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Chapter I 

 

The tuberculosis diagnostic landscapea 

TB is a public health crisis  

TB is an infectious disease caused by M. tb that primarily affects the lungs. 

Broadly, there are three stages of TB: exposure, latent disease, and active disease. 

Not everyone who is exposed to the bacteria becomes infected. Transmission 

depends on many factors, including: the immune status of the exposed individuals, 

the strength of the infectious source (i.e. a cough that produces droplets), the 

infectiousness of the person with TB (i.e. how many TB bacteria they are expelling into 

the air), and environmental factors (i.e. duration, frequency, and proximity of 

exposure).1 It is estimated that approximately 25% of the world’s population is latently 

infected with the M. tb bacteria.2 It’s important to note that people with latent TB are 

not symptomatic and are not capable of transmitting the disease.3 Of people with latent 

TB, about 3-10% develop the active disease, which resulted in about 10 million 

incident cases in 2019.4-6 Symptoms of TB include persistent cough, coughing up 

blood or sputum, chest pain, fatigue, weight loss, loss of appetite, fever, chills, and 

night sweats.7 Although TB is both treatable and curable, over 1.4 million people still 

die from TB every year.5  

One of the contributing factors to this high mortality rate is that the causative 

agent, M. tb, is the most common opportunistic infection in HIV-positive patients.8 

 
a Portions of this chapter were reproduced from Ref. 105 with permission from the 
Royal Society of Chemistry. 
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People infected with HIV are approximately 21 times more likely to develop active TB 

and have a 2 times higher fatality rate compared to people without HIV.8,9 Reasons for 

comparatively poor outcomes for HIV-positive TB patients stem from late diagnosis 

and delays in starting antiretroviral therapy and/or TB treatment.9 These diagnostic 

and treatment failures can be further explored by performing a care cascade analysis 

to determine the patient retention at each step in TB care.10  

Subbaraman, et al. studied the cascade of care of TB in India to determine why 

there are so many fatal cases of TB (Table 1).11 They found that only 72% of people 

with active TB reached a TB diagnostic center, and 16% of those patients did not 

receive a diagnosis, despite making it to a center.11 Further, only approximately half 

of people with active TB registered for TB treatment, and nearly 14% of those who 

registered for treatment did not complete it.11 This drastic loss is likely due to the 

lengthy standard treatment for TB, consisting of a regimen of isoniazid, rifampin, 

pyrazinamide, and ethambutol for two months, plus isoniazid and rifampin for an 

additional four months.12 In addition to the long-term dosage requirements, many side 

effects have been reported for these antibiotics. Overall, Subbaraman found that only 

39% of people with active TB had recurrence-free survival.11 Further, this failure to 

diagnose and treat individuals with active TB has a strong effect on the health of other 

people. On average, people with untreated active TB can infect 10-15 people per year, 

starting the entire cycle over again.13 Naidoo, et al. studied a similar cascade of care 

in South Africa and found a 5% loss of patients prior to test access, a 13% loss at 

diagnosis, a 12% loss at the start of treatment, and a 17% loss at treatment completion 

(Table 1).14 
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Diagnostic tests for TB 

A clear solution to this problem is to improve access to and receipt of diagnosis 

of TB, which combined represent the largest gap in the care cascade for both India 

and South Africa.11,14 Broadly, diagnostic tests for tuberculosis can be divided into 

radiography, microscopy, bacterial culture, nucleic acid amplification tests, and 

biomarker-based tests.15 Chest radiography, or chest x-ray, is used to identify 

abnormalities in the lungs that indicate TB.16 Radiography has a high sensitivity for 

pulmonary TB, but a low specificity as many lung abnormalities can be non-specifically 

indicative of other diseases.11 Further, radiography is unable to detect extrapulmonary 

TB, which is estimated to account for 30% of TB cases.16,17 Other drawbacks include 

exposing the patient to radiation, requiring trained personnel and specialized 

equipment, and high costs to patients.16 

Table 1. Cascade of care analysis for India and South Africa showing losses for 

accessing a diagnostic test, receiving a diagnosis, initiating treatment, and 

completing treatment.11,14  

 India11 South Africa14 

 Number Percentage Number Percentage 

Number of cases 2,700,000 100 532,005 100 

Accessed diagnostic 1,938,027 72 504,514 95 

Received diagnosis 1,629,906 60 435,483 82 

Registered for 
treatment 

1,417,838 53 372,577 70 

Completed treatment 1,221,764 45 279,816 53 
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Traditional sputum smear microscopy uses Ziehl-Neelson acid-fast staining to 

identify M. tb bacteria in a sputum sample.18 In some cases, this technique has been 

replaced with fluorescence sputum smear microscopy, which uses an acid-fast 

fluorochrome dye and an intense light source.19 However, conventional sputum smear 

microscopy is used more frequently in low- and middle-income countries and will be 

the focus of this discussion, since these countries are where the majority of TB cases 

occur.19 Sputum smear microscopy has low sensitivity and high specificity.19 Like 

radiography, it has poor performance at detecting extrapulmonary TB. Additionally, 

performance is compromised in patients co-infected with HIV and in children.20 

However, it is still widely used due to its affordability and speed.20 

 Mycobacterial culture from a sputum sample is considered the gold standard 

for TB diagnosis due to its high sensitivity and specificity.21 Traditionally, mycobacterial 

culture has been performed on Lowenstein-Jensen medium (solid agar), but the 

Mycobacteria Growth Incubator Tube (MGIT) system (liquid culture) is becoming the 

norm and will likely be used moving forward.22 The biggest drawback to mycobacterial 

culture is the length of time required to achieve a result with the slow-growing M. tb; 

solid culture requires four to six weeks to see mycobacterial growth while liquid culture 

only requires 1-2 weeks.15 Further, the length of time for a negative result to be 

reported is even longer with an average time of 8 weeks for solid culture and 6 weeks 

for liquid culture.23 Another concern with mycobacterial culture is the risk of cross-

contamination between samples, which is even greater for liquid culture than solid 

agar.21 Lastly, mycobacterial culture has high-resource requirements and is costly, 

although solid culture is slightly more affordable than liquid culture.21   

Nucleic acid amplification tests amplify and detect M. tb DNA through PCR, 
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typically from a sputum sample. These tests are highly sensitive and specific.24 

Additionally, they are much faster than culture.24 The most common nucleic acid 

amplification test is Cepheid’s Gene Xpert MTB/RIF assay.25 This system uses single-

use cartridges that integrate sample processing and PCR-based detection to 

simultaneously detect M. tb and resistance to rifampin, which can be used as a marker 

for MDR-TB.26 This system will be discussed in more detail in Appendix I, but overall, 

this technology is easy to use, despite requiring specialized equipment and laboratory 

infrastructure.26 However, it is quite costly, with each cartridge costing approximately 

$10 in addition to the cost of the instrument.27  

Biomarker-based diagnostic tests for tuberculosis most commonly detect LAM, 

a glycolipid found in the cell wall of mycobacteria such as M. tb.28 Biomarker tests are 

fast and affordable, but lack sensitivity and specificity.29 However, they are still a good 

option for initial testing where speed and cost are more important factors.29  

Importantly, these tests use urine samples, rather than sputum, which has additional 

benefits.30  Conventional sputum smear microscopy, bacterial culture, and nucleic acid 

amplification tests, such as GeneXpert MTB/RIF, all require biohazardous M. tb-

infected sputum samples to yield a positive diagnosis of TB.31 Yet, it is difficult for 

many patients with active TB to produce sputum samples, especially those co-infected 

with HIV, people with diabetes, and children.31 Further, urine analysis obviates the 

biohazards associated with sputum handling and can be easily collected from all 

patients.30,32 Overall, the benefits of biomarker tests outweighs the drawbacks, and 

considerable research effort is dedicated to improving them further.33 The 

performance characteristics of the TB diagnostic tests are summarized in Table 2 
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LAM in urine 

 As previously mentioned, one of the main advantages to TB biomarker tests is  

detection of LAM in urine.34 However, initially urinary LAM detection was limited to 

individuals who were co-infected with HIV.32 Several hypotheses were proposed to 

explain this phenomenon (Figure 1).35 One possibility is that as LAM is shed from the 

surface of the mycobacteria, it binds to antibodies or high-density lipoprotein, and the 

resulting complexes are too large to be filtered through the renal glomerular 

membrane.36-39 In the case of HIV co-infection, glomerular dysfunction could result in 

the presence of LAM in urine; however, the absence of a correlation between urinary 

LAM and proteinuria lessens this hypothesis.40 A second hypothesis is that LAM 

enters urine only in the case of renal or disseminated TB, which is more common in 

patients with HIV.35 Lastly, it is hypothesized that free LAM is filtered by the kidneys 

and secreted into urine with a higher concentration of detectable LAM in HIV-positive 

individuals. This is due to a higher overall TB burden in HIV-positive patients, while a 

Table 2. There are multiple types of diagnostic tests for TB that vary in sensitivity, 

specificity, cost, and resource requirements.  

