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ABSTRACT

Isolation and Characterisation of Novel DNA Aptamers against

Mycobacterium tuberculosis Biomarkers: New Tools for Tuberculosis Diagnostics

B. Amos-Brown

Institute of Infectious Disease and Molecular Medicine, Division of Chemical and Systems Biology,
Department of Integrative Biomedical Sciences, University of Cape Town

Tuberculosis is a curable disease with an average treatment success rate of 86 %. Despite this, there
were an estimated 1.5 million deaths due to tuberculosis in 2013, most of which occurred in low and
middle-income countries. In order to overcome tuberculosis in developing countries innovation in
diagnostics is key to administering treatment.

While detection of whole mycobacteria has been favoured in the past to diagnose tuberculosis,
culturing mycobacteria is costly, and microscopy is often not sensitive enough due to low bacterial
loads. Detection of Mycobacterium tuberculosis biomarkers in urine, a safe and easy specimen to test,
could offer a cost effective and simple solution to identify patients with tuberculosis.

Enzyme linked immunosorbent assays (ELISAS) were performed on concentrated tuberculosis patient
urine to detect two M. tuberculosis biomarkers: lipoarabinomannan (LAM) and early secreted
antigen-6 kDa (ESAT-6). Concentrating urine improved the detection of LAM in human
immunodeficiency virus (HIV) negative patients and patients with a CD4 count > 200 cells/pl.
ESAT-6 was not detected by ELISA due to a high background signal caused by the available
antibodies cross reacting with a human protein present in urine which was identified by western blot
and mass spectrometry. Targeted mass spectrometry did not detect ESAT-6 or its dimer partner,
culture filtrate protein-10 kDa (CFP-10) in tuberculosis positive patient urine.

Since concentrating urine samples is impractical in a clinical setting a more sensitive diagnostic is
needed to detect LAM in urine and ESAT-6 or CFP-10 in other samples. Aptamers can be packed
more densely on biosensor surfaces increasing the dynamic range of detection while matching the
affinity that an antibody has for a biomarker. Chemically modified DNA aptamers were isolated for
LAM and the ESAT-6.CFP-10 dimer. The aptamers were characterised by enzyme linked
oligonucleotide assays (ELONAS) and biolayer interferometry. One aptamer bound with high affinity
to ESAT-6 while one aptamer bound with low affinity to LAM.

The use of aptamers as capture agents for detecting biomarkers in biological specimens thus appears
to be a viable option for diagnosing tuberculosis, although availability and concentration of individual
biomarkers seems likely to remain key to the choice of specimen in which to make diagnostic
measurements.
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1 LITERATURE REVIEW

1.1 Introduction

Mycobacterium tuberculosis is a pathogen that has evolved over an extended period in a niche
environment, the human lung (Comas et al., 2013). Robert Koch identified M. tuberculosis as the
causal agent of tuberculosis (TB) over a century ago (Koch, 1890), but there was no effective
treatment at the time. Drugs against TB such as isoniazid (Fox, 1961) were discovered during
the mid to late 20t century and are still used today. TB is a curable disease with an average
treatment success rate of 86 %. However, there were an estimated 1.5 million deaths due to TB
in 2013 and the majority of these deaths occurred in low and middle income countries (WHO,
2014a). The economic cost of TB care in resource-poor countries places a large burden on
strained economies (Ukwaja et al,, 2012). In order to overcome TB in developing countries,
innovation in diagnostics is key to treating TB; without accurate diagnosis, the correct

treatment cannot be administered.

1.2 Distribution and Burden of Disease/ Epidemiology

TB is most prevalent in Africa and Asia and the total number of active TB cases in 2013 was
9 million (Figure 1.1) (WHO, 2014a). Each country has its own unique challenges. Some of the
risk factors associated with TB include Human Immunodeficiency Virus (HIV) infection,
poverty and silicosis. An estimated 1.1 million people were co-infected with TB and HIV in 2013
(WHO, 2014a). HIV infected patients are more susceptible to TB due to their immune
compromised state (Daley et al, 1992; Corbett et al., 2003). Malnutrition, especially a lack of
protein in the diet, can also compromise cell-mediated immunity which is the primary defence

against TB (Cegielski and McMurray, 2004). While poverty can lead to malnutrition, crowded
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living arrangements and limited access to health care aggravate the transmission of TB. Mine
workers or others with silicosis are at a higher risk of TB infection due to damaged lung tissue
(Corbett et al, 1999). The above factors highlight the need for interventions which are cost

effective and functional in resource-poor settings.

FIGURE 2.5
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Figure 1.1 Estimated TB incidence rates

Highest incidence in Sub-Saharan Africa. Adapted from WHO 2014 Report (WHO, 2014a).

1.3 Physiology of Mycobacteria

M. tuberculosis is part of the Actinomycete family which includes environmental bacteria
typically found in the soil and a subset of pathogenic bacteria, such as M. tuberculosis, M. avium,
M. bovis and M. kansasii. A distinguishing feature of environmental mycobacteria is that they

typically grow faster than the pathogenic species (Madigan et al,, 2012).

All mycobacteria are rod-shaped and Gram positive except that they have a substantially higher
lipid content (40%) in their outer layer than typical Gram positive (5%) or Gram negative
bacteria (10%) (Youmans, 1979). This property prevents the common red Gram stain from
exiting the bacteria even after washing with 3% HCI in alcohol, hence Ziehl-Neelsen or acid-

fast staining is useful for identifying mycobacteria (Madigan et al, 2012). This additional layer
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of lipids also helps the bacterium to survive the adverse conditions of the macrophage and

deems them more resistant to drugs (Chan et al, 1991; Koul et al,, 2011).
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Figure 1.2 Mycobacterial cell wall

(http://2009.igem.org/wiki/index.php?title=Team:SupBiotech-Paris/Concept1&o0ldid=159486)

The lipid layer containing mostly mycolic acids is covalently linked to the arabinogalactan
component of the wall which is in turn linked to the peptidoglycan layer (Figure 1.2). Teichoic
acids which are embedded in the cell wall are responsible for the net negative charge on the
cell surface. Some teichoic acids are covalently bound to lipids (Madigan et al, 2012).
Lipoarabinomannan (LAM) is found embedded in the cell membrane or near the surface of the

cell wall (Alsteens et al.,, 2008). LAM will be discussed in more detail in Chapter 2 and Chapter 4.

1.4 Actiology and pathogenesis
TB is transmitted via small droplets exhaled by people with active TB (Figure 1.3). After

M. tuberculosis is inhaled into the lungs, a complex immune response ensues and M. tuberculosis
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orchestrates a counter attack by dysregulating several pathways of the immune system (Ellner,

1997; Baena and Porcelli, 2009; Urdahl, Shafiani and Ernst, 2011).
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Figure 1.3 Tuberculosis pathogenesis

M. Tuberculosis is inhaled and enters the lung. Mycobacteria replicate inside
macrophages and granulomas are formed. Necrotic granulomas release the
mycobacteria, which are transmitted via aerosols [adapted from (Cambier, Falkow and

Ramakrishnan, 2014)].

The range of virulence observed amongst clinical isolates is surprising given the limited genetic
diversity of M. tuberculosis (Mathema et al.,, 2006). Gagneux et al. suggest that six phylogenetic
lineages are associated with particular geographical regions which has implications for the
study of TB epidemiology (Figure 1.4)(Gagneux et al, 2006). The W. Beijing strain is of
particular interest as it appears to be increasing in prevalence indicating greater fitness than
other strains (Liu et al., 2014). While identifying genetic mutations may give clues to
phenotypic differences (Sreevatsan et al, 1997), further proteomic studies are needed to
illuminate phenotypic diversity (Parwati, van Crevel and van Soolingen, 2010; Peters et al,,

2016).
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Figure 1.4 M. tuberculosis global phylogeny.

(Gagneux et al., 2006) |

M. bovis lineage

Large sequence polymorphisms (LSPs) define the global phylogeny for M.
tuberculosis. Numbers indicate the names of the LSPs or regions of difference.

Geographic regions are associated with specific lineages as indicated. [adapted from

The study of the immunopathology of M. tuberculosis is ongoing as it is difficult to recreate the

precise diseased environment found in human lungs. Many studies have been performed in

mice models where M. tuberculosis remains inside the macrophages; as the current dogma
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suggests, it is an intracellular pathogen for most of its lifespan. However, Orme argues that
M. tuberculosis is largely an extracellular pathogen and it drives the human immune response
to necrosis in order to prepare for escape (Turner, Basaraba and Orme, 2003; Orme, 2014), yet
mice do not ordinarily develop necrotic lesions after M. tuberculosis infection. Hence, more
studies are needed in the Kramnik mice model (Driver et al, 2012) or guinea pigs to study M.

tuberculosis in an extracellular necrotic environment (Turner, Basaraba and Orme, 2003).

Not all people exposed to M. tuberculosis progress to active disease, but may instead develop a
latent infection. Latent infection is classified as having an M. tuberculosis infection which is not
detected clinically. The state of the mycobacteria during latent infection is not well understood,
but it seems they form a spectrum of dormant to replicating bacteria which are intrinsically
resistant to drugs and the immune response. Orme argues that the classic idea of molecular
latency is false and argues instead that M. tuberculosis prepares for transmission by entering a

persistent state rather than a truly dormant one (Orme, 2014).

