes from two to three days from specimen collection to the test
result; the actual time required for sample and test preparation takes from five to seven hours. AID notes
the process can be semi-automated after the buffy coat enrichment step. They offer the AID iSpot Reader
to screen the test and automated software to score test results. This is a laboratory-based test whose key
requirements include electrical power, clean water, a laminar flow hood, cell culture reagents, a centrifuge
and a CO, incubator. The intended market prices are €63 (euros) per test and €33 900 for the AID iSpot
Reader. AID aims to release this product in 2015.

In 2011, WHO published its policy on use of IGRAs in low- and middle-income countries.?» The policy
states that:

W there are insufficient data and low-quality evidence on the performance of IGRAs in low- and
middle-income countries, typically those with a high TB and/or HIV burden;

® IGRAs and TSTs cannot accurately predict the risk of infected individuals developing active
TB disease;

m neither IGRAs nor TSTs should be used for the diagnosis of active TB disease;

®m IGRAs are more costly and technically complex to do than TSTs; given comparable performance
but increased cost, replacing TSTs by IGRAs as a public health intervention in resource-constrained
settings is not recommended.

Advantages: IGRAs are more specific for LTBI than TSTs, and the in vitro format of the assays is more
convenient.

Disadvantages: IGRAs and TSTs cannot distinguish latent from active TB, and both are imperfect mark-
ers of latent infection. Both tests have limited predictive value for progression to active disease. IGRAs
require venous whole blood thus phlebotomy is required. The testing is laboratory based and requires
instrumentation and trained staff, contributing to the overall high cost of the test. Recent studies show
highly variable results, especially with repeated, serial testing of healthcare workers. The test is also less
accurate in certain populations, including children, immunocompromised patients and people who have
recently been infected.
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5.4.6. Serodiagnostic assays for detection of MTB antigens or immune response to MTB

The most comprehensive and advanced development work to design a serodiagnostic assay for the
rapid detection of antibodies to MTB has been led by FIND and partners with a diagnostics platform
being developed by MBio Diagnostics Inc. (hereafter MBio; USA) using their unique multiplexed im-
munoassay platform. To identify which MTB proteins most commonly elicit an immune response,
a preliminary study screened over 500 serum samples from a global distribution of individuals who
were either healthy or diagnosed with active or LTBI disease.** An MTB protein array comprised of
4099 proteins (over 99% of the predicted MTB proteome) was used to identify the antigens most
commonly reactive to sera from cases of active TB. From this study, a small number of antigens were
found.'** MBio is developing a multiplexed ELISA with 57 MTB antigens and 31 control spots into a
fluidic channel integrated onto a single disposable cartridge (Figure 18).

Figure 18. MBio automated portable reader and disposable detection cartridges

Source: Image reproduced with permission from MBio.

The initial design requires only 10 pL of whole blood or 5 pL of serum or plasma, which is mixed with a
diluent and 150 pL added to the cassette. No pumping is necessary as capillary flow draws the sample over
the array spots followed by wash and labelling steps. MBio has recently demonstrated that 150 pL of whole
blood can be added directly to the cartridge without dilution. The antibodies that bind to the TB antigen
array spots are detected via a labelled secondary antibody to human antibodies. Detection is achieved
via fluorescent measurement of each antigen and control spot in a small portable MBio reader (Figure
18). The assay illumination approach is a variation on planar waveguide technology, which uses low-cost
lasers, optics and imaging sensors that are now ubiquitous in cell phones and consumer electronics.134
The scoring of test results is interpreted automatically by the instrument and the time to read a cartridge is
less than one minute. The turnaround time to process one sample is under one hour. The instrument can
rapidly analyse each cartridge, and multiple cartridges can be batch processed. The system takes less than
one hour to install, and training requires one day.

To validate the performance of the equipment and assay, phase 1 validation studies were performed in
Peru and Viet Nam where 200 patients were screened. Whole blood, plasma and serum samples were
tested from each patient and the data compared with data derived from the same specimens analysed in a
reference laboratory using a multiplexed ELISA. The concordance of both assays was greater than 75% for
all antigens and the predetermined performance characteristics were met. The assay is now through phase
II validation with a larger cohort of 700 participants. The data are currently under review and if results are
positive, then a diagnostic set of MTB antigen targets will be determined.

Other groups are also looking to develop RDTs using detection of either MTB-specific antigens or antibod-
ies. TB Biosciences (USA) is currently developing a visually scored immunochromatographic strip test
based on antigen discovery work performed at the New York University School of Medicine. They noted
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that antibodies from cases with early TB and advanced TB and for TB/HIV co-morbidity are only observed
in a small subset of MTB proteins.'**!3” To be effective, since a single antigen-based test does not have
acceptable performance, ideally a pooled group of antigens should give greater performance.'**!*” TB Bio-
sciences focused on three characterized antigens and the reactivity of synthetic peptides (derived from
each protein) was assessed for reactivity with sera.!*813® They were able to establish the dominant epit-
opes of each protein antigen. As synthetic peptides are chemically synthesized, scaled production is more
uniform in terms of lot quality and more cost effective when compared to using recombinant proteins.
TB Biosciences has created an RDT using these antigens. A preliminary evaluation in India has just been
completed with 400 participants and the data are currently being assessed. TB Biosciences anticipates
product release in Q2 2015.

Urine is an ideal specimen type as it is non-invasive, easy to collect, and biomarkers and metabolites
from systemic infectious diseases are excreted into this matrix. Commercial TB diagnostic products are
available to detect the presence of lipoarabinomannan (LAM) in urine. LAM, a 19 kDa glycolipid, is a key
component of the mycobacterial cell wall and has been linked to pathogenicity.!*® LAM is produced by
actively growing cells and degradation of the cell wall also releases LAM into the blood where it is ulti-
mately expelled in urine. Alere markets the Determine™ TB LAM Ag (an immunochromatographic strip)
that targets LAM in urine with polyclonal antibodies. Another Alere LAM assay product, the LAM ELISA
Clearview™ is scheduled to be discontinued soon.

The Determine™ TB LAM Ag is an RDT that was commercially launched in 2013 by Alere and takes
under 30 minutes to perform and requires 60 pL of urine per test. The user visually scores the reaction.
A meta-analysis of LAM immunoassays noted that they are inadequate for diagnosing TB in HIV-negative
patients.’* The performance of the Determine™ TB LAM Ag assay to detect TB in PLHIV has been shown to
have high specificity (>98%), but markedly lower sensitivity.!*> However, the same study noted that there
was a correlation of increasing sensitivity with decreasing CD4 cell counts. For example with CD4 counts
> 200 cells/pL the sensitivity was only 4%, but this increased to 66.7% when CD4 counts were < 50.!42
The same study demonstrated incremental improvement in sensitivities when the Determine™ assay was
combined with other tests such as smear microscopy or Xpert® MTB/RIF for all groups with CD4 counts
under 200 cells/uL. Another group has since also reported that the use of the Determine™ TB LAM Ag and
Xpert® MTB/RIF provides better sensitivity.!** Current evidence also suggests that the Determine™ assay
has poor performance in diagnosing paediatric TB and, unlike adults, should not be used even within an
HIV-infected subpopulation.®™* FIND is currently working together with academic partners to assess the
data available on the Determine™ TB LAM Ag in preparation for a possible WHO review.

Other groups are assessing the utility of urine-based biomarkers to inform on active TB disease.!*>%¢ While
the early data suggest that biomarkers other than LAM can be used to diagnose active TB from urine, a
platform and manufacturer are as yet unknown and it is unlikely that a test will be marketed until after
2016. FIND is currently working with Standard Diagnostics (Republic of Korea; a subsidiary of Alere; USA)
to investigate the early development of an RDT to detect LAM in sputum.

Advantages: The detection of TB LAM Ag is rapid and can aid in the diagnosis of TB in HIV-infected
patients with low CD4 counts who are particularly at risk of mortality if not treated. Rapid diagnostic strip
tests are commonly used in developing countries thus user familiarity with the basic test format is high.
The assay can also indicate EPTB infections, which are more common in PLHIV, particularly in those with
advanced immune suppression.'# %8 EPTB is difficult to diagnose in many cases, especially in PLHIV. An
effective rule in/rule out assay can permit more rapid treatment of suspected cases.

Disadvantages: LAM assays have low sensitivity in patients with CD4 counts greater than 200 cells/uL.
LAM assays are not specific for MTBC as all mycobacteria synthesize LAM, and other bacteria, dust, dirt
and faeces can also possibly confound test results. 4%
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Other biomarkers for MTB

MTBC expresses beta lactamase, an enzyme that degrades penicillin by cleaving the B-lactam ring. A group
at Texas A & M University (USA) developed fluorogenic pB-lactam substrates that generate fluorescent
products when cleaved by B-lactamase.! Structural analysis of the binding region of MTB B-lactamase
has allowed scientists to create B-lactam analogues that are specific to the MTB enzyme that cannot be
digested by B-lactamase produced by other species of bacteria.'*> The authors noted the successful detec-
tion of live MTB in less than 10 minutes, even in unprocessed human sputum. This group is developing a
rapid assay for MTBC infection by using the presence of -lactamase in sputum via their Reporter Enzyme
Fluorescence (REF) system.!* Recently, new data were released by this group describing a cephalosporin-
based molecule for which BlaC had 120 000 times greater specificity compared to TEM-1 -lactamase. An
assessment of this molecule with 50 clinical samples showed detection of MTBC with 90% sensitivity and
73% specificity within one hour.’® A product based on this technology, the TB REaD™ POC assay, is now
under development via a partnership of Global BioDiagnostics (GBDx; USA) and FIND with support from
the Wellcome Trust (United Kingdom) and the BMGF.

The test is targeted for use as a TB diagnostic or alternatively for triage at the peripheral health-care level
where an estimated 60% of suspected cases seek care. The time to result is aimed at 30 minutes with a
maximum of five steps to generate a result. While the test will be qualitative, a semiquantitative approach
is conceivable. An automated, battery-powered reader is being developed to automate result interpretation
and data will be stored and uploaded via wireless networks. The test is anticipated to be released by 2016.

Other groups continue to investigate potential biomarkers that can indicate active TB and discriminate
this from LTBI. ProteinLogic (UK) has developed their Immiprint system, a multiplexed antibody array,
to detect and quantify the expression of soluble forms of cluster of differentiation (sCD) antigens from
serum. ** CD antigens are expressed on cells of the human immune system in specific patterns relating to
the specific challenge of an infection or disease;!**!*” TB infection creates a unique fingerprint of sCDs for
active and latent TB. In 2103 they were awarded a £1. 2 million (GBP) grant by the UK Technology Strategy
Board with which to translate the sCD biomarkers onto that multiplexed ELISA format in collaboration
with Microtest Diagnostics (UK). The current work is still in the development stage but the company aims
to have a product released in 2016. More upstream developments efforts have shown that down regulation
of CD127 occurs in TB antigen-specific CD4 T-cells and several groups have noted the potential of this for
use in a minimally invasive diagnostic assay for MTB infection.!s®!* Very recently, a group reported on
the proof of concept testing of the T-cell activation marker-tuberculosis (TAM-TB) assay to diagnose TB
in a pediatric population.'®® The assay uses standard flow cytometric procedures and equipment to detect
fluorescently labeled tuberculin stimulated CD4 T-cells and concomitantly measure counterstained CD127
on the same cells. The study cohort, though quite small in size demonstrated that the TAM TB assay had
a sensitivity of 83% for TB infection with a specificity of 96.6% using TB culture as a reference standard.
The authors noted that 5 other cases of TB were identified by the TAM-TB assay but were culture nega-
tive. The clinical symptoms were strongly suggesting of TB infection and it should be noted that culture
identification of TB in from pediatric patients can suffer from poor sensitivity.

5.4.7. VOCs

Perspective: MTB cells produce a variety of metabolic products in vivo, including methylated derivatives
of n-alkanes, naphthalene and benzene that create chemical signatures, which if accurately detected can
indicate MTB infection.!®"!%2 The assessment of the MTB metabolic products may also have potential for
assessing treatment outcomes.!®* Detection of VOCs has been performed in urine, sputum and breath.
The detection of MTB infection via breath is especially compelling as it is minimally invasive, provides a
rapid result, does not require sample preparation and reagents, and unlike many NAATs does not present
a risk of product contamination of equipment or the test site. VOCs could aid in the improved diagnosis of
MTB in children and PLHIV, two groups that present significant challenges for TB diagnosis using current
tools. The potential of using VOCs has been demonstrated using giant African pouched cane rats trained to
identify VOCs from TB-infected sputum. This has shown similar or better performance to the performance
of smear microscopy.!**1®> APOPOQ, a Belgian NGO, is leading a social enterprise that researches, develops
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and implements detection rat technology for humanitarian purposes such as TB detection and landmine
action. The proposed simplicity of VOC breath-based detection modalities could provide screening for TB
diagnosis in the community by minimally skilled workers.

Pipeline technologies: There are several developers working this space, including Menssana Research Inc.
(USA), the eNose Company (Netherlands), Rapid Biosensor Systems (United Kingdom), Metabolomx
(USA) and Next Dimension Technologies (USA). All are developing different core technologies to detect
MTB at the POC using VOC tests. The Menssana Research Inc. product, the Breathscanner™, is a tool that
measures alveolar breath samples that are subsequently separated by gas chromatography and detected
with flame ionization or surface acoustic wave detection. Menssana Research Inc. has also developed
Breathlink™, a cloud-based application for the collection, concentration and analysis of VOCs detected by
the Breathscanner™. The test takes minutes to perform. A study in 2012 assessed the performance of the
mobile tool (with data uploading to a cloud-based analysis system) in three countries with a total of 251
participants who were screened.!'®® Overall, performance was scored at 71.2% sensitivity and 72% speci-
ficity, which was similar to performance of the laboratory-based system.!¢! The authors hypothesized that
cutoff values on the mobile system can be created to maximize the negative predictive value to 99% with
a corresponding positive predictive value of 13%. Although the device is CE-IVD marked, independent
validation studies are required.

Figure 19. Hand-held Aenose VOC monitor for TB diagnosis produced by the eNose Company

)

—

Source: Image reproduced with permission from eNose Company.

The Aenose monitor analyses VOCs via an array of two different types of metal-oxide sensors. The device
measures chemical adsorption and desorption dynamics at the sensor surfaces by passing exhaled air fol-
lowed by clean air over the sensors in a process that takes 10 minutes. An initial process takes five minutes
in order to permit the patients to flush any environmental influences from the lungs. The use of sensors
allows miniaturization of the technology, creating a small hand-held device, as compared to gas chromato-
graphic tools used in the Breathlink™ (Figure 19). In addition, the developers claim that this technology is
cheap to make at scale. The original technology had the patient exhale at least 1 litre of air into a collection
bag, but the new device directly monitors the breath of the patient. A study compared the performance of
a prototype device to smear- and culture-based diagnosis of MTB. The data demonstrated a performance
similar to smear microscopy with a sensitivity of 76.5% and a specificity of 87.2%.!°” Currently, there are
four other field studies being performed with this technology in HBCs.