Diagnostic method Sensitivity Specificity Cost 
Resource 

requirements 

Chest radiography16 High Low High High 

Sputum smear 
microscopy19 Low High Low High 

Mycobacterial culture21 High High High High 

Nucleic acid 
amplification test24 High High High High 

Biomarker-based test29 Low Low Low Low 
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lower TB burden and resulting decreased concentration of LAM in HIV-negative 

individuals falls below the detection limit.41 Paris, et al. was able to show that LAM 

could be detected in 96% of TB-positive HIV-negative patients by concentrating the 

urine prior to analysis.41 The sample preparation method used in this study will be 

discussed in more detail in Chapter IV, but it was found that HIV-negative patients had 

a much lower concentration of LAM in urine compared to HIV-positive patients. 

Specifically, they found that the concentration of LAM in the urine of TB-infected, HIV-

negative individuals varies from approximately 10 to 1000 pg/mL.41 Higher LAM 

concentrations are reported in HIV-positive individuals, up to 100 ng/mL, due to a 

higher overall bacillary load.41 This study, as well as other recent research reports, 

support the third hypothesis that concentration of LAM in HIV-negative individuals is 

simply below the LOD for most methods.41,42 Now, the focus has shifted to 

understanding the structure of LAM in more detail with the goal of improving molecular 

recognition elements for LAM and, thus, detection tests for LAM.43  
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Figure 1. Three potential hypotheses have been proposed to explain urinary 

ManLAM in HIV-positive and HIV-negative cases. The first hypothesis is that 

antibodies bind to ManLAM forming an immune complex that is too large to be 

filtered through the renal glomerular membrane, except in cases of glomerular 

dysfunction which is possible in HIV co-infection. A second hypothesis is that urinary 

ManLAM is the result of renal TB, which is more common with HIV co-infection. The 

third hypothesis is that free ManLAM is present in urine in all cases but that the 

concentration is dependent on the M. tb burden, which is typically higher for HIV-

positive individuals compared to those who are HIV-negative. Figure adapted from 

Ref. 35. 
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The structure of LAM 

LAM has three structural domains: (1) a mannosyl-phosphatidyl-myo-inositol 

linker, (2) a polysaccharide backbone composed of a D-mannan core and D-arabinan 

branches, and (3) a capping motif on the terminal ends of the D-arabinan branches 

(Figure 2).44 The linker and backbone are conserved in all LAM variants, while the 

capping motif differs depending on the species of mycobacterium.44,45 There are three 

classifications of LAM based on variations in their capping motif: (1) ManLAM, which 

is capped with mannose, (2) PILAM, capped with phospho-myo-inositol, and (3) 

AraLAM, which is devoid of capping motifs.44,46 PILAM and AraLAM are found in the 

cell wall of fast-growing, non-pathogenic mycobacteria. In contrast, ManLAM is unique 

to the surface envelope of slow-growing, pathogenic mycobacteria, such as M. tb, M. 

bovis and M. leprae.47  
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A great deal of heterogeneity exists within each variant of LAM, as well as from 

a single source of LAM.48 For example, the mannose caps can take one of three forms: 

(1) a single mannose residue, (2) -(1,2)-linked di-mannosyl residues, or (3) -(1,2)-

linked tri-mannosyl residues.49 Generally, M. tb ManLAM is capped with di-mannosyl 

residues.50 In contrast, ManLAM from M. avium, a different pathogenic mycobacteria, 

is preferentially capped with mono-mannose motifs.50 Additionally, the total number of 

 

Figure 2. Schematic showing the similarities and differences between the three 

types of LAM: ManLAM is capped with mannose residues, PILAM is capped with 

phosphoinositol, and AraLAM is devoid of capping residues. Throughout this work, 

the specific variant of LAM (ManLAM, PILAM, or AraLAM) will be used where 

applicable and LAM will be used generally to discuss conserved features, shared 

properties, and non-specific interactions. Figure adapted from Ref. 43. 

PILAM AraLAM

Phosphoinositol cap
No caps

ManLAM

Phosphotidyl-myo-inositol
mannoside linker

Mannan chain

Arabinan chain

Mannose
caps

MTX residue
(M. tb only)



 11 

mannose caps per ManLAM molecule varies.50 M. tb and M. bovis ManLAM express 

the highest number of mannose capping residues (seven to nine per ManLAM 

molecule), whereas M. leprae ManLAM averages only two mannose caps per 

ManLAM molecule.51,52 This makes the abundance of mannose caps on M. tb 

ManLAM an especially attractive target for new capture and detection agents.53 An 

additional unique feature of M. tb ManLAM is the presence of MTX substituents on the 

terminal mannose capping motifs.54,55 Lastly, studies have reported differences in the 

structure of in vitro ManLAM – ManLAM isolated from mycobacterial culture – and in 

vivo ManLAM – ManLAM that is found in TB-patients, posing further complications for 

the development of diagnostic test. 43  

 

First-generation ManLAM detection tests 

ManLAM has been studied as a biomarker for TB in diagnostic tests since 1997; 

however, a commercial test was not available until 2003 with the development of the 

Clearview TB ELISA assay from Inverness. 42,56 The Clearview TB ELISA was 

developed to detect ManLAM in urine through the use of polyclonal antibodies that 

bind to the conserved backbone.57 A study of the sensitivity of the ELISA showed that 

it displayed higher sensitivity in people co-infected with HIV and with advanced 

immunosuppression.58 In 2010, Inverness re-branded to Alere and the Clearview 

ELISA was replaced by the Alere Determine TB LAM Ag LFA, which utilizes the same 

polyclonal antibodies to detect ManLAM, in a format suitable for point-of-care 

testing.34,42,59 Similarly to the Clearview ELISA, the Alere LFA was found to have 

higher sensitivity in people infected with HIV and with very low CD4 counts (<100 CD4 
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cells/L), and thus was recommended for use in these populations by the World Health 

Organization.60  

However, implementation of the Alere LFA has been limited largely due to its 

variable sensitivity and specificity. Results from clinical studies and a meta-analysis 

present pooled sensitivities for the Alere LFA between 34% and 60% depending on 

the reference standard.58 Increased sensitivity was correlated to the severity of patient 

immune suppression, as the concentration of ManLAM in urine is thought to depend 

on the patient’s immunocompetence, reflecting increased bacillary load, dissemination 

of M. tb, and potentially also renal involvement of TB disease in such patients.58 

Similarly, although most studies have reported high positive predictive values, there 

remains unexplained variability in specificity, with individual studies reporting values 

ranging from 79% to 100%.58 While poor specificity may reflect the shortcomings of 

individual assays, it is also possible that false-positive results are due to cross-

reactivity with LAM molecules expressed by non-tuberculous mycobacteria, or related 

bacteria of the Actinomycetales order, particularly as the Alere LFA relies on anti-LAM 

antibodies that bind to the common polysaccharide backbone of all LAM 

variants.30,32,61,62 

Cross-reactivity with LAM variants is well-established in the literature.63 One 

study showed that disseminated non-tuberculosis mycobacterial infections, 

specifically M. avium, M. kansasii, and M. intracellilare, can generate a false-positive 

response on the Alere LFA.64 Another study observed false positive Alere LFA results 

due to M. leprae in Brazilian patients.65 Notably, these mycobacteria are all considered 

slow-growing pathogenic mycobacteria, which are known to display ManLAM.49 

However, Boehme, et al. observed cross-reactivity with LAM from rapid-growing, non-

pathogenic mycobacteria – both the PILAM and AraLAM subtypes – with the 
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Clearview ELISA, which utilizes the same antibodies as the Alere LFA.34,61 This cross-

reactivity has severe implications on the clinical usefulness of the Alere LFA.  

Clinically, non-tuberculosis mycobacterial infections are most common in cases 

of severe immune deficiency, such as HIV and cancer.66,67 However, reports have 

indicated that non-TB mycobacterial infections are increasing in prevalence in people 

who are not immune-compromised.68 Yet, information on the prevalence of non-

tuberculosis mycobacteria infections is lacking, particularly in TB-endemic countries 

where the chance of misdiagnosis is high.69 A further complication factor is that 

different species of non-tuberculosis mycobacteria vary in their disease manifestations 

and clinical relevance.70 However, it is obvious that assays capable of distinguishing 

the variant of LAM are needed, both for proper treatment and for improved 

surveillance.  