Most TB cases are restricted to lung infections. However, some cases progress to
extrapulmonary disease where the bacteria spread to other organs. One of the more dangerous
types of extrapulmonary TB is meningeal TB, where the mycobacteria access the membrane
around the brain and can be found in the cerebrospinal fluid. It is estimated that 15-20% of TB
patients develop meningeal TB and as many as 50 % of HIV positive patients (Berenguer et al.,

1992; Kashyap et al., 2009)

The rise in TB has been partly attributed to the HIV epidemic which flared in the 1980s. HIV
patients are more susceptible to TB because T-cells critical in the defence against
M. tuberculosis are depleted in HIV patients (Kalsdorf et al., 2009). The majority of co-infections
are restricted to Africa rather than Asia and South America (other endemic regions) (WHO,
2011e). In an effort to reduce TB transmission, mortality and morbidity, HIV patients are
screened for TB symptoms. Unfortunately, they are more difficult to diagnose due to
extrapulmonary disease, paucibacillary sputum samples and lack of typical symptoms (Reid

and Shah, 2009).

1.5 Vaccination

Vaccines typically dramatically lower the transmission of the target disease and can even lead
to eradication of infectious diseases in some cases (e.g. polio and small pox). In the case of TB
there is only one vaccine currently in use. It is derived from an attenuated strain of

Mycobacterium bovis named M. bovis Bacillus Calmette-Guérin (BCG). The live BCG vaccine
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confers variable protection, especially if an individual has been exposed to M. tuberculosis or
other mycobacteria. Latitudes closer to the equator have reported reduced efficacy of the
vaccine, probably due to increased exposure to environmental non-tuberculous mycobacteria.
Unexposed children benefit more from vaccination than adults. BCG protects against childhood
miliary or meningeal TB but has variable success in preventing pulmonary TB. This protective
immunity does not lastbeyond childhood and booster doses of BCG do not confer any additional
protection (Rodrigues et al., 2005). Because of this limited benefit, BCG vaccination is currently
only recommended in endemic TB regions. The question of why BCG vaccination is so
ineffective in high burden settings remains the subject of much on-going research, but there is

not yet a clear-cut answer.

While efforts to develop an effective vaccine continue, the complex relationship of
M. tuberculosis with the human immune response has made it difficult to pin down an effective
vaccine. Gene expression studies that map the immunopathology of TB in theory should help
to design better vaccines (Bloom et al, 2013). The challenge though lies in finding immune
correlates of protection against TB infection. Currently the only method to verify if a vaccine is
effective is to determine if the vaccinated group have higher rates of active TB than BCG

vaccinated or non-vaccinated individuals (McNerney et al., 2012).

1.6 Treatment

Tuberculosis is a treatable disease. The majority of bacteria are eliminated within the first two
weeks of treatment for drug susceptible TB (Donald and Diacon, 2008). However, in order to
eliminate persistent mycobacteria, treatment regimens are typically six to nine months. A
typical regime consists of 2 months of isoniazid, rifampin, pyrazinamide, and ethambutol
followed by a 4 months of isoniazid and rifampin (Nahid et al., 2016). Due to this long regime,
patients often default on their treatment, which increases the risk of drug resistant strains

evolving and taking hold in a community (Parsons et al., 2011).

Most of the first line drugs target an element of the cell wall or membrane. Isoniazid interferes
with mycolic acid synthesis, while ethambutanol inhibits the polymerisation of arabinans
destined for arabinogalactan and LAM (Chatterjee, 1997). Pyazinamide disrupts membrane

energetics and transport, and rifampin inhibits RNA polymerase (Wehrli, 1983; Zhang, 2003).

Drug resistant strains are difficult and expensive to treat. New drugs to treat drug resistant
strains have been slow to emerge. The only recent drug is bedaquiline which targets ATP

synthase (Diacon et al.,, 2009, 2012; Cox and Laessig, 2014; Pym et al., 2016).
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Diagnostic tests that could monitor the progress of treatment would be beneficial for
identifying patients who had resistant strains and would perhaps shorten the course of

treatment.

1.7 Diagnostics

Global case detection rates are estimated to be 64% of all incident tuberculosis cases, which
means a projected 36% of cases remain undiagnosed and therefore untreated. In endemic
countries, the estimate for case detection rates vary from 17% to 87%, leaving many infectious
patients to transmit the disease (WHO, 2014b). While restricted resources and poor case
reporting are factors for low case detection rates, current diagnostic tests and practices are
inadequate to detect tuberculosis effectively. Hence, better diagnostics and practices are

needed which can be used in diverse settings.

Diagnostic tests aimed at resource-poor settings should be cost effective and convenient
(Pantoja, Kik and Denkinger, 2015). The 2012 diagnostic market in South Africa was estimated
at 98 million USD while the Brazilian market was estimated at 16-17 million USD (TB
Diagnostics Market Analysis Consortium, 2014, 2015). Current spending on diagnostics
indicates what is affordable and if assistance is required for initial capital costs of new
diagnostic tools. The successful roll-out of the Xpert MTB/RIF® assay in South Africa shows
that there is a market for new and improved diagnostic tools in developing economies (TB
Diagnostics Market Analysis Consortium, 2015). Disinvestment of redundant resources will
also affect the market and should be considered when implementing new strategies (St John

and Price, 2014).

New and current diagnostic tests are usually compared to the gold standard test to judge their
effectiveness. Four metrics derived from this comparison are: sensitivity, specificity, positive

predictive value (PPV) and negative predictive value (NPV).

Sensitivity and specificity are the most commonly used metrics for research and policy
purposes. However, they should not be confused with analytical sensitivity and specificity, i.e.
limit of detection and ability of a molecule to recognise another molecule specifically (Saah and
Hoover, 1997). For the following discussion, sensitivity and specificity will refer to the
diagnostic metrics. Sensitivity is the proportion of people with disease who will test positive
and specificity is the proportion of people without the disease who will test negative. Note that
these metrics do not give an indication of how many people may have a false positive (FP) or

false negative (FN) result. PPV “represents a proportion of patients with a positive test result
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in the total of subjects with positive result [true positive (TP)/TP+FP]” and NPV represents the
“proportion of subjects without the disease with a negative test result in the total of subjects
with negative test results [ true negative (TN)/TN+FN]” (Simundié¢, 2008). Hence, PPV and NPV,
which indicate the probability that a positive result or negative result is true, are more useful
in clinical settings. PPV and NPV values will vary depending on the prevalence of a disease in a
population. Current TB diagnostics that are in routine use are described in the following

sections.

1.7.1 Culture

The gold standard diagnostic for identifying M. tuberculosis is to culture the mycobacteria from
patient specimens, typically sputum. Historically, this was time consuming due to
M. tuberculosis only doubling every ~ 24 hours. The current automated liquid culture systems
can produce results within 14 days. However, turn-around time depends on how many bacilli
were in the patient specimen and logistics such as backlogs at testing centres. Automated
culture systems have high sensitivity (75-100%) and specificity (>99%), and the ability to
identify drug resistant strains with drug susceptibility tests (DST) (Palomino et al, 2008).
However, liquid cultures are prone to contamination, consequently they are subject to various
tests to confirm the presence of M. tuberculosis, such as observing the morphology, or
performing Ziehl-Neelsen staining and biochemical tests (Asmar and Drancourt, 2015) . While
this method serves well as a gold standard, it requires disproportionate time, infrastructure

and highly trained personnel to be an effective diagnostic.

1.7.2 Smear Microscopy

Ziehl-Neelsen or acid-fast smear microscopy is the most common first line diagnostic because
it is affordable and rapid. However, the sensitivity varies from 32 to 94 % depending on the
bacterial burden, quality of the sputum sample and the skill of the technician (Steingart, Henry,
etal, 2006). The proportion of smear negative patients increases in regions with high rates of
HIV-associated TB (Elliott et al., 1993; Colebunders and Bastian, 2000; Getahun et al.,, 2007).
Historically, smear negative tuberculosis had reasonable outcomes; however, smear negative
HIV positive patients are at greater risk of mortality (Mukadi, Maher and Harries, 2001).
Children also tend to be smear negative since they have difficulty producing sputum without

swallowing (Zar et al.,, 2005).

Sputum induction improves the diagnosis of HIV and paediatric patients by smear microscopy,

a less invasive method than gastric or bronchial lavages (Zar et al., 2005; Peter et al., 2014).
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Other techniques to improve sensitivity include concentrating sputum samples, light emitting
diode (LED) microscopes and fluorescent auramine staining. FM-LED microscopy improves
sensitivity by an average of 10% due to the larger area of the slide that is examined. Only a 25x
objective lens is needed for FM-LED microscopy, which reduces the risk of technicians missing
bacilli in low density samples (Steingart, Henry, et al, 2006; Steingart, Ng, et al, 2006). The
WHO recommended FM-LED microscopy to replace Ziehl-Neelsen staining in 2011, but by 2013
only 6 % of labs worldwide had adopted this system (WHO, 2011b, 2016a). South Africa is one
of the exceptions with 97% penetration of FM-LED microscopy (WHO, 2013b).