Rapid Biosensor Systems is developing the TB Breathalyzer, which uses a disposable collector and reac-
tion tube that is read via a battery-powered reader. The patient coughs into a collection tube and then
an internal concentric plunger is suppressed to collect the sample from the sides of the tube. Subsequent
twisting of the plunger smears the sample across a (labelled) peptide-coated prism at the base of the
tube.'®® With TB infection, Ag85B is produced by MTB cells in the sputum and the antigen can displace
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the labelled Ag85B peptide epitope bound to an antibody-coated surface on the prism. The device mea-
sures the loss in fluorescence by evanescent wave fluorimetry and then scores the result. A field evalu-
ation of the TB Breathalyzer showed it was accepted by patients and it took 10 minutes to screen each
patient. The culture component was not performed and the authors compared it to smear microscopy
where it had a sensitivity of 79 % .16

Advantages: The primary advantage of using VOCs to diagnose MTB is that it is a non-invasive sampling
method and can give a rapid time to result. Improved diagnosis of paediatric TB may be enhanced by
such tools. By analysing the headspace from specimens such as urine, EPTB can also be diagnosed. There
are increased cost savings as extra materials and reagents are not necessary for preparation of the test
analyte(s). The equipment can be easy to use and does not need highly trained personnel. Other diseases,
such as lung or breast cancer, may be assessed with the same tool providing wider utility, especially when
considered as an initial screen for patients presenting with a persistent cough. Sensor-based technologies
can be produced at scale and, unlike gas chromatographs, do not need daily calibration prior to use.

Disadvantages: It is unclear if VOCs can detect EPTB, and their performance in cases of paucibacillary load
has not yet been assessed. Other risks are to the integrity of these tools under adverse environmental con-
ditions with unskilled users in the intended settings as this too has not yet been established. The nascence
of these technologies is reflected by limited evaluation data on any of the prototype products.

Assays based on inflammatory markers for EPTB

Several systematic reviews have shown that non-specific, inflammatory markers such as adenosine de-
aminase (ADA) and free, unstimulated IFN-y may have a potential role in the detection of extrapulmonary
forms of TB—TB pleuritis, TB ascitis and TB pericarditis (http://tbevidence.org/2011/11/reviews-on-ada-
ifn-gamma-for-extra-pulmonary-tb/). However, the application of these tools has been constrained by lack
of validated, standardized, commercial assays. For example, there are several in-house biochemical assays
for ADA, with a variety of cutoffs, and unclear interpretational criteria.

Antrum Biotech (Pty) Ltd (hereafter Antrum Biotech; South Africa), a spin-off company from the Univer-
sity of Cape Town, is developing an ELISA product, the InterGam Ultrasensitive Rapid Immuno-suspension
Assay (IRISA™-TB) for initial diagnosis of EPTB by detecting unstimulated interferon gamma (ulFN-y)
from patient specimens. This group notes that pleural TB, pericardial TB, abdominal TB or TB-meningitis
can all be diagnosed by this method. Current conventional diagnostic methods for these manifestations
of EPTB disease are typically slow (culture) or insensitive (microscopy). Unlike the IGRAs, which require
blood collection followed by in vitro stimulation of macrophages and CD4 cells to MTBC antigens, this
assay measures the residual level of IFN-yin a specimen, e.g. pleural or pericardial fluid.!*? In addition,
IGRAs are suitable for indicating exposure to MTBC, the IRISA™-TB assay is a diagnostic test.

Two recently published studies have assessed the performance of the IRISA™-TB assay in identifying
pleural TB and pericardial TB. !*17°The initial findings of these studies were that the IRISA™-TB assay had
superior accuracy for the diagnosis of microbiologically confirmed PTB when compared with the Xpert®
MTB/RIF test or the ADA. Two further evaluation studies are currently being performed to better assess
the performance of this assay. Antrum Biotech notes that the test complexity makes it suitable for interme-
diate level facilities (e.g. hospital laboratories) and requires instrumentation associated with ELISA assays
(e.g. plate shaker; washer; reader). The test is currently not CE-IVD marked, but this is in process. No
pricing is available for the test, which Antrum Biotech aims to release onto the market in Q4 2014/Q1 2015.

5.4.8. NAATs and sequencing methods

The amplification and detection of nucleic acids (either DNA or RNA) have been shown to be a rapid,
highly sensitive and specific method for diagnosing infectious diseases. As noted earlier, NAATs are cur-
rently the largest group of diagnostic technologies and products being offered by manufactures or in de-
velopment (see Table Al in the appendix). In addition, the presence of many alleles associated with resis-
tance to first- and second-line drugs can be detected providing genotypic DST. A pipeline of the automated
and semi-modular NAATs for MTB diagnosis and/or genotyping DST is shown in Figure 20.
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NAATs have greater performance than the other tests for MTB, excluding culture.'” While culture-based
methods remain the gold standard for TB diagnosis and phenotypic DST, the time to result and the need
for significant laboratory infrastructure and logistics limit their application to centralized facilities. Tra-
ditionally, there have been a large number of NAAT “home brew” assays that utilize PCR; however, they
produce highly inconsistent results.'”* Since the release of UNITAID landscape reports in 2012 and 2103
there has been an ever increasing number of NAATs being commercially released or in late-stage develop-
ment.!”*17* These are designed to target a variety of applications in the MTB test continuum and can be dis-
criminated by their intended location of use, application, throughput and cost or the scale and complexity
of the technology; all of which indicate NAATs’ utility for MTB detection and/or genotypic DST (Table 4).

Figure 20. Current and emerging automated, semi-modular or non-integrated TB NAATSs; their
intended laboratory location and their release or anticipated time to market
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Table 4. Summary of the NAATs relating their role in TB diagnosis in terms of intended location of
use, throughput and other key factors

- - - Hardwar
‘ Location | Throughput ‘ Function ‘ Complexity ‘ ac:sta € | Cost/test
MTB/NTM/

LPA Ref./Int. Moderate Dx/DSTé* Moderate Moderate Moderate
Automated . . .
batched PCR Ref. High/moderate MTB Dx High High Low
High-income
country Ref./Int. High/moderate | MTB/NTM Dx High High Moderate
NAATS

. MTB/NTM Dx . . High/
Microarrays Ref./Int. Moderate DST# High High moderate
Modular Ref./Int Moderate Dx/DST Low High Moderate
NAATs St B
POC assays Int./Per. Moderate/low Dx/DST* Low Mo<|:|:vrvate/ Low

Dx: diagnosis; Ref., reference laboratory; Int., intermediate laboratory; Per., peripheral facility.
#Some tests are available to rule in other common types of NTM.

* DST may be part of the same test or as a reflexive test after MTB infection is confirmed.

The performance of most NAATs is identical to culture when smear-positive sputum is tested. However,
with smear-negative/culture-positive specimens, performance is highly variable, and currently even the
most developed NAATs have reduced sensitivity compared to culture (while still more sensitive than smear
microscopy). NAATs can be used on many specimen types, but development efforts have been focused on
sputum and/or liquid cultures to enable additional genotyping for drug resistance and rapid high-through-
put testing or to supplant or complement smear microscopy, the largest market for NAATs.? Paucibacillary
sputum specimens with lower numbers of target bacteria present a challenge, which is compounded by
the presence of other materials that limit cell lysis and/or by carry over into the test reaction where they
can inhibit amplification. Mycobacteria are also difficult to lyse due to their cell wall physiology and these
factors can limit the availability of target nucleic acids.

With NAATs, MTBC genomic-specific targets are exponentially amplified by a variety of methods: PCR;
transcription-mediated amplification (TMA); LAMP; NASBA; strand displacement amplification (SDA);
facilitating detection.'” Test results can rely on automated readers that measure fluorescence or lumines-
cence, simple visual assessment of fluorescence or banding on specific test strips. These processes can
be either separate (open), or fully or partially integrated and automated. The high sensitivity of NAATs
adds complexity to testing, especially when using open systems. Maintaining amplicon-free environments
is especially critical. Ideally, this requires separate rooms or areas and diligent quality control to pre-
vent nucleic acid contamination of the laboratory. Some NAATs have been endorsed by WHO and/or by
national regulatory agencies. Many others are undergoing evaluation or are in late-stage development.
The following section presents current and pending NAATs, highlighting the technology, intended use and
unbiased evaluations of performance of each one.
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LPAs

Perspective: LPAs were the first NAATs endorsed by WHO in 2008 for use in the molecular detection of
MTBC and drug resistance from smear-positive patients at risk of MDR TB.!”® The underlying principle of
the LPA is a multiplexed DNA hybridization assay that can interrogate a variety of amplified genetic targets
in a single, relatively simple test format. LPAs have been developed for the diagnosis of MTBC, speciation
of NTM, genotypic drug resistance screening or a combination these (Table 5). Genomic DNA is first ex-
tracted from a culture isolate or specimen (typically smear-positive sputum). DNA targets are selectively
amplified and labelled with biotin via asymmetric PCR, and the single-stranded amplicons subsequently
applied to test strips. Specific oligonucleotide probes are printed on nitrocellulose sheets, which are then
cut into test strips. Each amplicon specifically binds only to its complementary probe on the strip, while
unbound amplicons are removed in subsequent wash steps. Bound amplicons are detected by the attach-
ment of a label to the biotinylated amplicons, typically a streptavidin-linked enzyme that creates a colo-
rimetric reaction. A series of dark bands mark the regions of the strip where amplified DNA has bound
(Figure 21). The result can be interpreted visually against a scoring chart or using a reader (Table 5). The
strips also include amplification and hybridization controls to for quality control.

LPAs are designed for use in reference and intermediate-tier laboratories and can be manual or semi-
automated for the DNA extraction, hybridization and washing and finally reading and scoring of test
results. A thermocycler is required to generate labelled amplicons. Originally, the tests were noted for dif-
ficulty in consistent performance due to frequent contamination of the test areas and subjective reading
of the strips. Improved quality control procedures, restricted access to dedicated molecular areas, stricter
adherence to standard operating procedures and more automated processes for hybridization can reduce
contamination events.

Figure 21. Example of visually scoring the banding patterns on LPAs exhibited by drug-
susceptible and drug-resistant strains of MTBC
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Table 5. Current LPA products and associated equipment marketed for MTBC diagnosis,
mycobacterial speciation and genotypic DST

Developer Test name lm,;:// DST CE-IVD Aut?lpate.d Test Released
e hybridization | reader
AID TB Resistance Module INH/RIF Y/YIN RIF/INH Y N/A Genoblot Q22013
AID TB Resistance Module FLQ Y/YIN FLQ/EMB Y N/A Genoblot 022014
AID TB Resistance Module AMG Y/YIN AMG Y N/A Genoblot Q22015
Fuji-Rebio Europe INNO-LiPA MYCOBACTERIA v2 YIYIY No Y Auto-LiPA 48 N/A N/A
Fuji-Rebio Europe INNO-LiPA Rif.TB N/Y/N No Y Auto-LiPA 48 N/A N/A
Hain Lifescience GenoQuick® MTB N/Y/N No Y GT-Blot 48 GenoScan® 2010
Hain Lifescience GenoType® MTBDRplus 2.0 Y/YIN RIF/INH Y GT-Blot 48 GenoScan® 2012
Hain Lifescience GenoType® MTBDRs| Y/YIN FLQ/AMG/ETB Y GT-Blot 48 GenoScan® 2009
Hain Lifescience GenoType® Mycobacterium (M YINIY No (Q4 2104) Y GT-Blot 48 GenoScan® 2004
Hain Lifescience GenoType® Mycobacterium AS YIIY No Y GT-Blot 48 GenoScan® 2004
LG Life Sciences AdvanSure Mycobacteria GenoBlot Assay YIY/Y No N/A N/A Genoblot N/A
LG Life Sciences AdvanSure MDR TB GenoBlot Assay Y/YIN RIF/INH N/A N/A Genoblot N/A
NIPRO Co. NTM/MDR TB Y/YIN RIF/INH N/A N/A N/A 2012
NIPRO Co. INH Y/YIN INH N/A N/A N/A 2012
NIPRO Co. PZA Y/YIN PZA N/A N/A N/A 2012
NIPRO Co. FLQ Y/YIN FLQ N/A N/A N/A 2012
Vircell SPEED-OLIGO® DIRECT MTB Y/YIN No Y Not required N/A N/A
Vircell SPEED-OLIGO® DIRECT Mycobacteria YI/Y No Y Not required N/A N/A
YD Diagnostics MolecuTech REBA Myco-ID YIYIY No N/A REBA processor REBA Scan N/A
YD Diagnostics MolecuTech REBA MTB-MDR Y/YIN RIF/INH N/A REBA processor REBA Scan N/A
YD Diagnostics MolecuTech REBA MTB FQ Y/YIN FLQ N/A REBA processor REBA Scan N/A
YD Diagnostics MolecuTech REBA MTB KM Y/YIN AMG N/A REBA processor REBA Scan N/A
YD Diagnostics MolecuTech REBA MTB XDR Y/YIN FLQ/AMG N/A REBA processor REBA Scan N/A

Myco, all mycobacteria; MTBC, MTBC only; Spec, speciation of mycobacteria other than MTBC; N/A, not available; Y, yes; N, no. For
other abbreviations, please see the list at the start of this report.