 

Second-generation ManLAM detection tests 

Recently, the focus has shifted to an investigating ManLAM substructures in 

urine, notably the mannose caps and MTX residues which distinguish ManLAM from 

other variants of LAM. 43,53,71 Researchers utilized the MTX-specific antibody, S4-20 

(referred to as MoAb1 in early studies), to develop a novel immunoassay for ManLAM, 

the FujiLAM assay.72 The FujiLAM assay was found to be 70% sensitive, versus a 

sensitivity of 42% displayed by the Alere LFA with the same cohort.72 This increase in 

sensitivity is partially due to the silver amplification step, which produces a 100-fold 

increase in the size of the colloidal gold used for detection.72 Unlike the Alere LFA, the 

FujiLAM assay displays no cross-reactivity with other variants of LAM because of the 
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distinct targeting of the MTX epitope, which is present only on M. tb ManLAM.72,73 

However, in comparison to the mannose capping residues, the MTX capping residue 

is present in low abundance on M. tb ManLAM; typically only one MTX residue is 

present per ManLAM molecule versus seven to nine mannose capping residues.54 

Therefore, MTX may be a suboptimal moiety to target on M. tb for diagnostic purposes.  

 Another method of improving the specificity of ManLAM detection assays is to 

target the mannose caps unique to the pathogenic variant. Several antibodies have 

been developed that are specific for this epitope, including My2F12, G3, and 

P30B9.53,74 All three antibodies were found to bind binds strongly to di-mannose 

capped tetra-arabinoside and hexa-arabinoside structures with variations in their weak 

binding interactions to other mannose capped structures (Table 3).74 Notably, none of 

these antibodies were able to bind to structures that contained an MTX motif.74 Despite 

the similar binding patterns of these three antibodies, their applications and uses differ. 

Unfortunately, P30B9 has not yet been used in further studies, but future work will be 

of great interest. Sigal, et al. found that G3 was not capable of binding ManLAM in 

clinical samples, despite demonstrating a strong affinity for in vitro ManLAM.73 They 

hypothesized that this was due to an increased number of MTX residues, which block 

binding of G3, on in vivo ManLAM versus in vitro ManLAM; however, Chan, et al. 

developed a ManLAM detection assay utilizing My2F12 that was able to detect in vivo 

ManLAM in urine.53 This assay was reported to have a sensitivity of 26.6 – 46.7% in 

HIV-negative individuals, which leaves room for improvement.53 
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Microvirin-N 

MVN, a 14.3 kDa lectin, was first identified in Microcystis aeruginosa in 2005 

by Kehr, et al (Figure 3).75 M. aeruginosa is the most common cyanobacteria found in 

freshwater lakes, forming dense water blooms with an unpleasant smell and toxic 

metabolic products.76 The presence of mannose-binding lectins in members of the 

Microcystis genus has been documented in the literature, including the M. viridis lectin 

MVL and the M. aeruginosa lectin MAL.77-79 In this first study of MVN, a glycan array 

was used to determine the carbohydrate specificity of MVN.75 Based on 33% 

sequence homology to cyanovirin-N, a mannose-binding lectin isolated from Nostoc 

ellipsosporum that displayed promising anti-HIV activity, a microarray consisting of 

eight derivatives of high-mannose structures was used to probe the binding of 

Table 3. A glycan array was used to identify the mannose structure specificity of 

three antibodies that target ManLAM mannose caps.74 All three antibodies had 

strong binding interactions with di-mannose capping motifs, but the antibodies varied 

in their weak interactions. 74 In the glycan array study, G3 was referred to as MoAb2, 

but the more recently used (and more distinct  name) was chosen to be used for this 

discussion.73  

 Mannose capping motif 

Antibody Mono- Di- Tri- 

My2F12  Strong Weak 

G3 / MoAb2 Weak Strong Weak 

P30B9 Weak Strong  
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MVN.75,80 Cyanovirin-N has been shown to display high affinity for the high-mannose 

branched oligosaccharides, Man8 and Man9, found on the HIV surface envelope 

glycoprotein, gp120.81 The results of the glycan array demonstrated that MVN binds 

to Man9, as well as sub-structures consisting of the D1 and D3 arms of Man9, all three 

of which contain Man-(1,2)-Man linkages.
75

 Additionally, structures without Man-

(1,2)-Man linkages showed no signal for binding, providing further evidence that MVN 

specifically binds to this linkage.75 Furthermore, a later study tested the specificity of 

MVN with a glycan array of almost 400 sugars, with a much greater diversity in 

structure than the previous array, and confirmed that MVN is specific for Man-(1,2)-

Man linkages.82 

82,83,84,85,86,87

 

 

 

 Figure 3. The lectin MVN (14 kDa) is shown in comparison to streptavidin (52 kDa) 

and an immunoglobulin (IgG) antibody (146 kDa).82-87 

 

Streptavidin – 52 kDA

IgG – 146 kDAMVN – 14 kDA

2 nm
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Following this report of the discovery of MVN, Huskens, et al. studied the anti-

HIV activity of MVN.88 In contrast to cyanovirin-N, MVN was shown to be active against 

the HIV-1 M subtype, but not the HIV-1 O subtype or HIV-2.88 Moreover, MVN was 

shown to have a much higher safety profile than cyanovirin-N.88 Subsequent studies 

have further explored the anti-HIV activity of MVN.89-93 Additionally, MVN was shown 

to exhibit antiviral activity against hepatitis C, which has a cell envelope that contains 

many high-mannose glycans.94,95 Notably, MVN has not been tested with M. tb by 

other research groups, but cyanovirin-N was shown to bind to ManLAM which contains 

the same Man-(1,2)-Man linkages as HIV Man9.96 The goal of this project is to utilize 

MVN to bind in vivo ManLAM, as antibodies specific for the mannose caps were shown 

to have mixed results for binding to ManLAM in urine.73 It is reasoned that MVN may 

have different results due to its small size and high degree of carbohydrate specificity.  

 

Scope of this work 

New approaches for TB control and care are urgently needed. Accurate 

diagnosis is one of the cornerstones of TB control, therefore considerable research 

effort has been dedicated to the development of new testing formats to enable well-

timed diagnosis, guide the appropriate treatment, and curb the transmission and 

unacceptably high number of deaths due to this otherwise curable disease.31,60, The 

goal of this project is to utilize the lectin MVN as a novel molecular recognition element 

for ManLAM. It has been established that MVN binds to Man-(1,2)-Man linkages, 

which are present in the mannose caps of ManLAM.75,88 In Chapter II, the binding of 

MVN to ManLAM and other variants of LAM will be investigated using BLI. In Chapter 

III, a MVN-based OB-ELISA will be developed that allows in vitro ManLAM to be 
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detected in urine. In Chapter IV, clinical urine samples will be tested with the MVN-

based OB-ELISA to determine whether MVN is capable of binding to mannose caps 

on in vivo ManLAM. As a result, this work represents a critical advance in TB 

diagnostic technology, opening many avenues for further study.  
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Chapter II 

 

Microvirin-N is a novel molecular recognition element 

for the tuberculosis biomarker lipoarabinomannanb 

 

Introduction 

The discovery of MVN, a highly specific Man-(1,2)-Man binding lectin, was 

reported in 2005 by Kehr et al.75 Since then, it has been investigated for anti-HIV-1 

activity and as a neutralizing agent for hepatitis C viral infections.88,94,97 A solution 

structure of MVN bound to an -(1,2) di-mannose shows that binding occurs through 

a single site.82 The binding site for the reducing mannopyranose is located in a deep 

groove formed by two -turns (Figure 4).82 Binding is governed by hydrophobic 

interactions and van der Waals forces.82 However, the binding site for the terminal 

mannose is more shallow and formed of the hinge linker and a helix structure.82 Six 

hydroxyl groups of this residue are proposed to form hydrogen bonds with MVN.82 

MVN displays remarkable specificity to Man-(1,2)-Man linkages as demonstrated by 

a binding experiment with a glycan array of almost 400 sugars.82 As previously 

mentioned, M. tb, as well as other slow-growing, pathogenic mycobacteria species, 

express ManLAM which contains Man-(1,2)-Man linkages; in contrast, non-

pathogenic mycobacteria, such as M. smegmatis and M. chelonae, express PILAM 

 
b Portions of this chapter were reproduced from Ref. 105 with permission from the 
Royal Society of Chemistry. 
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and AraLAM, respectively, which express non-mannose caps.44 Therefore, the use of 

MVN to target the mannose caps that make ManLAM distinct would enhance the 

specificity of detection.  

 

 

 

Current ManLAM detection tests employ either polyclonal or monoclonal 

antibodies. Polyclonal antibodies raised against ManLAM are more likely to recognize 

multiple antigenic epitopes compared to monoclonal antibodies, but carry the risk of 

 

Figure 4. A PyMOL rendering shows the resolved crystal structure for MVN bound 

to the Man-(1,2)-Man structure. MVN has a N-terminal hexa-histidine affinity tag 

for purification and a single intrinsic lysine residue which allows for simple 

bioconjugation procedures.  