Despite improvements to this method, sensitivity remains variable: it cannot be used for
determining drug resistance, and it requires infrastructure and highly trained technicians
(Steingart, Henry, et al., 2006). Hence smear microscopy is being phased out in many countries

in favour of the rapid Xpert® MTB/RIF assay for diagnostics (WHO, 2016a).

1.7.3 Nucleic Acid Amplification Tests (NAAT)
The Xpert® MTB/RIF assay uses real-time PCR for the detection of M. tuberculosis and

mutations in the 81-bp rifampin resistance-determining region (RRDR) of the rpoB gene.

The assay sensitivity is better than smear microscopy, thus detecting patients that are typically
smear negative (Blakemore et al, 2010; Helb et al.,, 2010; Armand et al, 2011; Boehme et al,
2011; Marlowe et al.,, 2011; Detjen et al.,, 2015). The new Xpert® MTB/RIF Ultra assay has been
designed to overcome some of the shortfalls of the first-generation assay with improvements
in sensitivity in the hope of targeting paucibacillary samples from paediatric, HIV-associated
and extrapulmonary TB. It promises to be of equal sensitivity as culture, needing only 61 CFUs,
but specificity may be sacrificed in patients who have non-viable bacilli present after a recently
treated TB infection (Alland et al, 2015; Foundation for Innovative New Diagnostics (FIND),
2017; Zar, Workman and Nicol, 2017).

Additionally, it was found to be a cost effective first line diagnostic in sub-Saharan Africa but

more studies are needed to assess other endemic regions (WHO, 2013a; Langley et al., 2014).

The disadvantages of this technique are the continued need for skilled personnel and
laboratories, the dependence on intact mycobacteria (Scott et al, 2011) and an inability to

distinguish between live and dead bacteria (WHO, 2011c).

Loop mediated isothermal amplification (LAMP) is another method of detecting M. tuberculosis

DNA. It does not require a constant supply of electricity which is a benefit in developing
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countries where electricity may be intermittent, and it can be performed in under an hour. This
method allows for large amounts of amplicon to be generated which can be visually detected
by using “double-stranded DNA-binding dyes, such as SYBR green, by detecting the turbidity
caused by precipitating magnesium pyrophosphate or by using a non-inhibitory fluorescing

reagent that is quenched in the presence of divalent cations” (WHO, 2016b) .

LAMP has been used to target several genes as tabulated by Aryan et al (2013). The I1S6110 gene
is commonly used since there are multiple copies of this gene in M. tuberculosis (Aryan et al.,
2013). Current genes targeted by LAMP assays do not detect drug resistance though, hence the
Xpert® MTB/RIF assay is recommended ahead of LAMP unless there is an electricity supply
issue (WHO, 2016b).

LAMP is more sensitive than smear microscopy and is recommended for smear negative cases.
Compared to the Xpert® MTB/RIF assay, LAMP is less sensitive (78%), but has the same
specificity (98%) as the first-generation assays. However, LAMP is more cost effective than the
Xpert® MTB/RIF assay given that it is cheaper to implement and requires less infrastructure
as per cost-effectiveness calculations performed for Malawi and Vietnam. TB-LAMP had a
weighted average cost of between USD 13.78 and USD 16.22 and the Xpert MTB/RIF assay was
USD 19,17 to USD 28,34 (Sohn, 2016). The WHO has recommended it for pulmonary TB, i.e.
sputum samples, but not extrapulmonary specimens in labs where microscopy can be

performed (WHO, 2016b).

While most efforts to improve tuberculosis diagnostics have focussed on NAATSs there is an
inherit limitation to this approach. DNA is quickly hydrolysed in serum restricting NAATS to
samples where DNA is preserved within the whole bacterium such as sputum. Sputum poses a
risk to health care workers and the most vulnerable patients (HIV patients and children) have
difficulty producing sputum or have paucibacillary specimens (Zar et al, 2005; ]. G. Peter et al,
2012). Additionally, the need for electricity and skilled personnel are not trivial drawbacks,

especially in the case of the Xpert® MTB/RIF assay.

1.7.4 Immune Response Diagnostics

Diagnostic assays such as interferon-y (IFN-y) release assays (IGRAs), the tuberculin skin test
(TST) or antibody response assays measure the adaptive immune response against
M. tuberculosis. Briefly, interaction with foreign antigens activates the differentiation of
T helper (Th) cells into Th-1 and Th-2 cells. Activated Th-1 cells secrete cytokines such as IFN-

Y to activate the bactericidal pathways of macrophages and dendritic cells. Th-2 cells stimulate
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a B-cell response to produce antibodies, which is less well understood in the context of TB
(Achkar, Chan and Casadevall, 2015). Adaptive immunity retains memory T-cells after an

infection is cleared, thus repeat infections can be dealt with swiftly.

Immuno-diagnostics are primarily used to diagnose latent TB or determine exposure to
M. tuberculosis. The WHO (2015a) state that “latent tuberculosis infection (LTBI) is defined as
a state of persistent immune response to stimulation by Mycobacterium tuberculosis antigens
without evidence of clinically manifested active TB”. However, TB is a spectrum between latent

and active dependent on several variables rather than two binary states (Barry et al., 2009).

For the TST or “Mantoux” test, M. tuberculosis antigens are injected under the skin and a delayed
hypersensitivity reaction is measured the following day. The TST has been improved over time
by using more specific antigens, hence the modern TST is able to discriminate between BCG
vaccinated individuals and those exposed to M. tuberculosis (Elhay, Oettinger and Andersen,

1998; Colangeli et al., 2000; Arend et al., 2008; Wu et al., 2008).

For IGRAs, whole blood or PBMC’s are stimulated with TB antigens to elicit the release of IFN-y
from T-cells that have been previously sensitized by M. tuberculosis. IGRAs were designed to
replace the TSTs for diagnosis of latent TB, but they are more expensive and do not outperform
the TST in low- and middle-income countries (WHO, 2011d). Lower sensitivity in the
QuantiFERON-TB assay can be attributed to the peptide used, which is not the most immuno-
reactive for all populations (Horvati et al., 2016). A high incidence of HIV-associated TB also

results in lower sensitivity, since the general immune response is lower (WHO, 2011d).

The goal of latent TB diagnosis is to determine if isoniazid preventative therapy should be
administered. In endemic settings, it is not feasible to treat everyone with latent TB as it would
be too costly. It would be valuable if IGRAs could predict conversion to active disease. The
potential for IGRAs to predict the risk of developing active TB has been investigated but there
is a poor correlation between IGRA result and those that develop TB, including
immunocompromised patients (Mandalakas et al, 2008; Rangaka et al, 2012; Sester et al,

2014).

Hence, IGRAs are only recommended for use in upper middle to high income countries where

prevalence of TB is low enough to manage latent TB infections (WHO, 2011d, 2015a).

Another strategy to diagnose certain infectious diseases is to detect the antibody response to
the pathogen, such as the HIV serodiagnostic test which is simple and takes only a few minutes

to perform and read. Previously Steingard et al. explored the range of commercial serological
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TB diagnostics and concluded that no current serodiagnostic is robust enough for routine use
(Steingartetal,2011). Hence the WHO recommended against the use of rapid serological tests
for the diagnosis of TB (WHO, 2011a). However, more recently, a study using highly
immunogenic peptides from cell wall proteins has revived the possibility of a lateral flow point-

of-care test (Gonzalez et al,, 2014).

1.8 New Diagnostics

Improvements to current diagnostics should in principle reduce incidence, decrease the
duration of disease and increase case detection (Keeler et al., 2006; Abu-Raddad et al., 2009).
As discussed above, current diagnostics have shortcomings and new tools at different levels of
the health care system are needed. There is no silver bullet to solve tuberculosis diagnosis.

Hence several avenues need to be explored.

A key discussion in 2014 prioritised the following point-of-care tests for diagnosis of active

tuberculosis (WHO, 2014b; Denkinger et al., 2015):

e The triage test: “a point-of-care triage test, which should be a simple, low-cost test that
can be used by first-contact health-care providers to identify those who need further
testing”

e The biomarker test: “a point-of-care non-sputum-based test capable of detecting all
forms of TB by identifying characteristic biomarkers or bio-signatures”

e The smear replacement test: “a point-of-care sputum-based test to replace smear

microscopy for detecting pulmonary TB “

Several studies have used the 2014 WHO meeting report above to model the effect of the
hypothetical point-of-care tests on various markets with positive results (Denkinger et al,

2014; Kik et al.,, 2015; Pantoja, Kik and Denkinger, 2015).