The Hain Lifescience Genoquick® MTB and Vircell (Spain) SPEEDOLIGO® assays are included in Table 5,
although not LPAs. Both tests take only from one and a half to three hours to generate a result as dual-
labelled PCR amplicons are captured and detected via a nucleic acid RDT. LPAs require a hybridization
step that increases the time to result by approximately two hours. Commercially produced assays are
included in Table 5 that are used to speciate NTM, to diagnose MTBC, MDR TB and XDR TB or to genotype
resistance to specific drugs typically related to XDR (e.g. FLQ or aminoglycosides [AMGs]). The primary
benefit of LPAs is that, in addition to MTBC detection, they can measure a multitude of targets in parallel
and, therefore, are well suited to interrogate a high number of genetic modifications for DST genotyping
or speciation and results are typically available within 24 hours at a laboratory. LPAs can use a variety
of specimens, but culture isolates or smear-positive sputum samples give excellent performance due to
adequate amounts of template DNA. The HAIN Lifescience MTBDRplus 2.0 is a modification of the origi-
nal assay endorsed by WHO in 2008.1° By improving the efficiency of the PCR reaction, the manufacturers
claim improved sensitivity with smear-negative/culture-positive sputum. One study noted the MTBDRplus
2.0 had similar performance to Xpert® MTB/RIF when comparing the assays.!?
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In March, 2012, a WHO Expert Group reviewed the performance of the Hain Lifescience GenoType® MTB-
DRsl, the first LPA to genotype alleles associated with resistance to second-line drugs (FLQ, AMG/cyclic
peptides and EMB). The test is intended as a low-cost and rapid tool to identify XDR TB from MDR TB-
positive specimens at the reference laboratory level to supplant the phenotypic DST methods. After review
of pooled data, the Expert Group decided that the performance of the GenoType® MTBDRsI was insuf-
ficient to replace phenotypic DST methods, as it could rule in many XDR TB cases, but had insufficient
performance to rule out XDR TB.?* However, the Expert Group noted that given the high assay specificity
for detecting resistance to FLQs and second-line injectables, the results of the Genotype MTBDRs! assay
could be used as a rapid test to guide the implementation of additional infection control precautions pend-
ing the results of phenotypic DST results. A recent study from Democratic Republic of Congo noted that
a common mutation in FLQ-sensitive strains could be misinterpreted as a marker for FLQ resistance and
that there is a need to improve the design of this assay to better inform when such alleles are encoun-
tered.'”” There is limited peer-reviewed evidence describing the performance of most of the tests in Table
4 in HBC settings. FIND currently is in the process of conducting a non-inferiority study comparing the
Hain Lifescience MTBDRplusv1.0 to the MTBDRplus v2.0 and the MDR products from Nipro Co. and YD
Diagnostics. Furthermore, FIND supports the late phase development activities for the PZA assay by Nipro
Co. (Figure 2). Currently, FIND offers negotiated prices for the Hain Lifescience MTBDRplus v2.0 and
MTBDRs!. In addition, other ancillary equipment for performing these tests is also offered (http://www.
finddiagnostics.org/about/what_we_do/successes/find-negotiated-prices/mtbdrplus.html). Further nego-
tiations with companies are ongoing.

Advantages: LPAs are sensitive tests that can be used for a variety of purposes, including MTBC diagno-
sis, speciation of other NTM and genotyping common drug resistance alleles (especially for RIF) within
a 24-hour period. The assays can interrogate a large number of targets within a single assay and they are
comparatively low cost. The tests have relatively low instrumentation costs and can use generic equip-
ment (e.g. thermocyclers) and can be applied to semi-automated systems for higher throughput in addition
to automatic scoring and archiving of the test results.

Disadvantages: LPAs can be performed only in reference and intermediate facilities due to the primary
requirements of trained personnel and reagent/equipment storage. To reduce the potential for contami-
nation, a series of dedicated sites within the laboratory are necessary. The performance of LPAs with
smear-negative/culture-positive specimens is not recommended for tests other than the Hain Lifescience
MTBDRplus v2.0. Manual reading of the LPA strip tests needs to be carefully interpreted to avoid error. As
with other genotypic methods for DST, not all resistance genotypes can be identified for many drugs (e.g.
PZA); conversely, silent mutations in drug-sensitive strains can be misclassified as drug resistant leading
to use of expensive yet unnecessary treatment options.'”” There is a limited evidence base demonstrating
many of the newer products’ performance in HBCs.

Commercial NAATs for use in reference and intermediate-tier laboratories

As noted in Table 4, the complexity or required cost and infrastructure for instrumentation of many of
the current commercial NAATs excludes them from routine use in microscopy centre settings where the
burden of testing is greatest. Historically, the first NAATSs for clinical and diagnostic use were aimed at the
high-income country markets for TB where the capacity to perform complex test methods was available
due to greater resources, fully equipped reference laboratories and a lower burden of TB disease. Technolo-
gies aimed at first- and second-tier laboratories are marketed for high-volume testing for MTB. In addition,
a growing range of technologies and products for genotypic DST are available using LPAs, microarrays
or molecular beacons to assess either culture derived isolates or smear-positive specimens. This section
is divided into the first commercial MTBC assays, automated MTBC detection platforms and microarray
platforms. A pipeline showing the release and intended release data for NAATs other than LPAs is shown
in Figure 20.

Early commercial MTBC assays: Historically, the Gen-Probe rapid identification test for MTBC (approved in
1986), the Syngene SNAP MTBC test (approved in 1990), the Roche Amplicor MTB test (approved 1996)
and the BD ProbeTec ET Direct TB assay (approved in 2001) were the first TB NAATs to be approved for
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use by the USA. None of those assays nor their successors have been endorsed by WHO. Newer versions
such as the Hologic Gen-Probe® (USA) Amplified MTD (AMTD) and the Roche COBAS® TagMan® MTB
assay can be used on platforms capable of sample batch processing for confirmation of culture-positive
samples or sputum specimens as well as for confirmation of smear-negative samples. The AMTD assay
involves a single-tube system in which MTBC cells are first lysed, then the 16S rRNA target is isothermally
amplified by TMA.'" A specific probe indicates the presence of TMA amplicons. The single-stranded TMA
amplicons bind to and stabilize the complementary fluorescent probe to create a double-stranded mole-
cule that is otherwise (intentionally) degraded when single stranded, the hybridization protection assay.!”®
Test reactions are read after amplification using the Hologic Gen-Probe® Leader® Luminometer to detect
the presence or absence of luminescence in each reaction tube. In addition to MTBC diagnosis, Hologic
Gen-Probe® also offers other US FDA-approved tests to speciate mycobacteria derived from culture. The
Accuprobe tests use the same probe detection technology and instrumentation for MTBC, M. avium, M.
avium complex, M. gordonae, M. intracellulare and M. kansasii. However, these assays are used to confirm
culture isolates and do not amplify the nucleic acids, but instead can utilize sufficient target RNA from
the lysed cells.

The BD ProbeTec ET™ Direct TB assay is a method that targets 1S6110 using another isothermal amplifica-
tion method, SDA.'" The amplicon detection system incorporates a DNA oligonucleotide probe that binds
to one strand of the target amplicon and is subsequently cleaved.!”*'® This event separates a fluorophore
from its quencher so a fluorescent signal is generated in positive reaction. The assays incorporate an inter-
nal control that informs on the presence on inhibitory materials in the test reactions. The reactions are
monitored in real time and the entire process takes under two hours and up to 94 samples can be batch
processed.!® This is excluding the sample preparation and lysis, which is manual and involves both cen-
trifugation and heating prior to amplification. There is an extensive body of peer-reviewed studies assess-
ing the performance of both technologies.!8

Automated centralized MTBC Dx platforms: While the Hologic Gen-Probe® and BD technologies offer
high-throughput testing, they require manual processing. Both Roche Diagnostics (hereafter Roche; Swit-
zerland) and Abbott (USA) have developed NAATs that are amendable with their existing automated
extraction platforms permitting automated extraction, reaction preparation and manual transfer to their
amplification platforms (Figure 22). These assays are intended for positioning in reference laboratories
based on their overall cost and need for infrastructure and operation by skilled personnel. The larger test
volumes offer savings in terms of bulk purchases of reagents or in equipment lease systems, and both
platforms have assays developed for other diseases such as HIV viral load. Both technologies can also use
manual extraction methods for reduced throughput and potentially could be positioned in intermediate
laboratories.
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Figure 22. Systems for high-throughput testing for MTB: Abbott m2000sp automated sample
extraction and reagents preparation station (left) and m2000rt RealTime PCR machine (centre);
Roche COBAS® TagMan® 48 Analyser (right)

Sources: Images reproduced with permission from Abbott and Roche.

The Roche COBAS® TagMan® MTB Test is a real-time PCR assay for the qualitative detection of MTBC
DNA.18%18 The assay is CE-IVD marked and has further regulatory approval in Canada and Japan. The
platform can be integrated with the COBAS® AmpliPrep Instrument to automate sample preparation. The
assay amplifies an MTBC specific target in the 16s RNA gene and can use the Roche Cobas® TagMan® 48
Analyzer that can run up to 96 reactions via two independent PCR units (e.g. 2 x 48; see Figure 22). The
results of amplification are automatically analysed. Roche estimates that over 100 samples can be pro-
cessed per day and note that results from PCR for 1-44 tests takes approximately four hours. Other studies
have also noted high specificity when compared to other NAATs in this group.!5>18¢

Abbott recently released the m2000 RealTime MTB assay. The technology is currently available as a
research use only tool and a CE-IVD mark is anticipated by Q3 2014. Automated extraction can be per-
formed with the Abbott m2000sp instrument (US$ 162 000) (Figure 22) or with other automated or
manual methods. The automated extraction takes under five hours with 94 samples and two controls and
can also prepare a plate for PCR amplification. MTB target is detected by real-time PCR using the m2000rt
instrument (US$ 45 000) (Figure 22) and the data are analysed with Abbott MaxRatio technology. Com-
bined, the time to result is seven hours. Abbott is currently also developing a reflex assay for MTB RIF/INH
Resistance assay that will be CE-IVD marked in Q4 2014. Further specifications are in Appendix 1. There
are no peer-reviewed data on this assay.

NanoBioSys Inc. (Republic of Korea) is developing technologies for rapid batched preparation and analysis
of specimens. They offer a semi-automated sample extraction platform, the UltraFast LabChip Sample Prep
G2 test that can process up to 12 samples simultaneously in only 15 minutes. NanoBioSys Inc. also uses a
microfluidic chip, the LabChip G2-3, to analyse up to 10 samples via real-time PCR in under 30 minutes.
Reaction mixture preparation and sample addition is manual. Therefore, with this test format relatively
high throughput for a semi-automated procedure is possible. NanoBioSys Inc. is developing larger capacity
PCR chips to test 16, 48 and 96 samples. There are no regulatory data on these products. In a recent evalu-
ation study of the LabChip G2-3 on 247 clinical specimens it was noted that the test had sensitivity and
specificity of 94% and 83.3 %, respectively, when compared to smear-positive/culture-positive samples.
With smear-negative/culture-positive, the sensitivity and specificity were 63.3% and 95%, respectively.!s”
The test performance data were similar to conventional real-time PCR, but the authors noted a run time of
only 27 minutes using the LabChip G2-3 in which 45 PCR cycles were performed. Current pricing is also
not known.

The TRCRapid® M.TB assay is offered by Tosoh Bioscience (Japan). There is limited information on this
product, but the assay is approved for use in Japan and several independent studies have described the
product* or evaluated its performance using clinical specimens.'®!° The assay is based on an isothermal
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amplification method, transcription-reverse transcription concerted (TRC), and the assay targets MTBC
16S rRNA and also hosts an internal amplification control to indicate interfering substances. Reactions
and data analysis are performed in the TRCRapid®-160 analyzer with the time to result from starting
sample preparation being from one to two hours, depending on the RNA extraction method used. It has
been proposed that 16S RNA may be an indicator of cell viability and so this assay may have potential use
for treatment monitoring. One study reported a specificity of 90.7% with smear-positive/culture-positive
specimens, while with smear-negative/culture-positive samples the sensitivity was 44.8%.'% A larger
multicentre evaluation using a more detailed nucleic acid extraction protocol reported that the sensitivity
of TRC-2 was higher than that of culture with 86.7% versus 80% when clinical indicators of TB infection
were included.'®® Current pricing or intended markets are not known.

There are also assays for the diagnosis or genotyping of MTB from culture or clinical specimens that can
be performed using existing laboratory equipment. A real-time thermocycler must be able to perform melt
curve analysis, which is a useful approach to discriminate allelic differences in the amplified DNA. These
tests are intended for use in reference-tier laboratories as the reagents need cold chain storage and skilled
personnel. These assays can be used for detection of MTBC from sputum and concomitant genotypic DST
or for confirmation of culture results; essentially, they are competitive products compared to LPAs in terms
of their utility, cost and range of targets. In researching this landscape, we identified many companies
that offer real-time PCR assays for TB diagnosis, but there are generally no peer-reviewed data describing
performance. In addition, most of these offer only detection of MTBC. There are several products available
that offer MTBC detection and/or drug resistance genotyping with CE-IVD, Republic of Korea Ministry
of Food and Drug Safety and/or China Food and Drug Administration (CFDA) approval for manufacture.

Seegene (Republic of Korea) has developed a suite of NAAT assays around their key technologies to per-
mit highly multiplexed PCR and novel probe designs to improve the detection of each amplified product
via melt curve analysis. The assays have been developed to run on the CFX96™ real-time thermocycler
(Bio-Rad Laboratories; USA). In addition, Seegene provides novel software (MuDT) to analyse data and
generate results from their assays as the analysis software on the CFX96 platform cannot effectively inter-
pret the data generated. The Anyplex™ series are real-time PCR assays that include the Anyplex™ MTB/
NTM for MTBC and NTM, the Anyplex™ plus MTB/NTM/MDR TB for MTBC, NTM and genotyping RIF
and INH resistance, and finally the Anyplex™ II MTB/MDR/XDR that detects MTBC, genotypes MDR via
interrogation of 7 INH resistance mutations and 18 RIF resistance mutations and the interrogation of 13
alleles associated with XDR (7 alleles for FLQ and 6 for injectable drugs). Even though highly multiplexed,
the assays’ designs are such that the primary sample can be run to detect MTBC and MDR and then be
reflexed to determine XDR status if the sample is MTBC and MDR positive. Seegene estimates a maximum
throughput of 96 patient specimens and controls in six hours. Only the Anyplex™ MTB/NTM has been
assessed via a prospective evaluation on existing DNA extracted from clinical specimens.!”* The authors
noted that the assay had a very similar performance (96.4%) to the Hain Lifescience MTBDRplus v1.0
assay with sensitivity/specificity for MTBC and NTM of 100%/96% and 100% /97 %, respectively. The
tests are currently CE-IVD marked and their pricing is available through the distributors.

Xiamen Zeesan Biotech Co. Ltd (hereafter Zeesan Biotech; China) has developed the MeltPro® Drug-Resis-
tant TB testing kits for genotyping MTBC culture for first- or second-line drug resistance. These are real-
time PCR assays to genotype for resistance to RIF, INH, FLQ and second-line injectables via independent
kits. The assays have recently been approved by CFDA in 2013 and Zeesan Biotech plans to release them in
Q4 2014. As with the other mentioned kits, DNA extraction is excluded from the kit and samples must first
be processed with a suitable method. Overall, the time to result is four and a half hours and the developers
note 48 samples per test run can be processed. Each assay uses two separate reactions to test the sample
(e.g. the INH assays uses inhA promoter/katG315 and ahpC/inhA96). A study compared the performance
of the INH kit to phenotypic resistance testing with DNA sequencing to confirm test results.!*> Wild type
and INH mutant DNA were mixed to establish test performance in heteroresistant MTBC populations and
assay performance in five different brands of real-time PCR machines were also assessed. Of the 437 INH-
resistant isolates screened, 397 mutation-containing isolates were correctly identified. Of the discordant
samples, DNA sequencing confirmed that 31 isolates had no mutations in the entire region sequenced and
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5 had mutations outside of the MeltPro target regions and 4 were heteroresistant. Data and time to result
were different for the five brands of PCR machine, but all were compatible with the use of this assay. Cur-
rently, Zeesan Biotech aims to market the tests at US$ 16 per reaction.