N-terminus

C-terminus
Sole lysine
residue

Mannose α-1-2 mannose 
Linkage binding site
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batch-to-batch variation and cross-reactivity.98 Although monoclonal antibodies target 

a single epitope, the majority of monoclonal antibodies generated against ManLAM  

target the conserved arabinan branches.74,99-102 Broadly, they target capped or 

uncapped tetra-arabinoside or hexa-arabinoside motifs, with some antibodies 

displaying additional specificity (Table 4). However, none of these antibodies are 

capable of distinguishing between the variants of LAM, leading to cross-reactivity and 

high false-positive detection rates.103 Recently, new antibodies have been developed 

that are specific for ManLAM, either by binding to the mannose caps (My2F12, G3, 

and P30B9) or the MTX residues (S4-20), underscoring the need for ManLAM-specific 

capture agents to improve the specificity of M. tb diagnostic assays.53,71  

 

Table 4. Binding epitopes of the anti-LAM antibodies tested in this study as determined 

by glycan array (Ara4 = linear tetra-arabinoside, Ara6 = branched hexa-arabinoside, 

Any Man Cap = any mannose capping structure with or without MTX, ManX = 

mannose capping structure consisting of X mannose residues).74  

Antibody Binding epitope 

FIND Ab25 Ara6 ± Any Man Cap 

FIND Ab28 Ara6 ± Any Man Cap 

FIND Ab170 Ara6 ± Any Man Cap 

FIND Ab194 Ara4, Ara6 ± Man1 Cap 

FDX01 N/A 

CS35 Ara4, Ara6 ± Any Man Cap 

CS40 Ara4, Ara6 + Man1 Cap ± MTX 
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In this chapter, the high affinity and exceptional specificity of MVN, a small 

cyanobacterial lectin, toward M. tb H37Rv ManLAM using BLI is demonstrated. BLI is 

an optical technique that uses biosensors functionalized for highly specific binding of 

target molecular recognition elements which can then interact with the biomarker of 

interest.104 White light is directed down the biosensor towards two layers – a 

biocompatible layer on surface of the tip and an internal reference layer – which reflect 

the light.104 As molecules bind to the surface of the biosensor, a molecular layer is 

formed that increases in thickness, widening the distance between the two planes and 

changing the interference pattern between the two beams of light.104 The change in 

interference pattern is representative of molecular binding.104 This technique was used 

to study the binding of MVN and anti-LAM antibodies to ManLAM, as well as variants 

of LAM expressed by non-pathogenic mycobacteria. 

 

Materials and Methods 

Expression and purification of MVN 

MVN expression and purification was performed by the Vanderbilt Antibody and 

Protein Resource Core. Briefly, competent E. coli BL21-DE3 bacteria were 

transformed with the MVN-pET15b plasmid (190 ng plasmid per 100 L competent 

bacteria) by heat shock. The plasmid-transformed bacteria were plated onto LB Agar 

plates containing ampicillin (100 g/mL). Colonies were selected from the plates and 

stored as a glycerol stock. A 50 mL aliquot of LB medium containing 100 g/mL 

ampicillin was inoculated with MVN-pET15b transformed BL21-DE3 bacteria as a 

starter culture, and allowed to grow at 37C, 22 rpm overnight (~16-18 hours). 1 L 

sterilized TB Broth was inoculated with overnight starter culture until the OD600 reading 
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reached ~0.1. Ampicillin was then added to a final concentration of 100 g/mL. The 

culture was allowed to grow at 37C, 22 rpm until the OD600 reading reached ~0.6-0.8. 

The culture was cooled to 18C and isopropyl β-D-1-thiogalactopyranoside was added 

to final concentration of 1 mM. Cultures were further incubated overnight (~16-18 

hours) at 18C, 22 rpm. Bacterial cells were harvested via centrifugation and either 

used fresh or stored frozen. 

Cell pellets were resuspended in 150 mL phosphate buffer (25 mM NaH2PO4, 

500 mM NaCl, 10% glycerol, pH 8) containing 2 g/mL lysozyme (Sigma: Cat. No. 

L6876), 1 mL protease cocktail (Sigma: Cat. No. P8849), and powdered DNase I 

(Sigma: Cat. No. DN25). The cell suspension was then passed through an Emulsiflex-

C3 High Pressure Homogenizer (Avestin) three times maintaining lysis pressure at 

15,000 psi. The lysate was centrifuged and the resulting supernatant was clarified by 

filtering through a 0.22 m filter. The clarified lysate was loaded onto a 5 mL HisTrap 

HP column (GE: 17-5248-02) and purified by FPLC. MVN was eluted with a linear 

imidazole gradient from 0-500 mM. Fractions containing MVN were pooled and 

dialyzed against PBS overnight at 4C. Protein concentration was determined by 

quantification gel – Invitrogen NuPAGE 4-12% gradient gel run in 1x MES buffer with 

densitometry performed using the Image Studio Lite Version 5.2 software. 

 

Bioconjugation procedures 

Anti-LAM antibodies Ab25, Ab28, Ab170, Ab194, and FDX01 were procured 

from the Foundation for Innovative New Diagnostics (FIND) and conjugated to biotin 

with a 20x molar equivalence of EZ-Link NHS-PEG4-Biotin (Thermo Scientific: Cat. 
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No. 21329) in DI water. Following a 30-minute incubation step at room temperature, 

the antibody-biotin conjugates were purified from excess biotin reagent using 7k 

MWCO Zeba desalting columns (Thermo Scientific: Cat. No. 89883). The 

concentration of the resulting antibody-biotin conjugates was determined by micro-

volume analysis using a BioTek Take3 plate with the IgG setting. 

 

Binding characterization of molecular recognition elements by BLI 

Anti-LAM antibodies CS35 and CS40 were procured from the Biodefense and 

Emerging Infections Research Resources Repository (BEI Resources). MVN and all 

anti-LAM antibodies were subjected to binding experiments on the ForteBio Octet 

RED96 to determine binding affinity to M. tb H37Rv ManLAM, M. leprae ManLAM, and 

M. smegmatis PILAM.18 Dip and Read Ni-NTA biosensors (ForteBio: Cat. No. 18-

5101) were used to determine the binding affinity of MVN-His6. Dip and Read 

Streptavidin biosensors (ForteBio: Cat. No. 18-5019) were used for the binding 

experiments with biotinylated Ab25, Ab28, Ab170, Ab194, and FDX01. Dip and Read 

Anti-Mouse Fc capture biosensors (ForteBio: Cat. No. 18-5088) were used for the 

binding experiments with CS35 and CS40. 

For the Streptavidin and Anti-Mouse Fc capture biosensors, the biosensors 

were first introduced to a biosensor buffer (0.1% BSA (Fisher: BioReagents: Cat. No. 

BP9706100), 0.02% Tween 20 in PBS (Fisher BioReagents: Cat. No: BP337100) for 

a 300 second equilibration step in a black 96-well plate. The biosensors were then 

transferred to wells containing biotinylated antibody (0.5 g/mL) for 400 seconds 

(Figure 5A). The loaded biosensors were moved to wells containing biosensor buffer 
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for a 60 second baseline step and then transferred to sample wells containing a two-

fold serially diluted range of M. tb ManLAM, M. leprae ManLAM, or M. smegmatis 

PILAM with a buffer reference well for a 400 second association step. The two-fold 

serial dilution began at an initial concentration of LAM such that the starting 

concentration of LAM was at least 10x higher than the expected KD and the lowest 

concentration was 2x lower than the expected KD.19 Lastly, the biosensors were moved 

back to the baseline buffer wells for a 900 second dissociation step. 

The same procedure was used with Dip and Read Ni-NTA biosensors to 

determine the binding affinity of MVN-His6, except the biosensor buffer was 0.02% 

Tween 20 in PBS and MVN-His6 was loaded onto the biosensor at 0.5 g/mL (Figure 

5B). Inside the ForteBio software, a global 1:1 fit model was selected to derive the 

kinetic (kon, koff) and equilibrium (KD) data. 
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Binding pair evaluation by BLI 

The binding pair evaluation was run on the Octet RED96, equipped with Dip 

and Read Ni-NTA sensors. The biosensors were first introduced to a biosensor buffer 

(0.02% Tween 20 in PBS) for a 300 second equilibration step, followed by a loading 

step where the biosensors were transferred to wells containing 0.7 g/mL MVN-His6 

for 400 seconds. The loaded biosensors were transferred to wells containing 

biosensor buffer for a 60 second baseline step and then transferred to sample wells 

containing 0.325 g/mL M. tb H37Rv ManLAM for a 400 second association step. The 

biosensors were returned to the baseline wells for a 60 second baseline step and then 

 

Figure 5. Schematic showing the abbreviated workflow for BLI. A) First, anti-LAM 

antibodies were loaded onto streptavidin biosensors. Then, the biosensors were 

moved to solutions of LAM to measure the interaction between LAM and the 

antibody. B) This process was repeated with MVN, with the exception that Ni-NTA 

biosensors were used to bind to the His6-tag on MVN.  
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transferred to wells containing 12 g/mL non-conjugated Ab28 for another 400 second 

association step. Lastly, the biosensors were returned to the baseline buffer wells for 

a 900 second dissociation step.  