A triage test with high sensitivity can be used as a rule out test which would be followed up by
a more sensitive test. Paired with a more time- and cost-efficient system at the peripheral lab
level, this approach would increase the detection rate of TB, allow for earlier treatment and
reduce transmission of tuberculosis. This is predicted to ultimately reduce the burden in a
region and contributes to the WHO’s goal of ending TB by 2030 (WHO, 2016a). A study by Van’t
Hoog et al. explored if it would be cost effective to have a triage test before Xpert® MTB/RIF
assay. Testing in Uganda, South Africa and India determined that the test should have the same
sensitivity as the Xpert® MTB/RIF assay, 75% specificity and cost of 5 USD to be accepted
(Van’t Hoog et al., 2013).
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A non-sputum biomarker or smear replacement test with moderate sensitivity and high
specificity would rule-in patients at the point-of care, as patients could be treated immediately.
A non-sputum test would be beneficial for EPTB since conventional tests start off with sputum.
Although it is important to be able to detect TB in difficult cases such as EPTB, children or HIV
patients, a model by Denkinger et al. suggests that detecting active pulmonary cases is more
efficient at reducing mortality than targeting difficult cases (Denkinger et al,, 2014). Hence,
most patients would be diagnosed at the point-of-care and more difficult to diagnose patients

would be referred for more sensitive laboratory based tests.

Which diagnostics will be commercially viable depends on how effective they are and whether
a particular market is ready to spend money on new diagnostics. For example, an excellent

biomarker test could replace the need for a sputum smear replacement test (Kik et al., 2015)

Currently there are several new diagnostics in the pipeline at different levels of the health care
system: point-of-care, peripheral lab, and reference lab (Figure 1.5). New diagnostics typically
go through several stages before they are released onto the market or endorsed by WHO.
Currently, there are few point-of-care diagnostics on the market due to the challenges of
delivering this type of diagnostic (McNerney and Daley, 2011). Some point-of-care tests in
various stages of development include antigen detection in urine, volatile organic compound

(VOC) detection, f3-lactamase detection and 2rd generation NAATS (Cheon et al.,, 2016).

VOC detection was initially restricted to laboratories, but mobile electronic noses are being
developed for use as point-of-care diagnostics (Kolk et al., 2010; Phillips et al, 2010; Bruins et
al., 2013). This technique has poor performance during validation as VOCs are produced for

several clinical conditions and are not easily linked to a particular disease (Bruins et al., 2013).

Global BioDiagnostics Corp, Texas, USA is developing a point-of-care diagnostic based on the
hydrolysis of a B-lactamase fluorogenic modified substrate by the BlaC enzyme expressed by
M. tuberculosis. A LED based portable imaging set-up makes it suitable for low resource

settings, but it needs further evaluation in the field (Xie et al, 2012).

Loop-mediated isothermal amplification is well suited for point-of-care as a steady electricity
supply is not essential. LAMP products in development target various genes including IS6110,

rpoB and REP13E12 (McNerney et al., 2015). Evaluation of these products is ongoing.

Antigen or biomarker detection is a promising option for a non-sputum point-of-care test.
Determine TB-LAM (Alere Inc., USA) is the only commercial test. Currently, it is only

recommended for severely immunocompromised HIV patients due to low sensitivity in other
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tuberculosis patients(Peter, Theron and Dheda, 2013)

New approaches to tuberculosis diagnostics rarely move past the initial stages of development
and many have not been tested in clinical settings. Those that have made it into clinical settings

have not performed well. Hence further innovation is needed in this space.
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Figure 1.5 Novel tuberculosis diagnostic pipeline

There are innovations at different levels of the health care system. Image adapted from

Cheon et al. (Cheonetal., 2016).

1.9 Biomarkers of disease

The Biomarkers Definitions Working Group defined a biomarker as “a characteristic that is
objectively measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention.”(Atkinson et al., 2001).
Typical biological molecules that are used in diagnosis include: metabolites, lipids, proteins and

nucleic acids.

A key criterion for biomarkers intended for diagnostic purposes is that they should be
detectable in patient specimens. Several promising biomarkers have been identified for
tuberculosis diagnostics (Walzl et al., 2008; Tucci, Gonzalez-Sapienza and Marin, 2014; Young
etal, 2014). The concentration of biomarkers in TB patient specimens is often correlated with
bacterial load (Yanez et al., 1986; Boehme et al, 2005; Wallis et al,, 2009), although Chanteau

et al. speculated that secreted antigens cannot accumulate in sputum as they might in serum.
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Sputum is continuously expectorated, but antigens in serum circulate for some time (Chanteau
et al, 2000). Diagnostics with several biomarkers or a bio-signature tend to have increased

specificity and sensitivity.

1.9.1 Patient Specimens

Previous studies detecting biomarkers in sputum had poor specificity (33.3-95.6%) and
sensitivity (9-60%) despite sputum originating at the site of disease and containing live
mycobacteria (Yanez et al., 1986; Chanteau et al., 2000; Dheda et al., 2010; Reither et al., 2010).
Culturing patient sputum specimens improves biomarker detection and allows for speedy
verification of M. tuberculosis presence. However this approach does not contribute towards a
point-of-care diagnostic (Park et al, 2009; Feng et al, 2011; Namba, 2013). Additional
drawbacks are that collecting sputum poses a risk to health care workers and that some
patients have difficulty producing sputum or have paucibacillary specimens, including HIV
patients and children (Zar et al, 2005; ]J. G. Peter et al, 2012). Sputum could be a useful
specimen for biomarker detection if sensitivity and specificity are improved. However, other
patient specimens should be considered to avoid putting health care workers at risk and so as

to diagnose patients who cannot readily produce sputum or who have extrapulmonary TB.

Several extrapulmonary specimens have been studied for biomarker based diagnostics
including biopsies, cerebrospinal fluid and lymph node aspirate. Diagnostic sensitivity and
specificity range from 8-100% and 76-100% respectively across several types of
extrapulmonary specimens and biomarkers, as laid out by a meta-analysis (Flores et al., 2011).
Some of the most promising studies were in meningeal TB, which often has poor outcomes due
to late diagnosis. However, obtaining cerebrospinal fluid or other extrapulmonary specimens
is invasive; hence, an alternative procedure would be preferable (Wang et al., 2002; Kashyap et

al, 2009; Flores et al., 2011).

Serum is a commonly used specimen for diagnosis of other diseases due to its extensive contact
with the rest of the body. While serum collection is less invasive and dangerous than sputum
collection, the needle prick is a risk factor when patients are HIV positive. Host protein
bio-signatures in serum have been identified for TB; however, they have not been validated or
are too expensive to implement as a diagnostic tool (Achkar et al, 2015; Xu et al,, 2015). M.
tuberculosis antigens have also been identified but not validated and may be sequestered into
immuno-complexes (Chan et al., 2000; Kruh-Garcia et al., 2014). Looking for novel biomarkers

in serum by mass spectrometry is complicated by albumin and immunoglobulins that mask less
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abundant proteins. Moreover, depleting samples of albumin can result in loss of low abundance

proteins.

Urine is a particularly attractive specimen because it is easy to collect from everyone, is non-
invasive and poses little risk to health care workers. However, pathogen-derived biomarkers
may be excluded by the glomerular basement membrane or, if antigenic they may be cleared by
antibodies before reaching the urinary compartment. Hence the concentration of biomarkers
in urine is usually low, resulting in poor sensitivity (Reither et al,, 2009; Minion et al., 2011;
Pollock et al., 2013), unless the urine samples are concentrated (Tessema et al.,, 2001; Choudhry
et al,, 2002; Savolainen et al.,, 2013). Despite low concentrations, several biomarkers including
proteins, lipids and DNA have been identified in urine (Choudhry et al., 2002; Boehme et al.,
2005; Kashino et al,, 2008; Napolitano et al., 2008; Alves da Cruz etal,2011; Youngetal.,, 2014).
However, few have yet been validated or used in commercial test kits (WHO, 2015b; Cheon et

al, 2016; Haas et al., 2016).

In the context of TB, either host or pathogen-derived biomarkers may serve as indicators of
active or latent disease. Host-derived biomarkers arise from changes in the host in response to

the pathogen. Pathogen-derived biomarkers are cell components or products of the pathogen.

1.9.2 Host-derived biomarkers

Host-derived biomarkers include dysregulated human proteins or lipids, changes in gene
expression, or immunological biomarkers (Walzl et al,, 2011). Host-derived biomarkers are
typically grouped to form a bio-signature or barcode. While serum is the typical clinical sample,
differences in urine have been observed (Young et al., 2014). The two main drawbacks with
host-derived biomarkers are: the changes are usually small and often it is difficult to find a

bio-signature that is specific to one disease state.

Gene expression studies aim to analyse the change in transcripts of microRNA or RNA between
healthy and diseased states (Maertzdorf et al., 2012; Zhang et al., 2014). Most differentially
expressed human genes for TB are related to inflammatory responses to disease, for example,
IFN-y inducible genes (Berry et al., 2010; Bloom et al., 2013; Lee et al., 2016). The caveat with
this approach then is that the signature is not specific to TB. To minimise this caveat, gene
expression profiles from TB patients have been compared to other diseases that are clinically
similar to TB or are common co-infections (Bloom et al., 2013; Kaforou et al., 2013). However,
these comparisons have only been performed with small cohorts. Gene expression signatures

could be helpful in identifying individuals at risk of converting from latent to active TB or for
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treatment monitoring. However, it is currently an expensive and unreliable method for a point-

of-care diagnostic (Berry et al., 2010; Zak et al., 2016).

Differentially expressed host proteins have also been identified which could be used as a

bio-signature (Liu et al., 2010; Young et al., 2014; Xu et al., 2015).