Advantages: The commercial platforms and assays described above permit high-throughput testing of
MTBC specimens or screening of culture isolates as well as confirmation of smear-positive and smear-
negative (in part) results. Identification and a range of DST results can be obtained within one or two
days compared to several weeks with culture-based methods, allowing early and appropriate treatment
initiation to be prescribed or adjustment made and hence improving outcome. Due to the scale of testing
that can be achieved there may be cost savings from bulk purchase of reagents. The test data are scored
automatically thus user interpretation of results is not necessary and data are recorded and archived for
quality control analysis and epidemiologic purposes.’®® Some of these tests house internal amplification
controls that identify inhibiting substances in the sample extracts. The equipment may also be used for
HIV diagnosis and viral load testing. The kits can be used on existing real-time PCR machines, defraying
startup costs for new testing regimes.

Disadvantages: These platforms are expensive, and designed for use in reference laboratory settings and
can only adequately serve urban/tertiary settings. High-volume sample processing and testing is very
complex to perform; therefore, highly trained staff are necessary to run the laboratory. Reagents also
require cold chain and so space is also required to house refrigerators and freezers; this equipment may
need to be purchased in addition to generators and universal power supply units that can prevent shut
down during a loss of electrical power. Apart from equipment costs, maintenance contracts are necessary.
More evaluations on these technologies and assays are required to ensure that performance is acceptable
or optimal to justify the investment required for their implementation.

Microarray platforms: Microarrays-based systems use sequence-specific single-stranded DNAs, typically
spotted onto a glass slide or chip in a precisely defined orientation or array. These arrays can be used to
interrogate asymmetrically PCR-amplified or melted PCR amplicons derived from MTBC genomic DNA for
a wide variety of genotypic targets to aid speciation and drug resistance screening. The role of microarrays
is primarily not for TB detection and the principal advantage is that they can interrogate a much greater
number of targets than LPAs. Therefore, they potentially offer greater discriminatory power for a wider
variety of drug resistance markers in a single test. Culture or smear-positive sputum can be used to provide
DNA for extraction and subsequent amplification via PCR.

Asymmetric PCR is used to first amplify the target region(s) and to then create an excess of the labelled
DNA strands, which is complementary to the DNA oligonucleotide(s) printed on the array. The amplicon
mixture is applied onto the array under precisely defined salt concentration, temperature and washing
conditions to optimally hybridize the labelled DNA strands with their corresponding target spot on the
array. If a labelled DNA sequence is complimentary to a spot, then hybridization occurs. Microarrays are
analysed in a reader and the signal intensity from each spot (typically fluorescence, chemiluminescence or
electrical impedance) is measured to indicate if labelled DNA has bound or not. These are scored in silico.
To give greater confidence of results, multiple spots of the same target sequence are often printed on arrays
with the expectation that each will give similar levels of detection when probed with the same sample.
The tests are complicated to perform and require sensitive and complex equipment, but some groups are
developing more robust products that may be used outside of reference laboratories.

The INFINITI®, a US FDA-approved platform from AutoGenomics (USA) has an MDR TB assay and a sec-
ond assay, the MTBC-OCTA, to detect MTBC from eight samples per array. These tests still require manual
extraction and PCR amplification of the DNA sample, but the remaining steps to process the microarray
and interpret data are automatically performed by the INFINITI®platform.!”* The MDR TB assay is intend-
ed for the detection of MTBC in addition to genotyping for resistance alleles to RIF, INH and PZA and 48
samples take six and a half hours to prepare and analyse. The cost is US$ 95 per array. The MTBC-OCTA
assay is a higher-throughput array that simultaneously screens eight specimens for MTBC on one chip.
With this assay, 240 samples can be screened in eight hours. The MTBC-OCTA arrays are US$ 40 per test
and the INFINITI reader is US$ 227-447.
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Another partially integrated system has been developed by Veredus Laboratories Pte Ltd (Singapore),
offering the VerePLEX™ Biosystem and a TB detection kit, VereMTB™ Detection Kit (Figure 23). The extrac-
tion of DNA is not automated and must be performed beforehand. However, PCR, hybridization and
detection are all performed on the array chip within the instrument thereby reducing time and limiting
opportunities for error. The VerePLEX™ Biosystem is modular and can process five arrays simultaneously.
The overall time to result is three and a half hours and 10-15 samples can be processed in eight hours.
The chip is designed to detect MTB and can speciate nine other NTM. In addition, the test is designed to
detect RIF and INH resistance. Due to many of the components being integrated, this technology is easier
to use than other arrays on the market and could have utility in mid-tier laboratories. The platform and
assay were released in 2012 as research use only.

Figure 23. VerePLEX™ Biosystem and VereMTB™ Detection Kit: A: VereMTB™ Detection chip;
B: VerePLEX™ Biosystem and reader

Notes: Both PCR amplification and microarray hybridization are performed in the VereMTB™ Detection chip. The VerePLEX™ Biosystem includes
a five-unit processing station for the on-chip PCR and the subsequent hybridization and washing of the chip. On the right is the reader that
interrogates amplicon binding to the array.

Source: Images reproduced with permission from Veredus Laboratories Pte Ltd.

CapitalBio Corp. (China) offers two microarray products: one for the speciation of common mycobacteria
(Mycobacterium Identification Array Kit); and a second product that identifies MTBC and also genotypes
drug resistance to RIF and INH (M. Tuberculosis Drug Resistance Detection Array Kit). Both assays are CE-
IVD marked and also have been approved for clinical use by CFDA. The tests require extra core equipment,
including a thermocycler, hybridization oven and microarray scanner. CapitalBio Corp. offers software to
automatically interpret the array data. The tests can be used with culture isolates or from smear-positive
isolates. The assays take six hours. The sensitivity and specificity of identification array demonstrated
99.6% and 100%, respectively, on culture isolates and 10% with sputum samples, but poorly with other
specimen types.'” A comparison of the MDR array to culture DST using culture isolates and sputum
samples demonstrated high performance for RIF resistance detection (91.8% for isolates and 94.6% for
sputum) and INH detection (70.2% for isolates and 78.1% for sputum).!> The NTM assay costs US$ 25
and the MDR TB assay is US$ 21. Other equipment costs are estimated to be US$ 75 000.

Akonni Biosystems offers the TruArray® MDR-TB assays that can identify MTB and M. avium and detect
alleles that confer resistance to RIF and INH. The data from these assays are read by the company-pro-
duced instrumentation, the TruDiagnosis® Systems. Akonni Biosystems is developing tools for use outside
of tier-one facilities and has recently published a study describing the performance of a portable microar-
ray analyzer.’*1%” The assay was designed to identify MTB and M. avium and includes assays for detection
of resistance to EMB and STR in addition to RIF and INH.

The TruArray® uses a single-tube multiplexed asymmetric PCR reaction that incorporates a fluorescent
label on short, single-stranded amplicons for hybridization. The reaction is added directly to the hybrid-
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ization reaction mixture and has relatively short hybridization and wash times. They propose that the
assay would work well with smear-positive sputum samples as it has a low analytical limit of detection
(110 copies of MTB). The reader is portable, but the methodology is still relatively complex and Akonni
Biosystems is working to create more simplified workflows to allow use in lower-tier facilities. A single
worker can process 24 samples in eight hours and more significant time savings may be made by reducing
the hybridization time from three hours to 15 minutes.!”” The market release date for the simplified array
technology is currently unknown. Akonni Biosystems is a collaborator on a recently awarded US$ 29 mil-
lion grant from the NIH to refine this technology into an integrated device that will target MTB and drug
resistance and investigate urine as a specimen type in order to better diagnose EPTB.

iCubate (USA) currently offers their technology for mycobacterial testing via an automated system. The
cassette-based MYCO assay can identify mycobacteria and speciate MTBC as well as nine other NTM. In
addition, the same cassette offers genotyping of 45 alleles associated with resistance to RIF, INH, EMB,
and STR. The amplification of a large number of alleles is via a novel method to grossly multiplex and
amplify target DNA, amplicon rescue multiplex PCR."8 This method separates the PCR reaction into a
first, target-specific primer-driven amplification and a second, target-independent common primer-driven
amplification where the targets are amplified and labelled. The amplicons are interrogated via a low
density microarray. The assay has a platform for automated bead-based sample preparation, PCR, hybrid-
ization and washing of the microarray, the IC processor. The platform is random access and can process
from one to four cartridges. The manufacturers note that these can be linked for up to 12 units permitting
processing of 48 samples simultaneously. The microarrays are read and analysed via the IC Reader that,
the manufacturers notes, takes seconds to analyse a sample. The test is currently listed as research use
only and no pricing information is currently available.

Stanford University (USA) and Insilixa Inc. (USA) are currently in the late-stage development of the
HYDRA 1K, a fully integrated, hand-held and highly multiplexed genotyping tool for DST (Figure 24). The
technology differs from most other microarrays in that it utilizes complementary metal-oxide semicon-
ductor (CMOS) technology to heat each individual spot on the array. The group is developing real-time
polymerase chain reaction assays for a 1024 spot microarray in which DNA amplification and binding
to the target spots is measured during the thermal cycling. After amplification, a melt curve analysis is
performed on each array spot to further differentiate between mutant and wild type sequences that have
bound to each probe. Analysis is performed on the device. All reagents are stored in the CMOS chip, but
DNA extraction is manual. The current assay is being developed to detect first- (RIF, INH, PZA and EMB)
and second-line drugs (including injectables), in total over 250 single nucleotide polymorphisms. It is also
the first genotypic array to include the known resistance alleles to bedaquiline (BED). By using existing
high volume, precision manufacturing technology from the microelectronics industry, the group predicts
low costs for readers and arrays cassettes in the range of US$ 200 and US$ 15, respectively. The developers
note that the assay will enter into field testing in Q2 2015.
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Figure 24. Hydra 1K hand-held platform and chip (left)
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Notes: Disposable arrays (centre) are inserted into the reader and PCR amplification is measured in real time on each detector pad of the CMOS
biochip (centre) that contains integrated heating elements throughout to enable both PCR and also melt curve analysis post-amplification (right).
Test data are downloaded from the instrument via a USB port (left).

Sources: Image reproduced with permission from Stanford University and InSilixa Inc.

Advantages: The use of microarrays for TB diagnosis and genotypic DST offer a single test that can
simultaneously interrogate a wide variety of targets or genotypic mutations, typically greater than those
screened via LPAs. In addition, greater confidence in test results can be achieved by using multiple spots
for each target assessed. Testing can provided information on drug susceptibility in 24 hours rather than
phenotypic culture-based DST that can take weeks or months until results are known. Analysis of the test
data is automated unlike some LPAs and reduces user error in determining results. Some arrays can detect
MTB, in addition to first- and second-line drugs in a single test. The development of integrated and/or
modular platforms shows that there is potential to perform rapid genotypic DST outside of reference labo-
ratories with some having the potential for use in microscopy centres.

Disadvantages: The complexity of some arrays on the market means that at least some of the present
solutions are complex to perform and require trained staff in higher-tier laboratories. This complexity is
also typically reflected in relatively high cost for both hardware and tests. All the arrays use dedicated
equipment and throughput is limited by multiple steps in processing for some tests. Sample preparation
is still manual for all the array technologies, but more automated systems could be used. There are very
limited performance data available for these tests and no evidence base for any array technology has been
reviewed by WHO.

Modular, cartridge-based, automated NAATs

In high-income countries, there has been a significant expansion in the market to simplify the diagnosis of
infectious diseases using fully integrated and typically modular NAAT-based technologies. These technolo-
gies permit random access testing where a relatively unskilled user adds the specimen to a cartridge that is
then inserted into a machine and the processes of extraction, amplification, quality control and scoring of
results are fully automated. Over 30 companies are currently offering or developing automated platforms
for modular testing for the diagnosis of infectious diseases. However, many are currently not developing
MTB assays to integrate onto their platforms. Here we report only on platforms that are reported to offer
or are developing MTBC assays (Figure 20).

FIND and the University of Medicine and Dentistry of New Jersey (USA) in collaboration with Cepheid
successfully developed a combined TB and RIF resistance assay in a cartridge for use on the GeneXpert
platform, the Xpert® MTB/RIF test.!*>? Briefly, all components of the test are performed in a single dis-
posable cartridge. The only steps for the user are liquefaction and decontamination of the sputum sample,
which is then pipetted into the cassette. The cassette test is then scanned for its barcode and inserted into
the machine. The test takes a further two hours to generate a result as to TB positive or negative and RIF
resistance detection. The assays use real-time PCR and five “sloppy molecular beacons” to identify poten-

60 (AID



Technology landscape

tial mutations in the target region that indicate the potential for RIF resistance.?” Internal controls provide
quality control for the extraction, amplification and detection processes.!™

The design of the GeneXpert system is modular and Cepheid offers the system in a variety of configura-
tions, with modules per machine ranging from 1, 2, 4 and 16. In addition, an even larger system, the
INFINITI series is available with configurations of either 48 or 80 modules. The INFINITI platforms have
very high throughput with the manufacturer noting > 1300 or > 2000 tests per day with the 48 and 80
modules systems, respectively. WHO endorsed the Xpert® MTB/RIF assay in 2010, and issued an updated
policy recommendation in 2013. While the initial recommendation suggested the use of the Xpert® MTB/
RIF as an initial diagnostic test in individuals suspected of MDR or HIV-associated TB only, the new
recommendation now suggests the use of the Xpert® MTB/RIF rather than conventional microscopy and
culture as the initial diagnostic test in all adults suspected of having TB (conditional recommendation
acknowledging resource implications, high-quality evidence).2>?% Furthermore, the new guidelines rec-
ommend that:

® Xpert® MTB/RIF may be used rather than conventional microscopy and culture as the initial
diagnostic test in all children suspected of having TB (conditional recommendation acknowledging
resource implications, very low-quality evidence.?%

® Xpert® MTB/RIF should be used in preference to conventional microscopy and culture as the
initial diagnostic test for CSF (cerebrospinal fluid) specimens from patients suspected of having
TB meningitis (strong recommendation given the urgency for rapid diagnosis, very low-quality
evidence).

m Xpert® MTB/RIF may be used as a replacement test for usual practice (including conventional
microscopy, culture or histopathology) for testing specific non-respiratory specimens (lymph nodes
and other tissues) from patients suspected of having EPTB (conditional recommendation, very low-
quality evidence).