 

Stability test of MVN by BLI 

MVN-His6 was stored at either 4C or RT. Repeated binding experiments at set 

time points were performed on MVN-His6 to determine changes in its binding affinity 

toward M. tb H37Rv ManLAM over time as a representation of stability. For the batch 

stored at 4C, measurements were made on days 0, 1, 2, 3, 4, 8, 12 (excluded by 

outlier test), 16, 22, 29, 36, 43, 49 (measured twice using two batches of ManLAM and 

averaged), 63, 77, 91, and 105. For the batch stored at RT, aliquots were moved from 

the freezer to RT on days 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, and 14; binding experiments 

were performed with each aliquot on the last day. The binding experiments were 

performed in the same manner as outlined previously. 

 

Results 

To evaluate the binding of MVN to ManLAM, MVN was subjected to BLI 

experiments with M. tb H37Rv ManLAM. For these experiments, Ni-NTA 

functionalized biosensors were used to bind the His-tag on MVN. MVN loading onto 

the biosensor can be visualized by an increase in the binding shift (Figure 6a). The 

biosensor tips were then moved to wells with solutions of M. tb  ManLAM spiked into 

buffer to allow M. tb ManLAM to bind to MVN on the biosensor tip. It is clear that M. tb 
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ManLAM binds to MVN as indicated by the increase in the binding shift (Figure 6b).  

Lastly, the dissociation of the MVN-ManLAM complex was measured to assess the 

stability of the complex (Figure 6c). The dissociation constant (KD) was determined 

by taking the ratio of the rate of dissociation to the rate of association for a range of 

concentrations, with lower KD values indicating a higher binding affinity. For the 

interaction between MVN and M. tb ManLAM, the dissociation constant was calculated 

to be less than 1 pM (Table 5). 

 

  

 

Figure 6. BLI binding curve showing MVN binding to ManLAM. (a) First, MVN was 

loaded onto the biosensor which is shown by an increase in binding shift. (b) Then, 

the binding of MVN to ManLAM at a range of concentrations was measured. (c) 

Lastly, the MVN-ManLAM complex was allowed to dissociate to assess the stability 

of the complex.  
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 BLI experiments were repeated with M. leprae ManLAM and M. smegmatis 

PILAM to study the interaction of MVN to non-TB LAM. It was found that MVN bound 

to M. leprae ManLAM but did not exhibit binding to M. smegmatis PILAM (Table 5). 

Lastly, the binding of seven different anti-LAM antibodies to these three variants of 

LAM was measured. It was found that the antibodies were not capable of 

discriminating between the variants of LAM (Table 5). Therefore, it can be concluded 

that MVN displays a specificity for ManLAM that is not observed with the anti-LAM 

antibodies tested in this study.  Furthermore, when comparing the strength of binding 

to ManLAM, MVN was observed to have an equally strong or stronger interaction than 

the antibodies.  

 

Table 5. Dissociation constants of MVN and anti-LAM antibodies to M. tb ManLAM, 

M. leprae ManLAM, and M. smegmatis PILAM, calculated from BLI experiments. MVN 

displays a specificity for ManLAM that is not observed with these anti-LAM antibodies.  

 
Dissociation Constant (KD) to Antigens 

 

M. tb 
ManLAM 

M. leprae 
ManLAM 

M. smegmatis 
PILAM 

MVN < 1 ± 9 pM 74.4 ± 0.5 nM N.B. 

FIND Ab25 1320 ± 16 pM 967 ± 11 pM 817 ± 18 pM 

FIND Ab28 16.5 ± 0.4 nM 10.7 ± 0.14 nM 5.76 ± 0.11 nM 

FIND Ab170 636 ± 11 pM 118 ± 2 pM < 1 ± 2 pM 

FIND Ab194 873 ± 20 pM 2.52 ± 0.02 nM 19.7 ± 0.003 nM 

FDX01 870 ± 20 pM Not tested Not tested 

CS35 < 1 ± 110 pM < 1.0 ± 60  pM < 1 ± 80 pM 

CS40c 8740 ± 60 pM Not tested 113 ± 0.8 nM 

 
c Courtesy of Dr. Westley Bauer. 
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 BLI was also used to study the formation of orthogonal binding pairs with 

ManLAM. After the formation of the MVN-ManLAM complex, the biosensor tip was 

moved to a solution of an anti-LAM antibody to determine if the antibody is capable of 

orthogonal binding to the complex. Non-specific binding was observed between MVN 

and CS35, as well as MVN and CS40. Orthogonal binding pairs were observed with 

Ab25, Ab28, Ab170, Ab194, and FDX01 with BLI (Figure 7).  

 

 

 

 

 

Figure 7. Representative BLI data showing the formation of an orthogonal ManLAM 

binding pair with MVN and the anti-LAM antibody Ab28. Binding pairs were also 

formed with Ab25, Ab170, Ab194, and FDX01.  
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 Lastly, BLI was used to assess the stability of MVN over time. The dissociation 

constant of MVN, stored at room temperature and at 4C, was measured against 

H37Rv M. tb ManLAM over time, as a measure of stability. MVN remained stable at 

4C for over 100 days with minimal decreases in binding affinity after 70 days (Figure 

8A). Furthermore, MVN that was stored at RT for two weeks showed no evidence of 

degradation during the course of the experiment (Figure 8B). 

 

 

 

 

 

 

Figure 8. A) MVN stability study where binding experiments were performed for 

100+ days on MVN stored at 4C. Binding affinity starts to decrease after 70 days. 

B) MVN stability study performed for 2 weeks on MVN stored at room temperature 

(RT). No decrease in binding affinity is observed over this time period. 
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Discussion 

Antibodies, both polyclonal and monoclonal, are the foundation of biomarker-

based assays for TB; however, shortcomings exist with both types of antibodies.  

Previous work has shown no appreciable binding to ManLAM for anti-LAM polyclonal 

antibody matrices when tested with BLI.105 This could be caused by the immobilization 

of non-specific antibodies on the biosensor, which would skew the global binding data. 

Further, this observation substantiates the argument that polyclonal antibodies are not 

ideal for employment in quality-controlled assays for the detection of ManLAM. In this 

work, seven monoclonal antibodies were tested for binding to M. tb ManLAM, M. 

leprae ManLAM, and M. smegmatis PILAM. The BLI results indicate that none of the 

antibodies were capable of specifically distinguishing between the different variants of 

LAM. This result is in agreement with studies that have mapped binding of the anti-

LAM antibodies to the polysaccharide backbone of the LAM molecules, which is 

conserved between the different variants.74,102  

In contrast, MVN was found to bind to M. tb and M. leprae ManLAM, but not to 

M. smegmatis PILAM. This result was expected as MVN is known to bind selectively 

to Man-(1,2)-Man linkages, which are present in the mannose caps of ManLAM.97 

The difference in binding affinity of M. tb ManLAM versus M. leprae ManLAM is 

attributed to variation in the number of mannose capping residues. M. tb and M. bovis 

ManLAM express seven to nine mannose caps per ManLAM molecule, while M. leprae 

ManLAM averages only two.51,52   

Additionally, the high affinity and specificity of MVN to ManLAM affords the 

ability to discriminate between pathogenic mycobacteria, which express ManLAM on 

the surface of the bacteria, and non-pathogenic mycobacteria, which express either 
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PILAM or AraLAM.44 Therefore, non-TB pathogenic mycobacterial species, such as 

M. bovis and M. leprae, would also be detected by MVN, although M. leprae ManLAM 

is detected at a lower affinity as discussed above.53 However, this binding would not 

limit the use of MVN in a diagnostic test. Coupling symptomatic investigation with a 

MVN-based diagnostic would allow medical staff to differentiate between pathogenic 

mycobacterial infections as most ManLAM-presenting pathogenic bacteria either 

cause cutaneous infection or pulmonary TB (lung infection).53 Mycobacteria that cause 

cutaneous infections, such as M. leprae, induce illness that can be differentiated from 

M. tb empirically based on signature skin sores or lesions; therefore, they can be 

readily diagnosed without the need for ManLAM tests.53 Additionally, it is unnecessary 

to differentiate between pulmonary TB causing species, such as M. bovis, because 

they have the same or very similar treatment strategies to M. tb infection.106 Hence, 

screening tests would not need to further differentiate between pathogenic 

mycobacteria infections to permit proper treatment and avoid subjecting non-TB 

infected individuals to long durations of anti-TB therapy that can cause a host of 

potential side effects. 