1.9.3 Pathogen-derived biomarkers

Lipid, and nucleic acid based biomarkers are the most studied biomarkers for TB diagnosis,
although small molecule and protein biomarkers are also being explored (Tucci, Gonzalez-
Sapienza and Marin, 2014; McNerney et al, 2015; Pan et al, 2015). Nucleic acid based
biomarkers typically have to be extracted from whole bacterium. Whole bacteria are usually
acquired from sputum which is problematic as discussed above. Small molecule biomarkers
are currently only detectable by mass spectrometry (Pan et al., 2015) hence this discussion will

focus on protein and lipid biomarkers.

Pathogen-derived biomarker diagnostics have typically been aimed at cerebrospinal fluid for
meningeal TB and severely immunocompromised HIV patients. Nevertheless, there is scope for
diagnosis of pulmonary and other types of extrapulmonary TB with biomarkers (Flores et al,,

2011; Tucci, Gonzalez-Sapienza and Marin, 2014; Shah et al.,, 2016).

Currently, most assays detect secreted protein biomarkers such as MPT64 after culturing the
mycobacteria from patient samples rather than directly from the samples (Parsons etal., 2011;
Namba, 2013; Tu et al., 2015). The secreted protein biomarkers are in low concentrations in
patient samples and current techniques cannot detect them. Culturing the mycobacteria in large

volumes increases the amount of secreted protein to levels that can be detected.

As technology has developed, the ability to identify a broader set of potential protein
biomarkers has improved. Instead of relying on mycobacterial components that are recognised
by antibodies, proteins can be detected directly. For example, mycobacterial proteins have been
identified in serum and urine using mass spectrometry (Kashino et al., 2008; Napolitano et al,,
2008; Kruh-Garcia etal, 2014; Young et al., 2014). A disadvantage of protein biomarkers is that,
unlike nucleic acids, they cannot be amplified by a process such as PCR albeit, they are less

prone to degradation than nucleic acids.

Lipids, such as the mycolic acids and LAM can also serve as biomarkers. Mycolic acids can be
used to distinguish between mycobacterial species and to diagnose tuberculosis. However,

current methods require expensive equipment and highly trained personnel (Butler and
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Guthertz, 2001; Shui et al,, 2012; Szewczyk et al., 2013).

LAM is the most well-known biomarker of TB and has been extensively studied (Flores et al.,
2011). An advantage of LAM as a biomarker is that it can be detected while still part of an intact
mycobacterium or as a free molecule (Hunter, Gaylord and Brennan, 1986). Detection of LAM
in sputum is problematic however due to current antibodies not being able to distinguish
between LAM and glycolipids from related organisms (Dheda et al, 2010). While LAM is a
promising biomarker in urine, it is present in picomolar concentrations for pulmonary
tuberculosis (Savolainen, 2014). Hence, new analytically sensitive assays are needed to take

advantage of this biomarker. This biomarker will be discussed in further detail in Chapter 2.

New biomarkers as well as new means to measure biomarkers are still needed to underpin the

next generation TB diagnostics.

1.10 Biosensor Assays

In order to use non- nucleic acid biomarkers as a diagnostic indicator, they typically need to be
captured onto a surface or bead. Once the biomarker is “fixed” on the surface, a detection
strategy can be employed with a complementary labelled recognition element or a label-free
method. Detection (or signal transduction) techniques for biosensors include electrochemical
detection, fluorescence and colorimetric outputs, as well as label-free methods such as SPR and

SERS (Zhou, Battig and Wang, 2010; Citartan et al, 2012; Ping et al., 2015).

Point-of-care biosensors are typically either part of a handheld device or a compact benchtop
system. Current handheld devices are mostly restricted to lateral flow systems. Although there
have been incremental developments in lateral flow technology, features inherent to this
technology limit sensitivity and multiplexing (Posthuma-Trumpie, Korf and Van Amerongen,
2009; St John and Price, 2014). Emerging lab-on-chip technology or microchips are set to
overcome the short comings of lateral flow systems (Stedtfeld et al., 2012; Sanghavi et al,

2015).

Molecules can adsorb non-specifically to surfaces. However in most diagnostic assays, the
biomarker is captured onto the surface by a molecular recognition element (Lopez and Schnaar,
2006). Specific immobilisation onto the surface with a molecular recognition element is
preferable for heterogeneous solutions such as patient samples. Target molecules can be
purified from other components of a mixture that may contribute to the background signal.
Binding affinity is a measure of how well a molecular recognition element binds to its target

and it is usually expressed as a molar concentration such as nanomolar affinity. It is defined at
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equilibrium by the dissociation equilibrium constant (Kp) which is the quotient of the reactant
concentrations and product concentration or the ratio of the dissociation and association rate
constants, k,sr and k,, respectively, at equilibrium. For fluorescent and colorimetric detection
systems, a secondary binding agent attached to an a fluorescent molecule or enzyme is required
(Khatkhatay and Desai, 1999). The two recognition elements must bind in two discrete
locations on the target molecule. Hence a label free method of detection is desirable. Antibodies
are the most common molecular recognition elements, but aptamers are now also becoming

prominent.
Further discussion will focus on aptamers as molecular recognition elements.

Aptamers are short nucleic acid or peptide molecules that have binding capabilities against
several types of molecules including proteins, lipids and carbohydrates with affinities from the
micromolar to nanomolar range (Betat et al,, 2003; Masud et al., 2004; Boese and Breaker,
2007; Bruno et al., 2009; Low, Hill and Peccia, 2009). Nucleic acid aptamers are typically
selected by an in vitro selection called Systematic Evolution of Ligands by Exponential
Enrichment (SELEX)(Tuerk and Gold, 1990), which will be discussed in more detail in
Chapter 4. Peptide aptamers can be selected by phage or ribosome display, where peptides are
displayed on the exterior of a phage or ribosome and exposed to the target of interest (Kase et

al., 2004; Zahnd, Amstutz and Pliickthun, 2007).

Peptide aptamers have greater chemical diversity, but the number of molecules that can be
tested or selected with phage display methods is more limited than for DNA or RNA aptamers
with SELEX. During phage display, the diversity of the library is limited by the transformation
efficiency of bacterial cells, but ribosome display overcomes this. Ribosome display does not
rely on any transformation into bacterial cells. Random mutations can also be introduced after
each round with ribosome display (Zahnd, Amstutz and Pliickthun, 2007). Peptide aptamers
function in much the same way as binding pockets of enzymes or antibodies where the most
favourable amino acids are selected for the ligand. Peptide interactions typically rely on

hydrogen bonds, acid base interactions and hydrophobic pockets (Hermann and Patel, 2000).

Nucleic acid aptamer interactions depend on deep pockets to make up for imperfect fitting, pi
interactions with nitrogenous bases, ionic interactions with the phosphate backbone, grooves
created by Hoogsteen pairing and other interactions depending on the target. Hydrogen bonds
are important because they offer short-range directionally specific interactions which often

confers specificity.
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DNA aptamers tend to have lower affinity for their targets compared to RNA or peptide
aptamers (Rowe, Miller and Plaxco, 2010) due to the lack of the reactive 2’ hydroxyl group
present on RNA and the several amino acid side chains on peptide aptamers. Nucleic acid
aptamers have more flexibility because each monomer has seven rotatable bonds whereas

proteins only have two(Davies et al.,, 2012).

Aptamers are well suited for biosensors for several reasons. Aptamers can be raised against
non-immunogenic biomarkers identified by for example mass spectrometry. Synthesizing
oligonucleotides, especially ssDNA, is more cost effective and reproducible than polyclonal
antibody production. Since aptamers are smaller than antibodies, they can be immobilised with
higher density on surfaces which provide a larger dynamic range for detection (Tijssen, 1985;
Liss et al.,, 2002; Esteban et al., 2013). Biosensor surfaces with aptamers can be more easily
reused by regenerating the surfaces (Kirby et al, 2004). While antibodies need refrigeration,
DNA aptamers are more resilient at ambient temperatures which would be beneficial for

resource-poor settings without electricity.

Aptamers have been used in several biosensor formats. An adaption of the antibody-based
ELISA using aptamers is called an Enzyme Linked OligoNucleotide Assay (ELONA) or enzyme
linked aptamer assay (ELAA) (Drolet, Moon-McDermott and Romig, 1996).

Aptamers have also been used in more modern technology such as label-free electrochemical
sensors and lab-on-chip or microfluidic devices (Huh and Erickson, 2010; Rowe, Miller and
Plaxco, 2010; Janssen et al., 2012; Larguinho et al., 2015; Liu et al,, 2015; Ueno et al.,, 2015;
Zheng et al,, 2015)

However, DNA aptamers have the disadvantage of being chemically limited, having a tendency
for high off-rates. Chemical limitations are somewhat offset by the large shape repertoire in a

oligonucleotide library (Davies et al., 2012).

In order to expand the scope of interactions between nucleic acid aptamers and targets, the
nucleotides may be modified. Modified aptamers have been shown to have increased affinity
and are better at targeting challenging targets such as glycoproteins (Li et al., 2008). Drawbacks
of modified aptamers include the variable success with modified aptamers and the time
consuming processes needed. However, these pitfalls are being addressed with improved
technology and certain modifications have had continued success (Diafa and Hollenstein,

2015).