Other updates on the scale-up of this assay are described in section 6.

Development work with this platform is ongoing. The collaborative groups that developed the Xpert®
MTB/RIF assay are currently looking to expand the detection modality of the GeneXpert to include the
capacity to discriminate 10 fluorescent dyes rather than the current 6 dyes. This is intended for use in a
reflexive assay, the Xtend-XDR, to screen TB/RIF-positive specimens for MDR and XDR resistance alleles.
The Alland group at Rutgers University (previously the University of Medicine and Dentistry of New Jer-
sey) received US$ 1.4 million from the NIH for the development of the Xtend-XDR to include genotyping
of resistance to FLQ, INH and aminoglycosides (AMGs [amikacin and KM]).?*® The test will add value to
treatment decisions by confirming MDR via genotyping for INH and in addition provide information on
two of the second-line drugs used to treat MDR. The Xtend-XDR prototype is anticipated to undergo initial
verification soon in both China and the Republic of Korea.

Modular, cartridge-based NAATs in development

Enigma Diagnostics (hereafter Enigma; United Kingdom) is developing a modular instrument, the Enigma®
mini laboratory (ML) system which is CE-IVD marked. In principle, the technology is similar to the Gen-
eXpert in that all reagents are stored in a single cartridge and the ML system performs automated sample
extraction, real-time PCR and analysis of the cartridge once inserted into the instrument. The Enigma® ML
system uses Resonsence® probes that enable more rapid amplification using real-time PCR.?*** Enigma was
recently awarded funding of £1.4 million (pounds sterling) from the Technology Strategy Board (United
Kingdom) to develop a drug resistance assay in partnership with the Imperial College and HSR Ltd using
the ML system.

Stat-Diagnostica (Spain) is planning to develop an MTB assay on their DiagCORE platform. The system will
be integrated and use real-time PCR to amplify extracted DNA. No further information is currently available.
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Advantages: The inherent simplicity of automated modular systems has allowed high-performance test-
ing to be performed by minimally trained staff with high confidence in the correct test result. The sealed
cassettes prevent contamination and the need for dedicated areas in which to perform testing. The time
to result is under two hours and can potentially provide results to patients the same day (in contrast to
culture or LPAs). Patient specimens do not have to be batched but can be individually interrogated accord-
ing to demand. The combination of all core test functions in an enclosed single-test device reduces the
potential to contaminate future tests or the test area and equipment. All test data can be stored and poten-
tially uploaded to central facilities. This enables full data review by national programmes and in addition
permits the assessment of all test components in order to measure the performance of equipment, reagents
and the proficiency of laboratory staff. Other assays are being developed for these modular systems. For
example, Cepheid is introducing an Xpert HIV viral load assay and is developing a reflexive assay for
XDR TB as previously described. In addition, the Xpert system and other NAATs in development may be
positioned outside of reference laboratories and in some cases may be placed in microscopy centres if
infrastructure and facilities are sufficient.

Disadvantages: The technical complexity of the modular NAATs creates several limitations to their use out-
side of a traditional laboratory. The first is that equipment has a dependency for use with mains electricity
and typically cannot be run from batteries for continued and extensive use. In addition, the equipment
is relatively sensitive and needs protection from environmental extremes, including heat, humidity and
dust. The GeneXpert assay currently requires a minimum of 1 mL of sputum to be processed. The high
cost of goods in terms of the instrumentation, maintenance, calibration and test cartridges is seen as an
ongoing concern by low- and middle-income countries. The current cost of Xpert® MTB/RIF cartridges was
managed only by a concerted effort from donors in a buy down, and most country programmes cannot
purchase significant numbers of cartridges and machines without assistance from the donor community.
It is unclear how the emerging competing technologies can address similar cost concerns.

NAATs developed for use in lower-tier laboratories and microscopy centres

While the Cepheid Xpert® MTB/RIF assay has been ground breaking in the introduction of high perfor-
mance molecular testing for MDR TB to facilities outside of the upper-tier laboratories, a variety of com-
petitive products are emerging (Figure 20). There is scope for more robust, lower-cost technologies and
assays to provide MTB diagnosis in more austere environments and to compliment or replace smear mi-
croscopy as the primary test in microscopy centres. Traditionally, these technologies have been described
as the “fast followers” to GeneXpert although, to date, none have yet received endorsement from WHO.
These technologies fall into two groups: those tests that are in production; and those that are in late-stage
development and expected to enter the market in one to three years (Figure 20). Description of the under-
lying technologies to these assays has been described in previous UNITAID landscape reports.!7+2%> Here,
we note recent developments related to these technologies, including independent evaluations and, in
some cases, certification by local regulatory agencies.

The LoopAMP™ MTBC Detection Kit (Eiken) was started in development, in 2007, as a low-cost NAAT for
rapid diagnosis of PTB. It involves manual processing of extracted DNA from sputum samples followed
by instrumented amplification; up to 14 specimens can be batch processed in two hours. The results are
manually scored using visual determination of fluorescence of test reactions when compared to positive
and negative control reactions. The test was launched in 2011, is CE-IVD marked and now approved for
use in Japan. The performance of this assay was presented to a WHO Expert Group for review in 2013
based on its performance in a three-country evaluation. The Expert Group declined to endorse this assay
as a replacement test for AFB microscopy, citing insufficient evidence.? In light of this finding, Eiken and
FIND have created a larger study with 14 countries representing global diversity in terms of ethnicity,
geography, MTB and high- or low-HIV prevalence. Each study site is testing at least 500 participants using
the Loopamp™ MTBC Detection Kit in addition to Xpert and LED smear microscopy with liquid and solid
culture as reference standards. FIND anticipates presenting a report to the Expert Group for their review
in Q1 2015. The earliest evaluation of the Loopamp™ MTBC Detection Kit on clinical specimens had noted
that the assay performed better with raw rather than processed sputum.? Since then, Eiken has modified
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the assay to use a greater specimen volume (60 pL) of raw sputum and a more recent study was done to
assess the performance of the Loopamp™ MTBC Detection Kit versus the Roche Cobas® TagMan® assay
using specimens from TB-confirmed cases (48 total).?® While both assays gave 100% correlation with
smear-positive samples, the Loopamp™ MTBC assay correctly identified 80% of the smear-negative as
compared to 64 % with the Cobas® TagMan® even though the input volume for the Cobas® TagMan® assay
was greater (100 uL).>%

A recent two-site clinical evaluation in China led by PATH in collaboration with the Chinese Centers for
Disease Controls and Prevention has recently been published. In the study, 1329 suspected TB carriers pro-
vided specimens screened by the Loopamp™ MTBC Detection Kit, smear microscopy and LJ culture.!” The
results showed the Loopamp™ MTBC assay performed better than smear microscopy. On smear-negative/
culture-positive samples, the sensitivity of the Loopamp™ MTBC assay was 53.8% and the overall sensitiv-
ity and specificity were 70.7 %, and 98.3 %, respectively. The authors also noted that catastrophic error due
to contamination was very low at 0.21 %. This is an important consideration given that the assay is open in
format and potentially more prone to contamination of the test areas as compared to modular (i.e. closed)
systems. The Chinese Government requires testing of three specimens and the performance of the assay
was best when all three specimens were tested by the assay. However, in light of this requirement, further
studies are needed to assess the cost-effectiveness of the test with different specimen combinations. Cur-
rently, the targeted cost per test is estimated to be US$ 6 and, with instrumentation at US$ 1000, makes it
a potentially attractive solution for more decentralized settings.

The Genedrive® Mycobacterium iD® Test-kit is manufactured by Epistem. The test uses real-time asym-
metric PCR with highlighter probes to analyse sputum and other liquid specimens for MTBC and is cur-
rently the only fast follower that may offer genotyping for RIF resistance (note: this test result is currently
shielded from the user). Two of the three assays are MTBC specific and the third is a control. The sample
preparation uses a unique paper-based lysis method that takes 5-20 minutes. Paper discs (1 millimetre)
are punched from the lysis tool and placed in each of the three reaction wells in the cartridge, rehydrated
and then inserted into the device (Figure 25).

Figure 25. Epistem Genedrive® instrument with test cartridge

Source: Image reproduced with permission from Epistem.

The entire test time is under one hour and the Genedrive® instrument is battery powered with all test
functions being performed automatically. Result scoring is automatic and the device can store data from
1000 tests. The first evaluation on this technology with clinical MTB specimens has been published.? This
study was very limited in terms of accessing sufficient fresh clinical specimens, but a parallel assessment
with the Xpert® MTB/RIF assay suggested potentially similar performance. Epistem is targeting India and
South-East Asia as their market entry point. The test is CE-IVD marked and currently in application for
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approval by the Drug Controller General of India (DCGI). The device is currently undergoing multicountry
evaluation with FIND and the National Institute of Allergy and Infectious Diseases (NIAID) Tuberculo-
sis Clinical Diagnostics Research Consortium as well as a number of single-centre studies for potential
endorsement by WHO. The costs of reagents and device are not known, but quoted as being competitive
for these markets.

Epistem recently announced a collaborative funding agreement with the Global Health Investment Fund,
LLC (GHIF, London) to support the rollout of its TB assay (http://ghif.com/press-release/). Under the
terms of the agreement, Epistem has issued to GHIF a five-year convertible bond totaling US$ 8 million
(£4.7 million). As part of the collaborative funding agreement, GHIF and Epistem have made global access
commitments to mutually support and facilitate the introduction, distribution and sale of the Genedrive®
platform and the expanding menu of infectious disease assays under development for low- and middle-
income countries.

The Molbio Truelab™ RealTime micro PCR System consists of a DNA extraction tool and a second ampli-
fication and detection instrument (Figure 26). It was released in Q3 2013. Both are battery powered and
can operate without charge for one day (processing 12 samples). Test data can be printed from a battery-
powered printer that is connected via Bluetooth to the amplification device. Molbio supplies all kits and
materials necessary for the assay.

Figure 26. Key instruments and components of the Molbio Truelab™ RealTime micro PCR System:
A: Trueprep™, partially automated nucleic acid platform; B: Truelab™ UNO real time PCR analyser
with integrated android phone controller; C: TrueNAT™ chip-based MTB assay

Source: Images reproduced with permission from Molbio.

The test assays are performed in the Truelab™ UNO real-time microPCR analyser, using the TrueNAT™, a
small, chip-based, disposable reactor that houses the lyophilized reagents and heating element for ther-
mocycling. There is two-colour channel detection with an MTBC assay and internal human DNA control.
Molbio is currently developing a reflex drug resistance test for the platform and is working on integrating
the sample processing into a single device with the analyser. The use of an android-based cell phone in
the Truelab™ Uno to operate the test device also permits data storage for 5000 tests and enables use for
global positioning satellite, general packet radio service, global system for mobile communications, Wi-Fi
and Bluetooth. There has been one peer-reviewed evaluation of the Truelab™ RealTime micro PCR System
with clinical sputum specimens from 226 patients with suspected PTB.% In this study, the sensitivity of the
TrueNAT™ MTB assay was 99.12% with smear-positive/culture-positive specimens and 75.86% among the
smear-negative/culture-positive specimens, specificity was 100%. The assay has been CE-IVD marked and
as of Q2 2012 license to manufacture the TrueNAT™ MTB was granted by the Directorate of Food and Drugs
Administration, Goa State, India. Molbio is currently targeting India, Asia and Africa as their primary mar-
kets. The current price for the instrumentation is US$ 7000 and the tests at US$ 14 each; however, lower
prices will be offered for public sector procurements.

The Ustar EasyNAT™ TB is a manual assay based upon their proprietary isothermal cross-priming ampli-
fication (CPA) technology and is intended for batch testing in microscopy centres.?*?”” The EasyNAT™ TB
assay was released in Q2 2014, but has been a research use only product since 2009. It is CE-IVD marked
and was granted CFDA approval in February 2014. The test result is displayed via an RDT-based detec-
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tion of hapten labelled MTBC DNA amplicons in a sealed cassette to prevent test site contamination. The
primary specimen type is sputum and Ustar offers a syringe-driven extraction tool for low-volume testing
and recommends using a commercial DNA extraction kit with a centrifuge for high-volume testing. Up to
30 tests per day is the recommended throughput. Ustar notes that a heat block or thermocycler is required
to incubate the CPA assays. A multicentre study of the EasyNAT™ TB assay has been recently completed
in China where TB clinics enrolled 2200 TB-suspected cases and sputum specimens were tested by smear
microscopy, L-J culture and the EasyNAT™ TB assay.!® Compared to culture, the sensitivity and specificity of
the CPA test for MTB detection within this group was 84.1% and 97.8%, respectively; with smear-negative/
culture-positive cases the sensitivity was reduced to 59.8%. A failure rate of 0.8% indicated that trained
users were able to prevent contamination of the test sites. Currently, Ustar is looking to market this test in
China, India, Indonesia and Thailand and note that reagents cost US$ 8 per test. This excludes the DNA
extraction components and the need for a thermocycler or heat block and centrifuge as other equipment.

Figure 27. Hain Lifescience FluoroCycler® 12: a 12-sample real-time thermocycler

gy

Source: Image reproduced with permission from Hain Lifescience.

Hain Lifescience released the FluoroCycler® 12, in 2012, a real-time PCR diagnostic platform for MTBC
diagnosis in addition to other infectious diseases (Figure 27). This device can amplify 12 reactions in
a batch and up to eight of these platforms can be linked in parallel to a controlling computer. Sample
preparation can be manual or automated using the GenoXtract® also offered by Hain Lifescience or via
other generic tools. In 2012, Hain Lifescience also released the FluoroType® MTB real-time PCR assays for
use with the FluoroCycler® 12. The detection of products is via HyBeacon probes that bind to their target
sequence in an amplicon during PCR to generate a fluorescent signal. HyBeacon probe binding to the
appropriate amplicon is further confirmed via melt curve analyses after PCR is complete.

Proprietary software analyses the test data to generate a result and the entire process takes four hours if
automated extraction is used.*® A recent prospective study on the performance of the assay in a low-TB
prevalence setting showed that the assay had a mean sensitivity of 84.1% as compared to culture. With
smear-positive samples the sensitivity was 100%, while smear-negative was lower at 56.3%. The authors
noted that a positive predictive value of 100% in smear-positive isolates would also have utility in discrim-
inating NTM from MTBC and the failure rate of the test was 0.7 %.*° The technologies used in this assay
suggest that this product will compete for use in the same types of test facilities where Xpert may be used
as some degree of power and infrastructure is necessary to house the equipment and reagents. A further
FluoroType® MTB assay is in development using MTBC RNA as the target molecule. This is intended to
be used for treatment monitoring of MTB infected patients under therapy. The initial clinical data on the

Technical Report 65



2014 Tuberculosis Diagnostics Technology and Market Landscape

evaluation of this product will be released in Q4 2014. Hain Lifescience is also developing drug resistance
genotyping assays using Lights On/Lights Off probes for use with the FluoroCycler®. The price of available
tests and equipment is unknown.