In traditional “sandwich” style in vitro assays, like ELISAs and LFAs, orthogonal 

binding pairs are employed to capture and detect biomarkers of interest. Pairing MVN 

with an orthogonal, high-affinity ManLAM capture element is therefore needed to 

detect ManLAM in these formats. BLI was used to screen the seven monoclonal 

antibodies to identify an orthogonal binding pair with MVN. It was found that Ab25, 

Ab28, Ab170, Ab194, and FDX01 were capable of acting as an orthogonal ManLAM 

binding agent in the binding pair, while CS35 and CS40 were eliminated due to non-

specific binding between the antibodies and MVN. MVN was not investigated as a self-

binding pair (i.e. using MVN as both capture and detection elements) as MVN is known 
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to bind to HIV-1.75 A MVN self-binding pair could display cross-reactivity with HIV-1, 

which would compromise the assay’s specificity and sensitivity for M. tb ManLAM due 

to the high co-morbidity of HIV with TB.97 Alternatively, when using MVN in a binding 

pair with an anti-LAM capture antibody, the antibody would provide specificity for the 

LAM backbone thereby eliminating cross-reactivity with HIV, while MVN would detect 

only ManLAM molecules among the captured LAM variants. 

Lastly, MVN has several advantageous biophysical properties for use in an 

analytical tool; it was expressed with a N-terminal hexa-histidine affinity tag and has a 

single intrinsic lysine residue, which lends itself to facile bioconjugation techniques. 

Conjugating biotin to this residue enables the immobilization of MVN to any 

streptavidin coated substrate.75,107 Further, previous results have shown that 

conjugation to biotin does not block ManLAM-binding by MVN.105 Stability is an 

important parameter for the utility of protein-based capture reagents. Importantly, the 

thermal stability of MVN at room temperature will limit the need for cold-chain 

transportation of MVN-based point-of-care tests to remote clinic sites in developing 

countries, further improving the accessibility of MVN-based point-of-care diagnostic 

tests. Another practical advantage to using MVN is that, like in vitro monoclonal 

antibody production, MVN can be produced via vector-based expression in E. coli, 

which can be readily scaled up in industrial bacterial bioreactors and is resistant to 

batch-to-batch variation. Furthermore, the stable expression of MVN in E. coli, a 

bacterium that multiplies every 20 minutes and easily tolerates incubation and protein 

expression at lower temperatures (e.g., 18°C), means that MVN can be produced in 

large quantities at a significantly lower cost than recombinant proteins that have to be 

expressed in mammalian cells. In turn, the lower cost of production of MVN will 
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translate to a lower cost per assay, which is crucial to ensuring the successful rollout 

in developing countries.  

 

Conclusions 

Point-of-care diagnostic tests for the detection of the TB biomarker ManLAM in 

urine play an increasingly important role in TB detection. The lectin MVN was 

employed as the molecular recognition element to selectively probe the structure of 

ManLAM versus other variants of LAM. Previous reports detail this lectin’s high affinity 

and specificity for the Man-(1,2)-Man linkages, but this is the first report that exploits 

this binding for the detection of the TB biomarker ManLAM. BLI experiments showed 

that MVN has sub-picomolar binding affinity against ManLAM and stringent selectivity 

as it was shown that MVN does not bind PILAM, a variant of LAM found on non-

pathogenic mycobacteria. In contrast, the employment of anti-LAM antibodies that 

bind to the polysaccharide branches of both ManLAM and PILAM leads to cross-

reactivity. Taken together with the other advantageous properties of MVN (ability to 

form an orthogonal binding pair with anti-LAM antibodies, ease of production, and 

long-term stability at 4°C), MVN is an ideal molecular recognition element for the 

development of analytical tools to study the structure of ManLAM. 
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Chapter III 

 

Development of a specific lipoarabinomannan 

detection assay using microvirin-Nd 

 

Introduction 

Conventional TB diagnostic tests rely on resource-intensive nucleic acid 

amplification, such as the Xpert MTB/RIF test, or technologies that lack specificity and 

sensitivity, such as sputum smear microscopy and chest radiography. Moreover, the 

diagnostic accuracy of these techniques is further impaired in patients with HIV 

coinfection, many of whom cannot produce the required sputum sample.8,15,108 

Globally, the use of biomarker-based diagnostic testing for TB is increasing and many 

countries are phasing out the use of smear microscopy and chest radiography. 

Typically, these tests are lab-based, such as ELISAs, or point-of-care, such as LFAs. 

In an ELISA, a molecular recognition element is first immobilized to a solid support 

(typically a microplate).109 Then, the sample is added, and the biomarker binds to the 

immobilized molecular recognition element.109 Lastly, an orthogonal molecular 

recognition element with a detection moiety, often HRP, is added.109 If the biomarker 

of interest is not present in the sample, the orthogonal molecular recognition element 

cannot bind and no signal is generated.109 

 
d Portions of this chapter were reproduced from Ref. 105 with permission from the 
Royal Society of Chemistry. 
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In a LFA, the sample flows down a cellulose membrane and first encounters a 

conjugate pad, which contains the detection element. This detection element is 

typically a gold nanoparticle conjugated to a molecular recognition element specific to 

the biomarker of interest.110 The sample flows laterally along the nitrocellulose strip 

until it reaches the test line, where an orthogonal molecular recognition element 

simultaneously binds to the biomarker, following the classic sandwich assay format 

described above.110 The aggregation of gold nanoparticles at the test line creates a 

visual signal that is indicative of a positive result.110 Lastly, the sample reaches the 

control line, where the gold nanoparticle conjugate binds directly - regardless of the 

presence of biomarker - as a test control.110 LFAs are simpler and faster than ELISAs, 

but are not capable of quantitation to the same degree as ELISAs. 

In this study, MVN was utilized in a ManLAM detection test to specifically bind 

the Man-(1,2)-Man linked mannose caps of ManLAM with sub-picomolar binding 

affinity.75,82,88 By developing a “sandwich” pairing of MVN with a monoclonal antibody 

that binds an orthogonal hexa-arabinoside motif located in the branches of LAM, a 

highly specific detection test for ManLAM was developed. The detection limit and 

cross-reactivity of the resulting assay were compared to the Alere LFA and an in-

house antibody-based ELISA. 

 

Materials and Methods 

Bioconjugation procedures 

MVN (1.36 mg/mL) was conjugated to biotin using a 20x molar equivalence of 

EZ-Link NHS-PEG4-Biotin (Thermo Scientific: Cat. No. 21329) in DI water. Following 
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a 30-minute incubation step at room temperature, the MVN-biotin conjugate was 

purified from excess biotin reagent using a 7k MWCO Zeba desalting column (Thermo 

Scientific: Cat. No. 89883). The concentration of the resulting MVN-biotin conjugate 

was determined by micro-volume analysis using a BioTek Take3 plate on a BioTek 

Synergy H4 plate reader with the lysozyme setting. 

FIND Ab25 and Ab28 were conjugated to HRP using EZ-Link Plus Activated 

Peroxidase (Thermo Scientific: Cat. No. 31489). The single-use aliquot was dissolved 

in DI H2O and the resulting solution was added to each antibody, followed by sodium 

cyanoborohydride. The reactions were incubated for 1 hour at room temperature. 

Quenching buffer was added and allowed to react for 15 minutes. The resulting 

antibody-conjugates were transferred to an Amicon Ultra-0.5 mL Centrifugal Filter 

Ultracel - 100K spin filter (Millipore Sigma: Cat. No. UFC510024) and centrifuged for 

10 minutes at 14,000 xg. The spin filters were washed three times with PBS then 

inverted into new collection tubes and centrifuged for 2 minutes at 1,000 xg. The 

concentration of the antibody-conjugate was determined by microvolume analysis 

using a BioTek Take3 plate with the IgG setting.  

 

MVN-based plate ELISA 

Solutions (100 L) of 1.3 g/mL MVN were added to an Immulon 2HB clear flat-

bottomed 96-well plate (ThermoFisher: Cat. No. 3455), sealed, and shook for 1 hour 

at room temperature. Wells were washed three times with PBST (PBS, 0.1% Tween 

20). 5% BSA PBST (235 L) was added to the wells and allowed to incubate for 2 

hours, followed by 3 washes with PBST. Next, ManLAM or PILAM spiked into buffer 
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(100 L) was added to the wells, and the plate was allowed to incubate for 2 hours, 

followed by 4 washes with PBST. A solution (100 L) of 0.5 g/mL detection antibody 

Ab25 conjugated to HRP (conjugation described above) was added to the wells and 

allowed to incubate for 1 hour, followed by 5 washes with PBST. An aliquot of TMB 

One (100 L , Promega: Cat. No. G7431) was added to each well and the plate was 

incubated on a shaker for 10 minutes while protected from light. Lastly, 2 M H2SO4 

(100 L) was added to each well to stop the reaction and the signal was measured by 

absorbance at 450 nm to the thousandths place on a microplate reader. All 

measurements were made in triplicate and outliers were removed by a Grubbs’ test.  