Aptamers may be modified at the sugar base, nitrogenous base or phosphate backbone (Diafa
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and Hollenstein, 2015). A combination of modifications can be used. For example, the aptamer
against the hyaluronic acid binding domain of CD44 had a modified backbone and a small drug

like molecule attached to the nitrogenous base (He et al., 2012).

Base modifications are made at the C5 of pyrimidines (e.g. UTP, TTP) or the N7 of 7-deaza-
purines (ATP) (Figure 1.6). Modifications can be tailored to most likely improve binding to a
particular molecule, for example a positive amino group, and was attached at the C5 position
when selecting against the negatively charged sialyllactose (Masud et al, 2004). Other
examples include a boron modified aptamer against a glycolipid molecule (Li et al., 2008) and
attaching hydrophobic groups to facilitate hydrophobic interactions (Vaught et al, 2010).
Aptamers modified with amino acid side chains to mimic proteins have been dubbed
SOMAmers. Simplistically SOMAmers aim to mimic the hydrophobic pockets of

immunoglobulins with amino acid side chains attached to the base (Figure 1.7).
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Figure 1.6 Examples of base modifications

Several different molecules can be attached to the nucleotide base. Image adapted from

Diafa and Hollenstein (Diafa and Hollenstein, 2015).
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Figure 1.7 SOMAmers

Examples of amino acid side chains attached to nucleotides to generate SOMAmers.

Image adapted from Diafa and Hollenstein (Diafa and Hollenstein, 2015).

The in vitro selection should be done with the modifications in place, as post selection
modification has been shown to diminish binding rather than to improve it as the whole
structure changes (Lato et al., 2002). Modification made post-selection is sometimes tolerated

(Mendelboum Raviv et al., 2008)

In order to select modified aptamers against a target the modification should not disrupt the
ability of RNA or DNA polymerase to replicate the aptamer sequence during the PCR step of the
selection process. However, some selection processes do not require replication (Boiziau and
Toulmé, 2001). Methodologies for aptamer selection will be discussed in a later chapter. Hence,
modified aptamers are viable and promising molecular recognition elements for the detection

of TB biomarkers.

1.11 Aims and Objectives

The aim of this thesis is to explore an innovative approach towards developing a point-of-care
diagnostic tool for tuberculosis in resource-poor settings. While the focus of this thesis is
tuberculosis, this methodology can be in principle applied to new biomarkers identified in any

disease.

The main objectives of the thesis are as follows:
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e To determine if LAM can be detected in TB patient urine by concentrating the urine.

e To use an in-house ELISA to determine if a secreted M. tuberculosis protein can be
detected in urine.

e To select modified aptamers against M. tuberculosis derived biomarkers.

e To characterise aptamers selected against tuberculosis derived biomarkers.

Secondary objectives arose during the course of this thesis which will be discussed in individual

chapters.
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21.AM IN URINE

2.1 Introduction

2.1.1 LAM

LAM is a glycolipid embedded in the cell envelope of M. tuberculosis. It is found both in the
membrane and as a free lipid in the outer lipid layer. LAM consists of a branched arabinose
structure with a mannan core attached to a phosphatidyl-myo-inositol mannoside (Hunter,
Gaylord and Brennan, 1986; Hunter et al., 1990; Chatterjee et al., 1992) with two carbon chains,
usually tuberculosteric acid (C19) and palmitic acid (C16) (Gilleron et al, 2000). The most
abundant size of LAM is 17.4 kDa, however it can vary + 4 kDa due to different numbers of

glycan units or other appendages (Venisse et al., 1993; Nigou, Vercellone and Puzo, 2000).

LAM also has various capping motifs on the tip of the arabinose branches depending on the
species of mycobacteria (Figure 2.1). Pathogenic species such as M. tuberculosis,
Mycobacterium bovis  (including the BCG vaccine strain) (Venisse et al, 1993),
Mycobacterium avium  (Khoo, Tang and Chatterjee, 2001), Mycobacterium kansasii and
Mycobacterium leprae have mannose caps; this type of LAM is designated manLAM. Non-
pathogenic mycobacteria may have inositol phosphate caps (piLAM) such as
Mycobacterium smegmatis (Khoo et al, 1995) or no capping motifs (araLAM) such as
Mycobacterium chelonae (Guerardel et al, 2002) and an avirulent strain of M. tuberculosis (H37Ra)

(Chatterjee et al.,, 1991).
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Schematic representation of the three variants of LAM antigen across different mycobacterial
species
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Figure 2.1 Structure of LAM across various species

The common structure of LAM consisting of the mannan backbone and
phosphoinositol group is delineated by a red dotted line. Three different capping
motifs are delineated by a blue dotted line. From left to right; ManLAM; piLAM
and AraLAM. Image from Sarkar et al. (Sarkar et al., 2014).

LAM is an immunomodulator, which means it helps the bacterium to avoid destruction within
the macrophage (Knutson et al., 1998; Nigou et al., 2001). The differing caps affect how the host
immune response reacts; AraLAM is proinflammatory (Gilleron et al., 1997) and manLAM is
anti-inflammatory, hence manLAM stalls the inflammatory response. LAM vesicles are
intentionally released by M. tuberculosis at the primary site of infection to regulate the host
response. Therefore, LAM may serve as a good diagnostic biomarker as it is able to escape the
macrophage phagosome and be released into the blood stream, making it more likely to be

present in urine which is a convenient and safe specimen (Xu et al.,, 1994; Beatty et al., 2000).

Antibodies against M. tuberculosis antigens have been previously detected in patient blood,
which led to the investigation of serologic-based diagnostics by many researchers (Sada et al,
1992; Steingart et al,, 2011). Later, LAM was identified as a specific antigen, amongst others
(Sada et al, 1990). Although several studies have successfully detected antibodies against
M. tuberculosis antigens, a feasible serum-based diagnostic test has yet to be developed and

commercialized (Steingart et al, 2007). A diagnostic test that does not require growing or
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visualizing the mycobacterium may lead to faster and more affordable diagnosis of patients

suspected of having tuberculosis.

Sada et al. suggested that if there was an antibody response to LAM, it was likely that LAM would
be present in tuberculosis patient blood and thus an antigen could be detected, rather than
antibodies (Sada et al., 1992). Unfortunately the detection of LAM in patient blood samples is
hampered because LAM forms complexes with anti-LAM antibodies and high density
lipoproteins, concealing LAM amongst the immunoglobulins and micelles (Chan et al, 2000,
2015; Sakamuri et al, 2013). Given this limitation, other matrices were explored, which

included urine.

M. tuberculosis antigens in urine were recognised by Wildbolz in the early 20t century (Young,
1924), and LAM is currently the most frequently studied tuberculosis antigen in urine (Flores
etal, 2011). However the sensitivity of detection varies from 8-80% when clinical and culture-
confirmed cases are combined (Minion et al., 2011). Patients with a high bacterial load in their
sputum are more likely to have a positive urinary LAM ELISA (Boehme et al, 2005). The
sensitivity of ELISAs also increases for HIV patients, as they become more immunosuppressed.
Increased levels of LAM detected in urine samples may be due to genitourinary TB, renal failure

and mycobacteriuria (Dheda et al.,, 2010; Shah et al., 2010; Jonathan G Peter et al., 2012).

Up to 20% of pulmonary patients develop the urogenital form of extrapulmonary TB (Abbara
and Davidson, 2011), which would account for some of the LAM detected in urine (Figure 2.2).
A report that compares Xpert MTB/RIF® to the Clearview® LAM ELISA supports the idea that
LAM in urine originates from viable M. tuberculosis being present in the renal tract compartment
(Wood et al., 2012). While not all LAM positive patients were Xpert MTB/RIF® positive, the
limit of detection of the LAM ELISA is approximately 10-fold lower than that of the Xpert
MTB/RIF® assay. A recent study showed that 10 CFUs (culture forming units) of M. tuberculosis
is sufficient to give a signal of ~1.5 OD, which is well above the cut-off value for the LAM ELISA
(Savolainen et al., 2013), while the limit of detection for Xpert MTB/RIF® is nominally about
130 CFUs although in practice the limit of detection is closer to 1000 CFUs. Few cells are
necessary for a positive test because LAM makes up a large proportion of the cell wall (15mg/g

of the dry weight of mycobacteria) (Hunter, Gaylord and Brennan, 1986).

Viable M. tuberculosis and LAM from degraded bacteria in the blood may also contribute to the
levels of LAM in urine (Shah et al, 2010). The glomerular basement membrane (GBM) would
have to be damaged for viable M. tuberculosis or immuno-complexed LAM to enter the urinary

tract, however free LAM can fit through the intact glomerular membrane (Figure 2.2) (Cox et
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al., 2015). BCG-vaccinated individuals tend to have more circulating anti-LAM antibodies, and
therefore less free LAM is likely to be present in those individuals (Chan et al., 2015). Since most
TB patients do not have either extrapulmonary disease or renal dysfunction, only small
amounts of free LAM are likely to enter the urinary tract. Consequently, some studies have

concentrated urine samples as a means to increase the likelihood of LAM detection.