Other NAATs in development

Development efforts from several groups aim to create technologies to compete with the tools described
above. Many of these are fully integrated, with DNA extraction being incorporated into the test device.
Alere is currently redesigning their Alere™ q platform, a fully integrated tool that they have developed
for HIV viral load testing (Figure 28). This is a battery-powered, standalone device that can receive a test
cartridge to provide an estimation of viral load from a sample in less than one hour.?”® The Alere™ q TB
diagnostic system includes a rapid and sensitive test for case detection followed by an immediate reflex
test for full drug resistance analysis to enable a test-and-treat paradigm of TB suspects. The technology is
being developed for use at all levels of the health-care system, but with a specific emphasis on microscopy
centres. Redesign of the Alere™ ¢ platform is required to accommodate a larger cartridge. While HIV viral
load testing only requires 5-10 uL of blood, detection of TB from sputum necessitates that multiple millili-
tre volumes are processed and so the next generation of q is being designed to process cartridges for either
test. This development effort is being supported by a US$ 21.6 million grant from the BMGF.

Figure 28. Alere™ q instrument for TB testing that is currently in development

Notes: The sputum sample is collected in a cup that is then screwed onto the test cartridge (bottom of left image). The cartridge contains all
reagents onboard and is then inserted into the machine for sample processing, DNA amplification and analysis (right image).

Source: Images reproduced with permission from Alere.

Once a sputum sample is collected, the entire sample handling and processing workflow is fully auto-
mated by the Alere™ q instrument, including liquefaction, mycobacterial enrichment, cell lysis, purifica-
tion, DNA amplification, detection, and results interpretation and reporting. The Alere q can utilize either
PCR or isothermal amplification technologies to drive nucleic acid amplification. This level of robust
automation that has been achieved in the development is intended for safer, quicker, more sensitive and
more economical identification of TB patients. The time to result for the TB case detection at this stage
of development is currently less than 20 minutes from specimen collection to result. Collectively, this will
enable immediate diagnosis of TB and identification of appropriate therapy regimens resulting in signifi-
cant reductions in time to therapy and loss-to-follow-up. For TB DNA amplification, the isothermal nicking
enzyme amplification reaction (NEAR) assay developed by Ionian Technologies Inc. (a subsidiary of Alere;
USA) is used.'” The NEAR technology can accurately amplify DNA targets in under five minutes. At this
time, both the Alere™ g instrument and the NEAR TB assay chemistry are fully integrated into a single test
cartridge that will soon be deployed for field testing in intended use settings along with the companion
reflex drug resistance test that will use PCR with competitive reporter monitored amplification that can
genotype drug resistance alleles in real time.?"
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Figure 29. GenePOC test cartridge and instrument: A: GenePOC test cartridge; B: GenePOC
instrument (carousel); C: touchscreen interface
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Source: Images reproduced with permission from GenePOC Inc.

GenePOC Inc. (Quebec, Canada) is developing a real-time PCR assays for MTBC and resistance genotyping
(RIF/INH and FLQ) using their real-time PCR platform and integrated cassettes (Figure 29). Their device
can extract and amplify DNA from samples in one hour or if sample preparation is performed manually,
then time to result is 30 minutes. Up to 64 samples per machine can be processed in an eight-hour day.
There is currently no information on the automated extraction technology. The amplification platform
can house eight cartridges at one time on a carousel. The operating system is onboard and a touchscreen
interface is used for data input and viewing results. The device requires mains electricity. The cost of
instruments and cartridges is intended to be under US$ 10 000 for the device and the test cartridge to be
competitive with the subsidized Xpert® MTB/RIF cartridge cost. The time to market is unknown and cur-
rently no evaluation data are available.

The Northwestern Global Health Foundation (NWGHF, USA) is developing a low-cost MTB assay using
a real-time platform, the Savanna Molecular Platform under development by Quidel Inc. (USA). A reflex
assay to genotype resistance to RIF is also in development. The system incorporates a heat block to first
lyse MTBC cells in the sputum specimen that is then transferred to a cartridge for amplification and
analysis. Up to 13 samples per machine can be processed in eight hours. The system does require mains
electricity for the heat block and the instrument will have mains or battery option. The cost per device is
estimated at under US$ 12 000 with cartridges at under US$ 10. The targeted date for release is in 2016.

QuantuMDx, a United Kingdom-based company, has been awarded over US$ 1.69 million to develop
MTBC and MDR assays for their Q-POC™ platform. This is a small hand-held unit with a graphical user
interface operated by a touchscreen. The Q-POC™ processes cartridges that contain all of the necessary
reagents and sensors required to process a sample. DNA amplification via asymmetric PCR is rapid (28
cycles in 4 minutes) with a test result in 10-15 minutes. The Q-POC™ technology is unique in that detec-
tion of the amplified DNA is via their binding to complementary oligonucleotides attached to nanowires.
As DNAs bind, the surface charge on the wire is altered that causes a change in resistance of the nanowire.
These can be easily calibrated prior to amplification and then individually monitored. QuantuMDx notes
that tens or even thousands of detector nanowires can be placed into the single fluidic channel of their
cartridge. This feature offers the potential to simultaneously multiplex and test a large number of targets
without using fluorophores or complex optics and instead using a single small cartridge that is cheap and
simple to manufacture at scale. The specimen preparation will be predominantly automated, with lysis
and amplification occurring in the cartridge. The Q-POC™ interprets the test results and is battery powered.
The estimated release date for the Q-POC™ assay is availability in Q2 2016. The cost of instrumentation
and tests are currently not available.

Wave 80 Biosciences (hereafter Wave 80; USA) is continuing to develop their EOSCAPE-TB System to
detect MTBC and a reflexive test to genotype RIF and FLQ resistance. This requires only an external lique-
faction buffer and all of the reagents for DNA extraction and DNA amplification are stored in a disposable
cartridge. The MTBC DNA is amplified via NASBA, an isothermal amplification method. The test is fully
integrated and automated. The extraction and amplification is performed in a small battery-powered pro-
cessing unit that can be used in parallel to prepare and test multiple specimens simultaneously. To score
the result, the processing unit is docked into the EOSCAPE analyser. Tests take one hour to complete.
Wave 80 is developing the EOSCAPE-1 Analyzer for diagnosis and a second analyzer, the EOSCAPE-Mplex
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Analyzer, for multiplexed reaction detection; both are battery powered. Wave 80 estimates that up to 50
specimens a day can be processed. The product is anticipated for release in 2016. The cost of instrumenta-
tion and tests are currently not available.

Hain Lifescience is developing single-tube real-time drug resistance assays for MDR and XDR for use with
their FluoroCycler® real-time PCR machine. They have purchased the sole rights from Brandeis Univer-
sity (USA) to use linear-after-the-exponential (LATE) PCR, with Lights-On/Lights-Off probes and prime
safe technology. LATE PCR is an asymmetric PCR design whereby primer concentrations and changes
in annealing temperature bias the increased amplification of the DNA strand to which sequence-specific
probes can bind.?"® An advantage of the Lights-On and Lights-Off probe technology is that it uses a single
fluorescent channel to detect multiple mutations. Each Lights-On probe consists of a quencher and a
fluorescent moiety, while the Lights-Off probe has only a quencher moiety.??> With a matching target
sequence the signals from all contiguous Lights-On probes create a composite fluorescent contour that
represents a sequence-specific fluorescence signature. Probe binding is affected in the presence of muta-
tions and creates a unique signature. By mapping the fluorescent signatures produced by different drug
resistance alleles, it is possible to screen for all of these using only a single fluorescence channel, greatly
reducing the complexity of instrumentation and therefore the cost of the reader in addition to saving on
assay components. The devices and software are currently under development by Hain Lifescience. The
technology will be presented to validation sites throughout Q3 2014 via collaboration with Stellenbosch
University (South Africa). The assays will be available as CE-IVD marked products by Q2 2015.

The Keck Graduate Institute (KGI, USA) in collaboration with Claremont BioSolutions (CBIO), the Uni-
versity of Washington, PATH, the Seattle King County TB clinic, Leardon Solutions (all USA), and Ustar
Biotechnologies (China) recently received a second NIH award to complete the development of a fully
integrated tool for the rapid diagnosis of PTB, the TBDx system. This tool comprises of a compact, inex-
pensive, battery operated instrument and a disposable cartridge about the size of a mobile phone that
can execute pathogen lysis, nucleic acid extraction, isothermal DNA amplification, and lateral flow detec-
tion in a single integrated system with minimal user input. Disinfected sputum is first passed through a
microbead-beater which lyses the bacteria and extracts nucleic acids, based on CBIO’s PureLyse® tech-
nology. This novel solid-phase extraction method does not require chaotropic salts or organic solvents
and therefore significantly simplifies nucleic acid preparation.?? All pumping steps within the cartridge
are facilitated through inexpensive electrolytic pumps (epumps), based on water electrolysis that gener-
ates hydrogen and oxygen gases, which exert pressure on a fluid downstream. A unique, 6-channeled
omnivalve controls fluid flow during nucleic acid extraction. The nucleic acids are eluted and channeled
to the amplification chambers which contain lyophilized reagents. After amplification the reaction mix is
pumped to an integrated lateral flow strip which detects labeled DNA amplicons if MTBC DNA is pres-
ent.?* All of these procedures are controlled via the instrument’s embedded electronics. KGI is currently
evaluating LAMP and CPA amplification methods incorporated into this cartridge. The completion of this
technology is anticipated in 2018 and current cost estimates (ex-works) are US$ 150 for the instrument
and US$ 7.67 per test cartridge.
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Figure 30. KGI TBDx system: instrument (left) and test cartridge (right)
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Notes: The instrument controls all processes in the cartridge, which is inserted onto the top of the instrument. This provides power for bead
beating, pumping via epumps and heating for DNA amplification. The test cartridge contains all reagents and sample waste is stored on board in
areservoir. The test result is visually scored via lateral flow strip detection of labelled MTBC amplicons.

Source: Images reproduced with permission from KGl.

Great Basin Corp. (USA) has developed a standalone fully automated analyser for use with their iso-
thermal technology based on blocked-primer-mediated helicase dependent amplification (bpHDA) whose
design prevents extension from misprimed sequences to increase sensitivity and specificity of the amplifi-
cation reaction. They have developed a thin film microarray printed with specific target oligonucleotides.
As complementary DNA is amplified, it can bind to these and then be detected by a thin film biosensor.
The reaction takes only 30 minutes to complete.?® The group has developed a benchtop assay, the TB ID/R
that detects both MTBC and RIF resistance,?¢?'7 but they have currently postponed development to focus
on other products in their technology pipeline. A collaboration between TwistDx Ltd, the London School
of Tropical Hygiene & Medicine and PATH recently described the development of two real-time assays for
MTBC via IS6110 or 1S1081, both of which can detect MTBC in under 20 minutes.?'® The assays use real-
time recombinase polymerase amplification utilizing the battery-powered Twista™ real-time reader that
can read eight reactions at one time.*'®?" TwistDx Ltd is currently not marketing these assays, but is look-
ing to partner with technology developers to integrate them onto a test platform.

Sequencing methods

The development and application of NGS has fundamentally altered genomic research. The rapid develop-
ment of this technology is intended to enhance performance and bring down DNA sequencing costs, thus
widening the spectrum of possible applications. NGS is already being used within the medical diagnostics
scene, including in some clinical laboratories in connection with MTBC. In the case of MTBC, NGS offers
great utility for epidemiologic purposes when compared to the current typing methods used, including
[S6110 restriction fragment length polymorphism, spoligotyping and mycobacterial interspersed repetitive
unit-variable number of tandem repeats.??° The current methods identify polymorphic genetic regions, but
these comprise less than 1% of the total MTBC genome. Recently, NGS methods were applied to a longitu-
dinal molecular epidemiological study where NGS data from 2031 patients were compared with traditional
genotyping data. The primary finding was that the genome-based analysis correlated better with contact
tracing information and spatio-temporal patterns of the pathogen’s spread.**

A further advantage of deep sequencing is the ability to detect heteroresistant or mixed strains in an infec-
tion. When using phenotypic methods for drug resistance screening, subpopulations of drug-resistant cells
may not grow sufficiently to be detected and so patients are misclassified and incorrectly treated. Specific
regions associated with drug resistance can be amplified by PCR and multiple amplicons sequenced to
inform on homo- or hetero-resistant strains. Daum LT et al. recently described a standardized protocol
using NGS on full-length genes associated with drug resistance to better characterize MDR and XDR MTB
isolates.?”? By sequencing the entire gene of each target, less common and novel mutations associated with
drug resistance can be identified as coverage is more complete and not limited to a small locus, e.g. the
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81 base pair RIF determining region for RIF resistance.?® However, mutations in the target region of drug
resistance may be silent and, therefore, novel mutations have to be carefully screened by phenotypic drug
resistance testing to ensure that they are significant. Another group has analysed whole genome sequences
to inform on the microevolution of subpopulations in MDR TB isolates collected from patients over time
and study the acquisition of new phenotypic resistances that occurred in a stepwise manner.?** This data
demonstrated that second-line drugs used for treatment do act on MDR TB strains by exerting an evolu-
tionary pressure that selects for further drug resistance conferring mutations. By providing entire genome
sequences, the application of NGS is key to better understanding resistance mechanisms to current drugs
and will be an invaluable tool in understanding the evolution of drug resistance as new antibiotics and
treatment regimens are approved for use.

With the impending introduction of new drugs and treatment regimens, it is clear that screening for the
emergence of resistance alleles is necessary to aid treatment and to inform diagnostic developers on new
targets for rapid genotypic screening of drug resistance. In addition, even with the current treatments avail-
able, a complete understanding of the drug resistance alleles and biochemical mechanisms relating to drug
resistance is by no means fully understood for most antibiotics.??>?% In principle, this information may in
turn create the potential for drug developers to circumvent existing mechanisms to specific drugs. During
the monitoring of clinical trials, it is often assumed that each infection is derived from a single strain as
genotyping methods are limited in their sensitivity to highly discriminate between reinfection and relapse.
As a recent example, NGS was used on participants of the REMox drug trial to better understand the rates
of mixed infection that could be incorrectly identified as reinfection and to confirm relapse cases versus
reinfection.?”” In a cohort of 47 participants, 33 were classified as relapsed cases, while 6 were classified
as being reinfected by NGS. However, if mycobacterial interspersed repetitive unit-variable number of
tandem repeats test data were used, four of these would have been misclassified as relapsed cases.