 

OB-ELISA 

First, Dynabeads MyOneTM Streptavidin T1 beads (Invitrogen: Cat. No. 65601) 

were functionalized with MVN-biotin conjugate. MVN was conjugated to biotin as 

described above. The streptavidin beads were washed three times with PBS using a 

magnetic separation rack (Invitrogen: Cat. No CS15000). The MVN-biotin conjugate 

was added at a ratio of either 60 g MVN per 1 mg beads (Bead 1, for experiments in 

buffer) or 30 g MVN per 1 mg beads (Bead 2, for experiments in urine). The resulting 

mixture was incubated for 30 minutes at room temperature. The beads were then 

washed three times with PBS and blocked with excess D-biotin in PBS for 30 minutes. 

Lastly, the beads were washed three times with PBS and re-suspended in PBST (PBS, 

0.1% Tween 20). 

Solutions (100 L) of ManLAM or PILAM in 0.1% BSA PBST or pooled human 

urine (Innovative Research: Cat. No. IRHUURE1000ML) were placed in a clear 
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uncoated flat-bottom 96-well plate. Then, 20 g of Bead 1 or 40 g of Bead 2 MVN-

functionalized magnetic Dynabeads were added to each well, and the plate was 

sealed and incubated on a shaker for 30 minutes (Figure 9A). The beads were 

magnetically separated from the supernatant using a 96-well magnetic separation rack 

(EdgeBio: Cat. No. 57624) and washed three times with PBST. An equal volume of 1 

g/mL Ab25 conjugated to HRP in 0.5% BSA PBST (for experiments in buffer) or 2 

g/mL Ab28 conjugated to HRP in 0.5% BSA PBST (for experiments in urine) was 

added to the wells. The plate was incubated on a shaker for 30 minutes, followed by 

three washes with PBST. An aliquot of TMB One (100 L) was added to each well 

containing beads and the plate was incubated on a shaker for 10 minutes while 

protected from light. Lastly, 2 M H2SO4 (100 L) was added to each well to stop the 

reaction, and the signal was measured by absorbance at 450 nm to the thousandths 

place on a microplate reader. When capture and detection were performed 

simultaneously, the detection antibody was added to the samples prior to adding the 

magnetic beads (Figure 9B). Following a 30-minute incubation on a shaker, the beads 

were washed three times with PBST and TMB was added. The rest of the procedure 

was followed as described above. When larger volumes of urine were tested, the entire 

procedure was scaled accordingly. 
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Figure 9. The MVN-based OB-ELISA can be performed with (A) sequential or (B) 

simultaneous capture and detection steps. 
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All measurements were made in triplicate and outliers were removed by a 

Grubbs’ test. For measurements made in urine, the average signal of the blank was 

subtracted from raw absorbance values to correct for background. The LODs were 

calculated as 3SDblank/slope. 

 

Alere LFAs 

Alere LFAs were performed according to the manufacturer’s instructions –

ManLAM or PILAM (60 L) spiked into pooled human urine was applied to the Alere 

LFAs (Lot No. 170423) in triplicate. After 25 minutes, the LFAs were read visually and 

on the Qiagen ESEQuant LFR – Lateral Flow Reader to determine the test line area. 

LODs were based on visual interpretation of test lines.  

 

Antibody-based plate ELISA 

This assay was performed with the same procedure as the MVN-based plate 

ELISA with the following changes: 4 g/mL Ab170 was used for the capture reagent, 

mock samples were made with ManLAM or PILAM spiked into pooled human urine, 

and 0.5 g/mL Ab28 conjugated to HRP was used for the detection reagent. All 

measurements were made in triplicate and outliers were removed by a Grubbs’ test. 

The LODs was calculated as 3SDblank/slope. 

 

 



 44 

Results 

Initially, a classic plate ELISA was developed to utilize the high affinity and 

specificity of MVN for ManLAM as demonstrated by BLI (Chapter II). In this assay, 

MVN was used as the capture agent and the anti-LAM antibody Ab25, conjugated to 

HRP, was used for detection due to literature precedent for the use of lectins as 

capture agents and the ubiquitous use of antibodies for detection.111,112 Using 

solutions of ManLAM (at 32.5 ng/mL) spiked into buffer, the ELISA was optimized for 

the concentration of MVN used for capture and the concentration of anti-LAM antibody 

for detection. For MVN, it was found that a concentration of 1.3 g/mL resulted in the 

highest signal-to-noise (Figure 10A). For the antibody, a concentration of 0.5 g/mL 

produced marginally better results and was used moving forward (Figure 10B). 

 

 

 

 

Figure 10. A) MVN concentration was optimized for the plate ELISA and 1.3 g/mL 

was selected. B) Detection antibody concentration was optimized and 0.5 g/mL was 

chosen. 
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However, early results showed that PILAM displayed strong signal on the MVN-

based plate ELISA. This result contradicted the BLI results which indicated that PILAM 

does not bind to MVN and prompted further investigation. The plate ELISA was 

performed with and without MVN to determine if the signal was the result of PILAM 

binding to MVN or if it was non-specific signal. The results showed that PILAM (at 6.5 

g/mL) displayed signal regardless of the presence of MVN indicating that the signal 

was non-specific (Figure 11). Further, the signal-to-noise was increased when MVN 

was not present. On the other hand, ManLAM (at 65 ng/mL) only displayed signal in 

the presence of MVN, indicating a specific interaction. 
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The conditions of the MVN-based plate ELISA were changed with the goal of 

decreasing the non-specific binding of PILAM. First, the blocking agent was changed 

from BSA to casein (both at 5% in PBST). Although this modification did result in a 

decrease of non-specific PILAM signal (at 6.5 g/mL), it also resulted in a decrease in 

ManLAM signal (at 65 ng/mL) and, therefore, was not sufficient (Figure 12A). Next, 

different types of passive binding immunoassay plates were tested with the plate 

ELISA and the new blocking conditions. The assay had previously been performed 

 

Figure 11. Results of MVN-based plate ELISA performed with and without MVN 

capture to determine if PILAM signal was due to specific capture by MVN or non-

specific binding. With ManLAM, signal was only observed with MVN capture. For 

PILAM, signal was observed independent of whether a capture agent was used, 

indicating that PILAM binds non-specifically.  
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using the Immulon 2HB plate, which is considered a “slightly hydrophilic” plate.113 A 

different “slightly hydrophilic” plate, MediSorp, was tested for comparison, as well as 

hydrophobic plates, Immulon 1B and PolySorp, and plates with a greater degree of 

hydrophilicity, Immulon 4HBx and MaxiSorp.113 It was found that hydrophobic plates 

reduced the ManLAM signal while increasing the non-specific PILAM signal (Figure 

12B). On the other hands, hydrophilic plates reduced the PILAM non-specific signal 

while increasing the ManLAM signal. Although this result marked a positive change, 

the ManLAM signal-to-noise was still lower than it had been when BSA and Immulon 

2HB plate were used so other methods were pursued without implementing either of 

these changes.  
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 Following unsuccessful attempts to decrease non-specific PILAM signal with 

assay optimization, sample preparation methods to deplete PILAM were investigated. 

First, a standard curve of PILAM in buffer was pre-incubated in BSA-blocked wells and 

then the signal was assessed with the MVN-based ELISA. In this experiment, pre-

incubation was not found to have a significant effect on the PILAM signal (Figure 13A). 

 

Figure 12. A) BSA and casein blocking were compared in the MVN-based plate 

ELISA. Casein was found to reduce both ManLAM and PILAM signals and, 

therefore, was not sufficient.  B) The type of immunoassay plate was also explored 

to reduce non-specific PILAM signal. Previously, Immulon 2HB plates had been 

used. It was found that increasing the hydrophobicity of the plate (Immulon 1B and 

PolySorp) increased the degree of non-specific PILAM binding while increasing the 

hydrophilicity (Immulon 4HBx and MaxiSorp decreased the non-specific binding 

PILAM binding. 
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Then, beads of different surface chemistries, including amine beads, carboxylate 

beads, Co-NTA beads, and silane beads, were explored for PILAM depletion by 

incubating solutions containing PILAM with beads and then assessing signal with the 

MVN-based plate ELISA. It was found that there was no significant difference in PILAM 

signal (at 13 g/mL) for any bead type (Figure 13B). 

 

 

 

 The realization that PILAM does not bind to beads led to the development of 

an OB-ELISA using MVN-functionalized streptavidin beads to specifically capture 

ManLAM, followed by on-bead detection using an anti-LAM antibody. Initially, the OB-

ELISA was developed using mock samples of ManLAM (at 65 ng/mL) spiked into 

 

Figure 13. A) Pre-incubating in blocked wells had no significant effect on non-specific 

PILAM signal in the MVN-based plate ELISA. B) Depletion methods with beads were 

also unsuccessful in reducing non-specific PILAM signal.   
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buffer. In this matrix, the concentration of detection antibody and the number of MVN-

functionalized magnetic beads (loading density of 60 g MVN-biotin per 1 mg beads) 

were optimized for the highest signal-to-noise when tested. For the detection antibody, 

it was found that there was no significant difference between 0.5, 1.0, and 2.0 g/mL 

(Figure 14A). Future experiments were performed with 1.0 g/mL detection antibody 

as it represents a moderate concentration with low variation and sufficient signal to 

noise. For the number of beads, it was found that 20 g of beads resulted in the highest 

signal-to-noise (Figure 14B). 