Renal TB Alternative Mechanisms
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Figure 2.2 Mechanisms of LAM entry into urine

1 and 6) M. tuberculosis is present in the urogenital organs so whole bacteria can be
detected in urine. 2 and 3) A damaged GBM allows whole M. tuberculosis cells or
immuno-complexed LAM to enter the urine. 4 and 5) Free LAM filters through the

GBM into the urine and is not reabsorbed into the blood stream.

Image from Cox et al. (Coxetal, 2015).

Tessema concentrated urine samples and achieved good sensitivity and specificity in his assays
(Tessema et al.,, 2001). However this approach is impractical in a clinical setting, and others
attempted to create assays using unprocessed urine samples instead (Boehme et al,, 2005;
Daley et al., 2009). After poor sensitivity results were obtained with unprocessed urine, a study
concentrated urine with a 10 kDa molecular weight cut off (MWCO) filter before applying it to
the Clearview LAM ELISA in a cohort of advanced immunosuppressed HIV patients.

Concentrating the urine only marginally increased the mean sensitivity from 33% to 38%
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(Lawn et al,, 2009). The increase in sensitivity may have been greater if a smaller filter pore
size had been used, as some LAM (17 kDa) could have been lost through the 10 kDa filter.
Salvolain et al. used a cohort of HIV negative patients and concentrated urine 100-fold with a
7.5 kDa MWCO filter, and were able to improve the assay sensitivity from 7 % to 57%
(Savolainen et al.,, 2013). These findings suggest that LAM is present in urine, however it cannot

be detected by current tools without prior sample concentration.

The detection of LAM in urine is very specific unless the patient has certain urinary tract or
bladder infections, such as Candida albicans, that can cross react with the anti-LAM antibodies.
Hence urine is preferable to sputum, as the latter has too many oral commensals that may cross

react with the anti-LAM antibodies (Dheda et al., 2010).

2.1.2 Aims and Objectives

We set out to confirm the findings of Tessema et al. and others across a small sample of patients
using the Clearview LAM ELISA and a concentration method which should reduce the likelihood
of LAM loss. Concentrating the urine samples increases the amount of LAM bound to antibodies

at equilibrium, and therefore should increase the resulting absorbance reading.

The first objective of the following experiments was to determine whether concentrating urine
by lyophilisation or evaporation would negatively affect the ELISA assay. The second objective
was to demonstrate that by concentrating these TB patient urine samples, and consequently
the biomarker LAM, more patients would have a positive diagnostic test, particularly if they

were not severely immunocompromised due to HIV.

2.1.3 Methodology

Enzyme linked immunosorbent assays have been used since the 1970’s as a method of
capturing and detecting various molecules (Engvall and Perlmann, 1971). The basic principle
of ELISAs is to measure the amount of antigen adsorbed on the surface via colorimetric
feedback dependant on the amount of enzyme indirectly attached to the antigen via one or two
antibodies. The antigen can be adsorbed directly to the surface or captured onto the surface by
an antibody adsorbed onto the surface (sandwich assay). A blocking agent such as BSA or casein
prevents molecules binding non-specifically to the surface once the antibody or antigen has
been adsorbed to the surface (Crowther, 2009). Sandwich assays tend to be more sensitive
probably due to better retention and presentation of the antigen (Kemeny et al.,, 1985). Direct

ELISAs detect the antigen with an antibody directly conjugated with an enzyme whereas
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indirect ELISAs have two antibodies for detection, one binds the antigen (primary antibody)
and another enzyme conjugated antibody binds the constant region of the first antibody
(secondary antibody) (Crowther, 2009). While several enzymes can be used, antibodies are
typically conjugated with Horse Radish Peroxidase (HRP). HRP is a monomeric glycoprotein
which forms stable conjugates with antibodies and has a high substrate turnover rate
(Khatkhatay and Desai, 1999). While several substrates are available for use in conjunction

with HRP, 3,3',5,5'-tetramethylbenzidine (TMB) is the most sensitive and rapid.

2.2 Methods

2.2.1 Patient Population
Ethical approval was obtained from the Human Research Ethics committee at the Faculty of
Health Sciences, UCT. HREC/REF: 787/2014 to collect and use patient urine for research

pertaining to diagnostic research. Healthy volunteers do not require ethical approval.

UA cohort patient samples used in these experiments were HIV positive with a CD4 count < 200
cells/ul (Appendix A: Table A1), whereas LAMP cohort patients were either HIV negative or had
a CD4 > 200 cells/pl (Table 2.1).

TB disease was confirmed with culture and IGRA tests were performed to classify latent

tuberculosis disease.

Table 2.1 LAMP Cohort

LAMP Study No | HIV CD4 | TB status
28 Positive |486 | TB-Pos
33 Negative | n/a | TB-Pos
44 Negative | n/a | TB-Pos
151 Positive |214 | TB-Pos
227 Negative | n/a | TB-Pos
254 Positive | n/a | TB-Pos
271 Negative | n/a | TB-Pos
275 Positive |240 | TB-Pos
298 Negative | n/a | TB-Pos
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2.2.2 Urine preparation

Urine samples collected from healthy volunteers and patients were thawed (if needed) and
centrifuged for 15 min at 3000 rcf to remove debris. The supernatant was concentrated either
by lyophilisation or evaporation, and reconstituted in a smaller volume. Urine samples were
frozen at -80 °C in volumes of 10 ml, and were then lyophilised for ~8 h to remove most liquid.
Samples were also concentrated by evaporation while being centrifuged to retain dried
material. Lyophilised and evaporated samples were reconstituted in 1-1.5 ml of PBS (Sigma #
P4417; pH 7.4). Any particulate matter was pelleted by centrifugation for 5 min at 3000 rcf and
the supernatant was used for the subsequent assays. Whilst the UA cohort urine samples were
fresh, the LAMP cohort of urine samples were frozen. Additionally, neat healthy volunteer urine
was adjusted to pH 7 with sodium hydroxide (NaOH) to approximately match the pH of PBS.

After processing all urine samples were frozen at -80 °C.

2.2.3 LAM ELISA

The Clearview® ELISA was performed as per manufacturer’s instructions. Briefly, 100 pl of
urine was incubated in a well of a 96 well plate for ~1 h. After ~1 h the urine was discarded,
and the plate was washed three times with wash buffer (PBS, pH 7.4; 0.05% Tween 20). Anti-
LAM HRP conjugated antibody (100 pl) supplied in the kit was added to the wells and incubated
for ~ 1 h. Another set of three washes was performed and then 100 pl of the substrate TMB
was added. TMB was incubated for 15 min before the reaction was stopped with 100 pl of
1 M sulphuric acid (H2S04), and the absorbance of each well was read at 450 nm with an iMark
microplate reader (BioRad). A negative and positive control were included (supplied in kit) and
samples were performed in duplicate or triplicate. The cut-off value was calculated as per the
manufacturer’s recommendation by adding 0.1 to the negative control. Incubations with urine

and antibody were performed at 37 °C.

Binding curves where created using purified LAM kindly donated by the Lung and Infection
Immunity Unit, University of Cape Town or BEI Resources, NIAID, NIH (Mycobacterium
tuberculosis, Strain H37Rv, Purified Lipoarabinomannan (LAM), NR-14848). A 2-fold dilution

was performed in order to plot a binding curve.
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2.3 Results

2.3.1 Binding curves

In order to assess if concentrating urine or adjusting the pH of the urine would change the
performance of the ELISA, five different media based on healthy volunteer urine were spiked
with LAM at various concentrations. The binding curves are presented in Figure 2.3. The
different media did not change the linear nature of the curve, although the lyophilized and
evaporated samples had slightly reduced signals overall. The concentrated samples had a signal
~0.1 OD units lower than the PBS based sample at the highest concentration of LAM. Urine with

a neutral pH did not change considerably compared to neat urine.

Clearview® TB ELISA
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Figure 2.3 Binding curves for concentrated, neat and pH adjusted healthy volunteer

urine spiked with LAM.

PBS-Phosphate Buffered Saline (control); NEAT-unconcentrated urine; LYO-urine
concentrated by lyophilisation; EVAP-urine concentrated by evaporation; PH-urine
adjusted to ~pH 7. Columns indicate the mean reading of duplicate wells. Error bars

indicate the minimum and maximum readings taken.
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2.3.2 Concentrated Urine Samples
Given that concentrating the urine did not severely impact the performance of the spike-in
assay, we concentrated patient urine samples to compare the differences in LAM detection

using concentrated and unconcentrated samples.

LAM ELISA - UA Cohort

Ten random culture-confirmed TB patient’s urine from the UA cohort were concentrated via
lyophilisation from 10 ml to 1-1.5 ml and compared to unconcentrated urine or to previous
results of the unconcentrated sample (Figure 2.4). The results are presented in Table 2.2, and
results from previous experiments are denoted “neat (database)”. Some neat samples were not
tested again. It appeared that all samples that were positive in the concentrated batch were
also positive when neat urine was tested, with the exception of UA 133 which was negative in
the repeat experiment but had previously tested positive. The ratio of concentrated versus neat
urine was calculated to estimate the fold change in signal (Table 2.2). The UA310 and UA215

concentrated sample gave a marginally greater signal than the neat urine.