The relatively low cost yet high performance platforms with small laboratory footprints such as the MiSeq
(Illumina, USA), Ion Personal Genome Machine® (PGM™) System (Life Technologies Incorporated; USA)
or 454 FLX Junior (Roche, Switzerland) are suitable for use in many research laboratories and many of
the performance and applications of commercial platforms have been compared and assessed.??® The
[llumina MiSegDx, a derivative of the MiSeq, was approved for clinical use by the US FDA in November
2013. Life Technologies Incorporated, the developer of the Ion Torrent system, is also submitting their Ion
PGM™ platform for US FDA approval in Q4 2014. Qiagen (Germany) is preparing to release their platform,
the GeneReader in 2015 and intends to create a fully automated workflow from sample preparation to
sequencing that may be of benefit to super national reference laboratories. The GnuBIO is another NGS
system from Bio-Rad Laboratories, soon to enter the market. The GnuBIO system will use microfluidic
droplets in which to perform the sequencing reactions, reducing reagent costs and allowing the user to
generate tailored data rather than large arbitrary datasets.

Future and emerging NGS platforms even smaller in size are in development by groups such as Quan-
tuMDx and Oxford Nanopore Technologies (both United Kingdom). Oxford Nanopore Technologies offers
two platforms, the GridION™ and the MinION™. As the company’s title suggests, a single strand DNA (or
RNA) is pulled through a protein-based nanopore and each base subsequently identified in sequence by
virtue of a characteristic change in an electric current as the strand is drawn through the pore. The Grid-
ION™ is developed as a modular system where sequence read capacity can be incrementally increased
by adding further modules or “nodes” to create a parallel system. The disposable cartridges used in this
tool contain all reagents necessary to sequence the DNA strands. The MinION™ is being developed as
a single-use, disposable sequencer. Both platforms use proprietary software to operate the devices and
interpret the raw data.

A significant challenge with all systems is not just with the underlying complexity of technology itself, but
also with having the capacity to store, manipulate, annotate and analyse the sequence data. In terms of
data uploading and storage, cloud-based systems appear to be the most appropriate.?? Many developers
and researchers now offer the computational algorithms to compile raw sequence data into contigs prior
to assembly of fully annotated genomic sequences.*2!
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A workshop jointly organized by of the Stop TB Partnership NDWG and the Critical Path to TB Drug Regi-
mens (CPTR) was held on 3-4 February 2014 in London.** The primary goal of this meeting was to bring
together experts to landscape and develop a framework for the coordination of TB diagnostics research,
in particular to develop standards for the capture of data and the sharing of data on the molecular basis
of drug resistance, i.e. data derived from DNA sequencing of MDR and XDR TB isolates. Currently, there
are three accessible national data repositories in which TB genomic sequence data are stored: the National
Center for Biotechnology Information (USA); the European Nucleotide Archive; and the DNA Data Bank
of Japan. These groups form the International Nucleotide Sequence Database Collaboration, where all
genomic data can be accessed and used by national groups, researchers and industry. Currently, the Criti-
cal Path Institute (USA) is leading a working group to develop protocols and the architecture for a new
sequence database specifically designed to receive and store sequence data relating to drug resistance in
MTBC. This database will be available to researchers and developers.

Studies suggest that sequencing may facilitate rapid identification and monitoring of diverse MDR and
XDR TB strains and could potentially be integrated into selected regional and reference settings as new
TB drug regimens emerge in the three to five-year horizon. Figure 30 shows the pipeline of new TB drugs
and regimens, and the need to align new drugs with new diagnostics has been described elsewhere.?** To
improve sequencing and molecular tests, research is needed to establish the genetic basis for resistance to
existing as well as new drugs and to associate critical mutations with clinical consequences. Additionally,
surveillance is needed to establish the background level of resistance as well as a better understanding of
what is wild type for regions, countries and locales.

Figure 31. Pipeline of new TB drugs and regimens
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6. Market landscape

6.1. Market overview including Xpert rollout, field experiences and challenges

Globally, the rollout of Xpert® MTB/RIF continues to be the most important, measurable shift in the TB
diagnostics market. According to WHO, as of 30 June 2014, a cumulative number of 3269 GeneXpert in-
struments (comprising 15 846 modules) and 7.53 million Xpert® MTB/RIF cartridges had been procured in
the public sector in 108 of the 145 countries eligible for concessional pricing (Figure 31), with South Africa
accounting for over half of all the cartridges procured to date. These numbers include a recent shipment of
774 GeneXpert systems to China. Along with previously purchased systems, this increased the cumulative
total of GeneXpert systems to more than 970 in China. Cepheid also reported the recent purchase of almost
170 000 Xpert® MTB/RIF cartridges by China.>*

Figure 32. WHO monitoring of Xpert® MTB/RIF scale-up

Cumulative number of GeneXpert instrument modules and
Xpert MTB/RIF cartridges procured under concessional pricing
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Notes: As of 30 June 2014, a total of 3269 GeneXpert instruments (comprising 15 846 modules) and 7 531 360 Xpert® MTB/RIF cartridges had
been procured in the public sector in 108 of the 145 countries eligible for concessional pricing.

Source: WHO monitoring of Xpert rollout, based on data provided by FIND, published regularly at http://www.who.int/tb/laboratory/
mtbrifrollout/en/.

Several international donors are actively supporting Xpert scale-up, including UNITAID, PEPFAR, USAID,
the World Bank, the Global Fund, and Foreign Affairs, Trade and Development Canada.

Experiences of implementers have been presented in various meetings, including the annual Global Labo-
ratory Initiative meeting, and in peer-reviewed publications. A large study in India tested over 40 000
people with suspected TB in the public sector and reported that under routine conditions, Xpert® MTB/RIF
provided 99.1% valid results in TB suspects with low overall failure rates (7.2% initial failure, 0.9% final
failure). Installation required minimal infrastructure modifications. However, high modular replacement
(32%) and inter-lot cartridge performance variation were reported as sources of concern. ¥
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Implementation experience from TB REACH projects in nine countries was also published recently.?*¢ The
projects placed 65 machines (196 modules) in a variety of facilities and employed diverse case-finding
strategies and algorithms. Over 47 000 cartridges were used. Of valid tests, 17 % was positive for MTB, and
of these positives, 14% was RIF resistant. Of all tests conducted, 10.6% failed. The need for continuous
power supply was noted by all projects and module failure rate was 42 %, but variable across countries.

An investigation conducted by Cepheid showed that dust was a major cause of the high module failure
rate seen in some settings.?*” Dust can enter the modules and form a fine layer on all the components and
reduce the sensitivity of the optics. Cepheid is taking action to remedy the situation, but is clear that mod-
ule replacement and calibration/maintenance costs must be considered by all purchasers and donors, and
should also be incorporated into cost-effectiveness analyses. Module failure and other such operational
issues have been discussed in detail in the recently published WHO Xpert® MTB/RIF implementation
manual on technical, operational and practical considerations.’® While a large number of studies have
confirmed the high accuracy of Xpert® MTB/RIF,?*® new studies are starting to address the issue of how
the test impacts patient outcomes. The first randomized controlled trial of Xpert® MTB/RIF was published
in October 2013.2* While Xpert® MTB/RIF was found to be more accurate than smears, reduce time to
treatment and result in more patients starting same-day treatment, these short-term benefits did not trans-
late into lower TB-related morbidity in the longer term, partly because of high levels of empiric treatment
at the African sites in the study. Similar results were reported by the XTEND cluster randomized trial in
South Africa.>*® Xpert, compared to microscopy, increased the proportion test positive by 50%. However,
Xpert did not reduce rates of initial loss-to-follow-up and there were no differences in rates of mortality or
proportion starting TB treatment between the two study arms. Results of a stepped-wedge trial from Brazil
are expected by the end of Q4 2014. A third randomized trial from Zimbabwe assigned patients to Xpert
or fluorescence SSM at antiretroviral treatment (ART) initiation.?*! The primary end point was a composite
of three-month mortality and ART-associated TB. Among HIV-infected individuals initiating ART, central-
ized TB screening with Xpert did not reduce the rate of ART-associated TB and mortality, as compared to
fluorescence microscopy.

A common theme in these trials is the need to strengthen health systems to ensure that test results are
linked with rapid and appropriate treatment for TB and co-morbid conditions such as HIV infection. In
addition, Theron G et al. have discussed emerging data on how empiric treatment is often the same day,
and might still be the predominant form of treatment in high-burden settings, even after Xpert implemen-
tation.?*> Thus, in such settings, Xpert might displace so-called true-positive, rather than false-positive,
empiric treatment.

While mathematical modelling studies suggest that Xpert (and similar new diagnostics) can potentially save
lives and help reduce transmission, it is becoming clear that the impact of Xpert may depend on whether:

m NTPs choose to implement Xpert only as a DST or as a diagnostic tool among all patients with
suspected TB—i.e. restricted versus broader use;
m Xpert results are actually used in a manner that reduces empiric TB treatment;

B NTPs implement Xpert in centralized and reference laboratories, rather than decentralized
subdistrict-level settings;

m Xpert can reach the level of most microscopy centres where the majority of TB testing is currently
happening;

m Xpert is deployed in the best-performing laboratories/areas versus in underperforming areas where
even routine diagnostic capacity is limited;

m Xpert is used in POC testing programmes to make rapid treatment decisions in the same visit (or
day), and whether Xpert results are adequately linked to correct TB treatment and follow-up to
ensure adherence;

B Xpert is accessible or affordable to first-contact providers (informal/private) who often see patients
first and could shorten diagnostic delays.
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A new survey of 22 HBCs suggests that while a majority have a policy or algorithm with Xpert, current
implementation is mostly donor funded, largely dependent on testing in centralized laboratories and pri-
marily used on patients with presumed drug resistance or HIV infection, and the test is not yet widely used
as a rapid TB diagnostic tool outside of South Africa.'* A new transmission modelling study underscored
the need to implement Xpert on a broader scale, going beyond its role as a DST and outside of the NTP, for
impact to be meaningful in India.*** If Xpert is mostly restricted to the public sector, and used mainly as a
DST tool, then the population-level impact on reducing incidence and mortality is limited. In contrast, pri-
vate/informal provider engagement, adequate referral systems, improved treatment quality and increased
resources can have a transformative impact. In fact, efforts are under way to enhance uptake of the Xpert
technology in the private sector in HBCs such as Bangladesh, India, Indonesia and Pakistan. Currently,
the private sector in high-TB burden countries is excluded from the negotiated pricing agreement and the
US$ 9.98 price does not apply.

With donor support, Interactive Research and Development (http://irdresearch.org/) and partners are
expanding access to Xpert® MTB/RIF, a WHO-endorsed test, in the private sector in Dhaka, Jakarta and
Karachi, through mass verbal screening in private clinic waiting rooms and referrals for computer-aided
digital X-ray diagnosis. This model includes screening and management of co-morbid conditions such
as diabetes and chronic obstructive pulmonary disease to generate revenue for this social enterprise. In
India, the Initiative for Promoting Affordable, Quality Tests (IPAQT) initiative (www.ipaqt.org), coordi-
nated by the Clinton Health Access Initiative (CHAI), brought together a group of private laboratories into
a partnership for promoting use of WHO-approved TB tests in the highly fragmented private sector. CHAI
facilitated an agreement between the participating laboratories and negotiated with suppliers/distributors
of WHO-approved tests (Xpert® MTB/RIF, LPA and liquid cultures). The laboratories that are part of IPAQT
sign a charter and are eligible to access lower negotiated prices for these tests in exchange for meeting
certain guiding principles laid down in the charter that, inter alia, include, case notification, affordable and
agreed-upon ceiling pricing to patients and non-use of banned serological tests. Since its launch in 2013,
IPAQT has grown to include 70 member laboratories across India. These member laboratories collectively
account for over 3500 collection centres, covering approximately 80% of the districts in India. The number
of Xpert® MTB/RIF tests and Hain Lifescience Genotype MTBDRplus used in the private sector in IPAQT’s
first 18 months (2013-2014) is over 60 000 tests, up from less than 2000 tests during the whole of 2012.

Regardless of whether TB patients seek care in the public or the private sector, it is important to ensure
that they receive quality care that is accessible and affordable.** Models such as those used by Interactive
Research and Development and IPAQT are among many such approaches being tried out in various set-
tings. Continued innovation in the development of scalable, sustainable and replicable business models to
provide complete, patient-centric solutions is, therefore, crucial.

6.2. Unmet needs and high-priority TPPs for new diagnostics

While the Xpert® MTB/RIF assay is a much-needed breakthrough, it was not designed to reach lower tiers
of the health-care system, and not intended to meet all needs (e.g. it cannot detect latent TB or resistance
against multiple drugs). High cost is also a hurdle for underfunded NTPs.

A recent study of various stakeholders helped establish the most important unmet needs, and helped iden-
tify TPPs that are of highest importance. Kik SV et al. conducted a priority-setting exercise to identify the
highest priority tests for TPP development and investment in research and development. For each of the
potential TPPs, 10 criteria were used to set priorities, including prioritization by key stakeholders (e.g. NTP
managers), potential impact of the test on TB transmission, morbidity and mortality, market potential and
implementation and scalability of the test.!

As shown in Table 6, a rapid, sputum-based, molecular test for microscopy centres (with the option of
add-on DST cartridge) was ranked highest, followed by a rapid biomarker-based, instrument-free test for
non-sputum samples (which can also detect childhood and EPTB).
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Table 6. Prioritization of target product profiles (TPPs) for new diagnostics according to 10
criteria, by various stakeholders

Prioritization by

Implementation

key stakeholders Market and scalability =

<

Potential 7

Target product Potential to | Potential | to reach Potential =
profiles for Patients and National Potential to | reduce TB | (global) | the market | useasa Potential 2
potential new TB community | tuberculosis reduce TB |morbidity and | market | inthe next | point-of-care | to get o

diagnostic tests advocates | programmes | practitioners |Researchers| incidence mortality size 5 years test scaled-up
TRIAGE, RULE OUT AND SYSTEMATIC SCREENING TEST

A Triage test for those

¢ 26 | 3
seeking care
An HIV/ART clinic-based . . ; e
H test to rule out active TB medium | medium g g 26 | 3
c Syster_natlc screening test wisdii: | (TS o sl s 5
for active case finding >

RAPID TB DIAGNOSIS TEST (WITH OPTIONAL DRUG SUSCEPTIBILITY TESTING)

Rapid, sputum-based,
cartridge-based, molecular
D test for microscopy centers
{with the option of add-on
drug susceptibility testing
cartridge)

high high h hig 295 1

Rapid biomarker-based
instrument-free test for
E | non-sputum samples
{which can also detect
childhood and
extrapulmonary TB)

Multiplexed test for TB and
other infectious diseases

NEXT-GENERATION DRUG SUSCEPTIBILITY TEST

Centralized,
high-throughput,

drug susceptibility test
G | (incorporating new drugs medium
to support the roll out of
new TB treatment
regimens post 2014)

TREATMENT MONITORING TEST

]| Lrestant monitoringtest medium rmedium low medium Lo low lows
(test for cure) medium

PREDICTIVE TEST FOR LATENT TB INFECTION

Predictive test for latent TB
I | infection at high risk of medium high low lows low 23 6
activeTB
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based on the total score for all 10 criteria, where respectively 3, 2, 1, 2.5 and 1.5 points were attributed for consensus answers that were “high”,
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“medium’, “low’, “medium-high” or “low-medium”. The TPP ranked first received the highest score and was, therefore, judged as highest priority.
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Source: reproduced with permission from Kik SV et al.1

Given the variety of felt needs, and diversity of sites where testing can occur (Figure 32), it is important
for product developers to have access to: (i) a clearly identified list of diagnostics that are considered high
priority by the TB community; (ii) well-developed, detailed TPPs for priority diagnostics; and (iii) up-to-
date market size estimates for the priority TPPs. These issues are being addressed by ongoing activities,
supported by the BMGF, FIND, UNITAID and NDWG.

Detailed TPPs have been developed for the rapid sputum-based molecular test and a biomarker-based
assay (ranked first and second), as well as for a triage test (ranked third). In parallel, a TPP for a rapid
DST for new drug regimens has been developed under the aegis of FIND and CPTR.

All TPPs underwent an expert Delphi process to reach consensus, and were reviewed at a Consensus
Meeting on High Priority Target Product Profiles for TB diagnostics, convened by WHO in April 2014, in
conjunction with the Global Laboratory Initiative and NDWG. The final consensus report, with revised
TPPs, will be published by Q3/Q4 2014.

Technical Report 75



2014 Tuberculosis Diagnostics Technology and Market Landscape

Figure 33. Diversity of potential TPPs across the spectrum of POC testing
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6.3. Ongoing efforts to estimate market for new TB diagnostics

Efforts are also ongoing to quantify the potential market value around the various priority TPPs. For the
highest ranked TPP (smear replacement molecular test), the market value estimate was published recently
by Kik SV et al., who surveyed experts in each of the 22 TB HBCs in order to estimate the current SSM
market and its potential replacement market for the diagnosis of PTB.?

The survey showed that 22 HBCs performed a total of 77.6 million sputum smears annually at a value of
US$ 137 million in 42 827 microscopy centres. Of these, 61 % was done in the BRICS countries. The annual
SSM market size for the initial diagnosis of TB in the 22 HBCs was estimated to consist of 61.7 million
smears (79% of 77.6 million) at an expenditure of US$ 109 million (range based on IQR of smear costs;
US$ 79-166 million). After accounting for the assumptions about single replacement tests at a cost of
US$ 5, the authors estimated the potential market size for a replacement test to be 30.8 million tests, with
a potential market value of US$ 154 million per year. This analysis did not account for the private-sector
smear market and thus may have underestimated the market potential.

Similar efforts are now under way to estimate the potential market for a triage test, a biomarker-based test
and a DST TPP for new drug regimens. This builds on a parallel initiative to estimate the current served
available TB diagnostics market in Brazil, China, India, and South Africa led by the McGill International
TB Centre and supported by FIND, the BMGF, UNITAID and NDWG.

Results of the assessment of the served available market in Brazil were recently published.?*> During 2012,
an estimated total of 2.4 million TB diagnostic tests were done in Brazil, resulting in an estimated overall
market value of US$ 17.2 million. The public sector accounted for 91 % of the test volumes and 88 % of the
market value. Smear microscopy was the most commonly used test (n = 1.3 million; 55% of the total) at
an estimated value of US$ 3.7 million. Culture overall (n = 302 761) represented 13 % of test volumes and
40% (US$ 6.9 million) of the market value. On average, US$ 208 was spent on TB diagnostics for every
notified TB patient in Brazil in 2012. Results of similar market assessments in China, India and South
Africa will be available by late 2014.
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In addition to estimating the potential replacement market for SSM, efforts have been made to summarize
the current state of peripheral microscopy centres where most smears are done, and where next-generation
molecular tests are being aimed at. Because microscopy centres are usually embedded in or attached to
primary health centres, they are closer to patients than district or subdistrict-level hospitals and laborato-
ries. This suggests that TB can be diagnosed earlier at the microscopy centre level.

Denkinger CM et al. have published a survey of microscopy centres in 22 highest TB burden countries.*¢
They surveyed multiple respondents from each country and asked them to complete a simple question-
naire, keeping in mind a typical, peripheral microscopy centre. The results of the survey are summarized
in the “heat map” (Figure 33), which highlights scarcity of infrastructure (e.g. temperature control; unin-
terrupted power), lack of basic equipment (e.g. biosafety hood; centrifuge) and limited skills at the level
of peripheral microscopy centres in all HBCs, although BRICS countries fare better than the others.

Figure 34. Heat map showing characteristics of peripheral microscopy centres in 22 high-TB
burden countries
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Notes: Questions related to environmental conditions (Is temperature or humidity not a concern?), infrastructure (Is stable power supply,

clean water supply present?), presence of equipment (Are N95 respirator, micropipettes, refrigerator, incubator, centrifuge, hot water bath or
biosafety hood present?) and skills (Are staff able to operate a micropipette or computer or perform a PCR test?) and the presence of means of
communication (Is landline, mobile network or internet present?). Additional questions asked about whether quality assurance (QA) measures
were established and which smear methods were currently used. Countries are sorted by increasing purchasing power parity. BRICS countries
are Brazil, Russian Federation, India, China and South Africa. Congo refers to the Democratic Republic of the Congo; ZN, Ziehl Neelsen; and FM,

fluorescence microscopy.

Source: Adapted with permission from Denkinger CM et al.>*®
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6.4. Market shortcomings

The ongoing rollout of Xpert® MTB/RIF has had a positive influence on the TB diagnostics landscape, and
has attracted new investments, product developers and a robust pipeline of promising technologies. It has
also paved the way for wider access to molecular tests and universal DST and prepared the ground for the
next wave of innovative technologies. Lessons learnt from Xpert implementation will be invaluable for
scaling up next-generation technologies.

The unprecedented scale-up of Xpert® MTB/RIF has thus, in many ways, reinvigorated the market for
TB diagnostics. As described in section 5, the technology landscape offers a robust pipeline of commer-
cially available products and new technologies in late-stage development—including smaller, simpler
and more robust options that may be more amenable to use at the POC, or address unmet and evolving
diagnostic needs.

Despite progress, however, challenges persist. High cost of Xpert, dependence on a single-source supplier,
exclusion of the private sector in HBCs from negotiated pricing agreements and difficulties in implement-
ing this test in lower tiers of the health-care delivery system (i.e. primary care centres and peripheral
microscopy labs) are important concerns. Also, emerging data suggest that the impact of Xpert on TB
transmission and mortality may be limited because of widespread empiric therapy, weak health systems
and lack of adequate linkages between diagnosis and treatment/follow-up. Models suggest that imple-
mentation of this technology as a DST tool in the public sector will probably have limited impact on TB
incidence, especially in settings where patients often seek care from private and informal sectors.

The market has many shortcomings, in the public (NTP) sector as well as the private (non-NTP) sector.
These shortcomings, and some of the reasons for them, include:

Availability: There is no true, simple, inexpensive POC TB diagnostic test: GeneXpert still requires basic
laboratory infrastructure. Furthermore, while newer NAATs designed for microscopy centres have emerged,
few have been adequately validated for policy and scale-up.

Reasons: Significant technical challenges (e.g. biomarker discovery) hinder development of a true POC
product. Insufficient or inappropriate field evaluation deters wider application of newer NAATs. Unclear
potential market and lack of clarity on available market share after GeneXpert scale-up reduce developers’
willingness to invest in research. Laboratory capacity for existing culture, DST and molecular testing is
suboptimal in most HBCs, and while Xpert can rapidly increase access to DST, numbers of tests performed
remain low in most HBCs, with the exception of South Africa. Lack of resources for expensive second-line
TB drugs (which are expensive) and effective programmatic management of MDR TB can deter commit-
ment to universal DST (that is, NTPs can be reluctant to move towards universal DST without ensuring
capacity to manage MDR TB).

Acceptability/adaptability: Current diagnostics are not adapted for specific patient groups or decentral-
ized health-care settings. For example: (i) limited DST ability; (ii) no ability to perform multiple different
tests (multiplatform functionality); (iii) not suited for children (the tests require sputum, which is hard
to collect from children); and (iv) not suited for populations with low levels of mycobacteria in sputum
(children, HIV co-infected patients, cases of extrapulmonary disease).

Reasons: Technical difficulty of developing technologies to address specimen collection and other chal-
lenges presented by specific patient groups. Although biomarker discovery is an active area and several
potential products (e.g. antigen or antibody detection tests; VOCs, enzymatic detection) are under devel-
opment for non-sputum-based testing, no test under development is likely to be on the market with policy
endorsements within the next three to five years.

Affordability: New technologies are expensive: the GeneXpert machine costs US$ 17 500 (4-module), and
each cartridge costs about US$ 10 to preferred buyers, or considerably more in the private sector (typical
retail cost: US$ 60).
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Reasons: Monopolistic supplier. High complexity of incorporating multiple reagents into a robust cartridge.
Pricing agreements (e.g. buy-down pricing) are not accessible to private sector purchasers, even in low-
income countries. In addition, import duties, markups by distributors and intermediaries, referral fees and
incentives to providers result in significantly inflated pricing to patients in the private sector.

Quality: No information on quality of diagnostics to guide procurement. Continued use of inappropriate
tests, particularly in the private sector. Insufficient regulation of TB tests and in vitro diagnostics (IVD) in
general often results in suboptimal tests being easily available on the market.

Reasons: Limited global quality assurance processes for TB diagnostics; current reliance on ad hoc recom-
mendations from the WHO STAG-TB committee. Limited in-country regulation of laboratories (e.g. few
laboratories with accreditation or quality assurance) and of IVD. Underutilization of WHO-endorsed tests
in favour of cheaper suboptimal tests (e.g. TB serology).

Delivery: Supply constraints affecting delivery of GeneXpert cartridges, and concerns about high rates of
module failure in some settings.

Reasons: Monopolistic market with limited production capacity. No alternative suppliers for purchasers to
use. Dust and environmental conditions causing Xpert module failure.

Delivery: Barriers to adoption of novel innovative technologies hinder uptake.

Reasons: Novel product types require extensive training and integration into diagnostic and clinical
algorithms.

Delivery: Currently, most NTPs do not offer universal DST, resulting in less than one in four cases of MDR
TB being detected. Xpert is often reserved for patients at risk of MDR or HIV, and not as a tool for early
case detection in all patients with presumed TB.

Reasons: Public sector reliance on SSM that cannot detect drug resistance (i.e. only patients who fail to
respond to standard treatment, or have recurrence of TB, are screened for MDR TB, resulting in morbidity,
and continued transmission). Due to limited budgets, many NTPs have limited capacity to scale up new
diagnostics (especially DST) without external donor support.

Delivery: Poor adherence to standards and guidelines and low quality of care, especially in the private
sector—in turn resulting in widespread empiric treatment that is not supported by any diagnostic (i.e.
underuse of good tests).

Reasons: Perverse incentives to use inappropriate tests and non-standard treatments in the private sector.
Poor linkages between the private sector and NTP in many countries.

6.5. Potential opportunities for market intervention

As noted in section 5, the 2014 TB diagnostics technology landscape looks promising, with many product
developers and a robust pipeline of technologies. Emerging technologies include smaller, simpler, more
robust and portable options to address needs for more decentralized testing—including competitive alter-
natives to Xpert® MTB/RIF that may be better positioned to replace or complement smear microscopy in
the most decentralized settings. However, lack of evidence in intended settings remains a market access
barrier for most next-generation molecular tests (Eiken Loopamp™ MTBC Detection Kit being a possible
exception), with WHO endorsement unlikely in the next two to three years.

With the recent US FDA approval of BED, EMA approval of delamanid and the likely introduction of new
TB drug regimens, new technologies are needed to detect the emergence of novel alleles associated with
drug resistance. NGS is expected to become more affordable and accessible and may address the need for
new DST tools; NGS will lead the identification of these new alleles so that developers can subsequently
create assays to detect them. These companion diagnostics will then be used to detect resistance to emerg-
ing drug regimens, including new and existing TB medicines, and could ensure a coherent, seamless
approach to the test and treat strategy.
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In the longer term, the need for a biomarker-based, low-cost, non-sputum-based test remains a key prior-
ity. Such a test could potentially be implemented at points of first contact in the community—not only
to diagnose TB, but also potentially to help triage people who require confirmatory testing. Although
biomarker discovery is an active area, no test under development is likely to be on the market and policy
endorsed within the next five years.

The engagement of several new product developers in the TB space is a promising development and it is
important to sustain and support their interest. Recently developed priority TPPs offer a starting point and
provide guidance for targeted development efforts by manufacturers interested in entering the TB diagnos-
tic area. In addition, there have been recent efforts to quantify or estimate the market size, reflecting the
most important unmet needs and potential for commercial developers.

UNITAID recognizes that first-contact TB care providers are often those in the informal or private sec-
tor, particularly in some HBCs such as Bangladesh, India and Pakistan. As described earlier in section
6, engagement of these private-sector care providers can significantly improve TB diagnosis and care.
Increasing private-sector care providers’ access to appropriate diagnostic tools could improve diagnostic
accuracy and shorten delays in initiating effective TB treatment. However, private sector care providers
may respond to different incentives and drivers of behaviour than those in the public sector. Continued
innovation in the development of scalable, sustainable and replicable business models to provide com-
plete, patient-centric solutions is, therefore, crucial.

In summary, potential market-based interventions related to TB diagnostics may include efforts to:

W Accelerate market entry for innovative POC TB diagnostics, especially those positioned to replace
smear microscopy in the most decentralized settings. Where critical for access, consider supporting
capacity to scale up manufacturing and/or appropriate field evaluation of newer tests to generate
performance data needed to inform NTP policies.

B Sustain and support manufacturers’ engagement in development of new TB diagnostics that address
unmet needs (e.g. evolving DST capability; use of specimens other than sputum). Support efforts to
describe priority TPPs and quantify potential markets for these diagnostics.

B Develop or refine novel approaches to engage private sector care providers, including innovative
business models that leverage market-based incentives for appropriate TB diagnosis.

As noted in the previous (2") edition of the UNITAID TB diagnostics technology and market landscape,'”
additional potential interventions may include efforts to:
m Support global efforts to develop quality assurance policies and systems for TB diagnostics.

m Facilitate development of open platforms or generic competition and TB diagnostics for use in
underserved patient groups, including EPTB, children and PLHIV.
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Appendix: NAAT product attributes
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