LAM ELISA - LAMP Cohort

Nine culture confirmed TB patients with a CD4 count >200 cells/pl or who were HIV negative
were selected from the LAMP cohort. Urine samples were concentrated via lyophilisation from
10 ml to 1-1.5 ml and compared to unconcentrated urine. The results are presented in Figure
2.5. Two out of the nine patients had a positive result with neat urine. Two additional patients
had a positive result after concentrating the urine. All patients who had a positive result had a
higher signal after concentrating the urine. The ratio of concentrated versus neat urine was
calculated to estimate the fold change in signal (see Table 2.3 LAMP cohort results).
Concentrating the urine improved the signal for four of the nine TB patients. Two changed from

negative to positive after concentrating.
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Figure 2.4 Concentrated and Neat urine for UA cohort

*UA158 had absorbance >3.50D for concentrated and neat samples and the
indication range of the iMark (BioRad) is 0.0-3.5 OD. Neat samples for UA122, UA137,
UA144,UA145 and UA167 were not tested in this experiment. Cut-off was determined
by adding 0.1 to the negative control. Columns indicate the mean reading of duplicate

or triplicate wells. Error bars indicate the minimum and maximum readings taken.
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Table 2.2 UA Cohort results

UA UA UA UA UA UA UA UA UA UA
133 141 158 215 310 122 137 144 145 167

Concentrated - - * - + - + + + +
Neat - - * - + np np np np np
Neat (database) + - + - + - + + + +

Conc: Neat ratio 1.06 1.03 * 134 113 np np np np np

* Signal >3.5 Note: Indication range of iMark (BioRad) is 0.0-3.5 OD, np: not

performed.
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Figure 2.5 Concentrated and Neat urine for LAMP cohort

Conc urine: Urine concentrated by lyophilisation; Neat urine; unprocessed urine
from the same patient sample. Cut-off was determined by adding 0.1 to the negative
control. Columns indicate the mean reading of duplicate or triplicate wells. Error

bars indicate the minimum and maximum readings taken.
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Table 2.3 LAMP cohort results

LAMP LAMP LAMP LAMP LAMP LAMP LAMP LAMP LAMP

28 33 44 151 227 254 271 275 298

Conc

+ - + + - - - + -
urine
Neat urine + - - + - - - - -
Conc:

2.5 1.1 3.1 1.8 1.2 0.9 1.3 2.3 1.6
Neat ratio

2.4 Discussion

2.4.1 Binding curves

Samples concentrated by lyophilisation or evaporation were compared to PBS and neat urine.

The concentrated urine matrix gave a slightly lower signals compared to the PBS or the neat
samples. This could be due to the method of concentration which increased the salt
concentrations of the samples. Solutions with a higher ionic strength are known to increase the
disassociation between antibodies and their targets (Reverberi and Reverberi, 2007) which
would result in a lower OD reading. In future experiments it would be beneficial to use methods
of concentration that do not result in high salt concentrations, such as MWCO columns.
Purification columns and MWCO filters have been used in the past, however some LAM could
be lost during this kind of process if the filter pore sizes are too large (Tessema et al.,, 2001;

Lawn et al,, 2009).

Urine adjusted to pH 7 was also compared to PBS and neat urine. Urine with a neutral pH did
not change considerably compared to neat urine which suggests the slightly acidic pH of urine

is not detrimental to the assay.

Since the matrix effects due to concentration of urine did not appear to be significant,
lyophilization of a test cohort of patient urine samples was used to explore the effect of

concentrating urine on LAM ELISA results.
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2.4.2 UA cohort

In the first ELISA with concentrated patient urine, patients had culture confirmed TB and were
HIV positive. Patients with culture confirmed TB were selected to assess if concentrating the
urine would allow for increased detection of LAM. Eight of these patients had a CD4 count of
<200 cells/pl, except for patients UA144 and UA167 whose CD4 count was unknown. In
agreement with several publications most of these patients who were HIV positive with a CD4
count of less than 200 cells/ul were LAM positive (Jonathan G Peter et al, 2012; Lawn et al,,
2012). In addition, patient UA310 had renal disease which could have likely led to antigenuria.
However, patient UA215 also had renal disease and did not have a positive LAM result with
concentrated or unconcentrated urine although the concentrated urine sample did have a
higher OD reading than the neat sample. Hence, renal disease is not necessarily a predictor of
whether a TB patient will be LAM positive or not. UA133 was LAM negative in this set of
experiments however in an ELISA performed by collaborators this patient was LAM positive.
This could be due to LAM being lost in the precipitation that sometimes forms when freezing

urine (Mataija-Botelho et al., 2009).

UA310’s signal did not increase dramatically after concentrating the urine, which could be due
to the fact that the antibodies were saturated, and thus the signal could not be further increase.
According to the binding curve performed by Savolainen et al. the maximum concentration of
LAM is ~20 ng/ml that yields a reading of 3 OD (Savolainen et al., 2013). A limitation of this
study is that a saturation curve of LAM spiked in urine was not performed to quantify the

amount of LAM in each patient.

2.43 LAMP cohort

In the second set of LAM ELISA experiments patients had culture confirmed TB and were either
HIV negative or HIV positive with a CD4 count of >200 cells /ul. Patients LAMP 28 and LAMP
151 were positive before and after concentration, while LAMP 44 and LAMP 275 became
positive after concentration. LAMP 44 was HIV negative and LAMP 151 was HIV positive with
a CD4 count of 214 cells /ul. The fold increase of the signal was not proportional to the 10-fold
concentration of the urine, which may be partially due to the slightly dampened signal observed

in the concentrated urine matrix in the calibration curves (Figure 2.5).

In this second experiment we have shown that the sensitivity of the conventional LAM ELISA
is suboptimal, as patients may have LAM present in their urine even if they are HIV negative,

but it is not detected by the LAM ELISA without concentrating the urine. This warrants the
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exploration of methods which are more sensitive, while retaining specificity for detection of

LAM in urine.

2.5 Conclusion

Although concentrating urine samples caused the signal to be slightly dampened concentrating
TB patient urine still increased the number of patients that were LAM positive. This exploratory
work formed the foundation for the search of a more sensitive and specific capture agent in
order to improve the detection of LAM in unprocessed urine. In future work the BCG status of

patients should be taken into consideration.
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3 PROBING FOR ESAT-6 AND
CFP-10 IN URINE AND SPUTUM

3.1 Introduction

3.1.1 ESAT-6 and CFP-10

Early secreted antigen target 6 kDa (ESAT-6) was first discovered as part of a cohort of T-cell
antigens secreted by Mycobacterium tuberculosis (M. tuberculosis) (Andersen et al., 1991, 1995;
Sgrensen et al., 1995). Although initially estimated to have a molecular weight of 6 kDa, ESAT-
6 is in facta ~9 kDa protein (The UniProt Consortium, 2014). It was subsequently revealed that
culture filtrate protein 10 kDa (CFP-10) is co-expressed with ESAT-6 because they are encoded
together in an operon (Berthet et al., 1998). Although both proteins are found in culture filtrate
they lack classic secretion signal sequences (Vizcaino et al., 2010). Guinn et al. identified key
genes for the ESAT-6 secretion system 1 (ESX-1) by mutating genes flanking ESAT-6 (Rv3875)
and CFP-10 (Rv3874) (Guinn et al., 2004). Many of the genes do not have readily predictable
functional domains, however ATPases and transmembrane proteins have been identified

among the key components (Digiuseppe Champion and Cox, 2007).

ESAT-6 forms a tight 1:1 heterodimer with CFP-10 which provides thermodynamic and
biochemical stability to both proteins (Figure 3.1) (Renshaw et al, 2002; Meher et al., 2006).
However, they also form homodimers, and CFP-10 can interact with another protein encoded
by gene Rv3873 (Teutschbein et al, 2009). In an acidic environment, such as inside the
macrophage (Vandal, Nathan and Ehrt, 2009), ESAT-6 and CFP-10 dissociate and the
monomeric ESAT-6 binds to lipid bilayers via hydrophobic helices; this may be important for

M. tuberculosis escape from phagosomes (de Jonge et al., 2007).
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Ncrp-10
Figure 3.1 ESAT-6 and CFP-10
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3.1.2 Pathogenesis

The region of difference 1 (RD-1) that encodes ESAT-6 and CFP-10 is absent in the attenuated
BCG vaccine strain (Figure 3.2) (Harboe et al, 1996; Cole et al.,, 1998). M. tuberculosis with a
RD-1 deletion imitates the attenuated BCG vaccine strain implicating this region directly in
pathogenesis (Lewis et al, 2003). Similarly, insertion of the RD-1 region into an attenuated
strain increases virulence (Pym et al.,, 2002) and decreased virulence is observed when ESAT-6
and CFP-10 expression or secretion is halted (Wards, de Lisle and Collins, 2000; Stanley et al.,
2003; Guinn et al., 2004). Other mycobacteria and Gram positive microbes have orthologs of
ESAT-6, as well as the other genes found in the RD-1, but mycobacteria have multiple copies of
the gene cluster containing ESAT-6 and CFP-10 in contrast to other Gram positive bacteria (Gey

Van Pittiu