 

   

 

The optimized OB-ELISA was then tested with standard curves of ManLAM 

(n=15)  or PILAM (n=8) spiked into buffer to determine the LOD for each biomarker. 

When tested with ManLAM, the OB-ELISA was found to have a LOD of 1.02 ng/mL 

 

Figure 14. A) Detection antibody concentration was optimized for the OB-ELISA 

and 1.0 g/mL was selected. B) Number of MVN-functionalized beads was 

optimized and 20 g was chosen.  
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(Figure 15A). When tested with PILAM, the OB-ELISA was found to exhibit no signal 

for all concentrations tested (Figure 15B). In addition to the improvement in specificity 

with the OB-ELISA, the overall assay time was considerably shortened from ~7 hours 

to ~1.5 hours, in comparison to the plate ELISA. 

 

 

 

Following optimization in buffer, the OB-ELISA was tested with mock patient 

samples of in vitro ManLAM spiked into pooled human urine. The urine was pooled 

from multiple healthy donors and purchased from Innovative Research. Initial results 

were unsatisfactory compared to the performance of the OB-ELISA in buffer. 

Therefore, further optimization was performed. This included testing different assay 

formats, re-optimizing the detection antibody concentration, and exploring the 

interactions between bead mass, the loading density of MVN on the bead, and the 

Figure 15. A) The LOD of the OB-ELISA was determined to be 1.02 ng/mL ManLAM 

in buffer. B) The OB-ELISA exhibited no signal with PILAM concentrations up to 13 

g/mL.  
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PEG spacer length for the biotin moiety on MVN. It should be noted that for the 

remainder of the experiments in this chapter, Ab28 was used for detection, rather than 

Ab25, due to supply constraints. First, an “all-in-one” OB-ELISA format was employed 

because it shortened overall assay time by 30+ minutes, bringing the overall assay 

time to under 1 hour, when compared to sequential capture and detection steps. 

Furthermore, the “all-in-one” format exhibited a slight improvement on the signal-to-

noise ratio (at 65 ng/mL ManLAM) (Figure 16A). In parallel, the concentration of anti-

LAM antibody was optimized for the highest signal-to-noise ratio and 2 g/mL was 

chosen (Figure 16B). Lastly, the number of beads used, MVN loading density, and 

PEG spacer length were investigated simultaneously. Two different PEG spacers 

were investigated: PEG4 and PEG12. Bead 1 (previously used) was functionalized with 

60 g MVN-PEG4-biotin per 1 mg beads and Bead 2 was functionalized with 30 g 

MVN PEG4-biotin per 1 mg beads. Beads 3 and 4 were functionalized at the same 

loading density as Beads 1 and 2, respectively, but with MVN-PEG12-biotin.  The 

interaction between loading density and number of beads was explored by using twice 

as many beads that were functionalized at 50% loading density (Beads 2 and 4). It 

was found that PEG12 reduced the ManLAM signal-to-noise (at 12.5 ng/mL) for both 

conditions tested (Figure 16C). Ultimately, 40 g of Bead 2 was selected as it 

produced a high signal-to-noise ratio and low variability.  
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LOD experiments were performed for the OB-ELISA with the mock patient 

samples. A standard curve of in vitro ManLAM spiked into pooled human urine (n=7) 

was generated and the LOD was found to be 1.14 ng/mL (Figure 17). Importantly, no 

signal was observed when mock samples containing PILAM were tested, which 

demonstrates the specificity of our MVN-based assay exclusively toward ManLAM. 

Increased background noise was observed with the urine matrix so background-

corrected data was used when plotting absorbance.  

 

Figure 16. A)  A sequential capture and detection format was compared to an all-

in-one OB-ELISA format in mock samples made of pooled human urine. The all-in-

one format was used moving forward as it had a slight improvement in signal-to-

noise and reduced the assay time by 30+ minutes. B) Detection antibody 

concentration was re-optimized for the new matrix and 2 g/mL was selected. C) 

The amount of beads used, MVN loading density, and PEG spacer length were 

investigated and 40 g of Bead 2 (functionalized with 30 g MVN PEG4-biotin per 1 

mg beads) was chosen. 
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The sensitivity and specificity of the OB-ELISA were compared to the Alere LFA 

by testing the LFA with mock samples consisting of in vitro ManLAM or PILAM spiked 

into pooled human urine. Both mock samples of ManLAM and PILAM produced  

noticeable test line signal, indicating that the Alere LFA is cross-reactive with PILAM, 

as expected based on the use of non-specific anti-LAM antibodies. The visual LODs 

were determined to be 1.25 ng/mL ManLAM and 0.625 ng/mL PILAM. Interestingly, 

more intense test lines (greater test line area signal) and a lower LOD were observed 

when the Alere LFAs were tested with PILAM (Figure 18). 

 

 

Figure 17. The LOD of the OB-ELISA was determined to be 1.14 ng/mL ManLAM in 

pooled human urine. No signal was produced when tested with PILAM. 
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For further comparison, a plate ELISA was developed that uses anti-LAM 

antibodies for both capture and detection. The conditions of the antibody-based plate 

ELISA were optimized, including the concentrations of the capture antibody, blocking 

agent, and the detection antibody. First, the concentration of the capture antibody 

Ab170 was varied (at 130 ng/mL ManLAM) and 4 g/mL was chosen (Figure 19A). 

Secondly, the percentage of BSA in the blocking buffer was optimized (at 20 ng/mL 

ManLAM) and 1.25% was selected (Figure 19B). Lastly, the concentration of 

detection antibody Ab28 conjugated to HRP was optimized (at 20 ng/mL ManLAM) 

and 0.5 g/mL was chosen (Figure 19C).  

 

Figure 18. Standard curves of ManLAM or PILAM spiked into pooled human urine 

were tested on the Alere LFA and the intensity of the resulting test line was 

measured with a Lateral Flow Reader. Both ManLAM and PILAM produced 

detectable test lines on the Alere LFA, with PILAM producing a more intense test 

line at all concentrations tested.  
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Standard curves of in vitro ManLAM and PILAM spiked into pooled human urine 

(n=8) were used to determine the LODs to be 729 pg/mL and 360 pg/mL, respectively 

(Figure 20). In line with the results of the Alere LFA, the antibody-based plate ELISA 

was found to be more responsive to PILAM than ManLAM. 

 

Figure 19. A) Capture antibody concentration was optimized for the antibody-based 

plate ELISA and 4 g/mL was chosen. B) Percentage of BSA in the blocking buffer 

was optimized and 1.25% was selected. C) Detection antibody concentration was 

optimized and 0.5 g/mL was chosen. 
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Lastly, larger urine sample volumes (250, 500 L) were explored with the OB-

ELISA to show that the signal (at 750 pg/mL ManLAM) can be increased through 

volumetric enrichment by increasing the amount of biomarker available (Figure 21). 

However, the background signal increased with the sample volume, limiting the 

sensitivity of the assay for large-volumes.  Clearly, this platform is capable of tolerating 

large volumes, but further work is required to realize the full potential due to the 

complex nature of urine. 

 

Figure 20. The LODs the antibody-based plate ELISA were determined to be 729 

pg/mL ManLAM and 360 pg/mL PILAM in pooled human urine.  
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Discussion 

An ELISA was developed to showcase the high-affinity ManLAM-binding of the 

novel molecular recognition element MVN. The sub-picomolar binding affinity of 

ManLAM to MVN made MVN an ideal capture reagent, while the ubiquity of antibodies 

as detection conjugates in ELISAs prompted the selection of an anti-LAM antibody as 

the detection conjugate.112,114 Throughout this work, the specific anti-LAM antibody 

used for detection varied depending on the clone that could be procured. 

Initial work focused on the development of a plate ELISA; however, this assay 

was found to display non-specific binding with the non-pathogenic PILAM variant, 

despite the observed specificity of MVN for ManLAM versus PILAM by BLI. 

Reassuringly, experimental evidence showed that PILAM bound non-specifically on 

 

Figure 21. A) Larger urine sample volumes in the OB-ELISA increased the resulting 

signal; however, the noise increased as well. The area in gray represents the 

background corrected absorbance for each volume. 
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the plate ELISA, regardless of the presence of the capture agent MVN. This result 

relieved doubts regarding the specificity of MVN and prompted the re-optimization of 

the assay to reduce the non-specific PILAM binding. It was hypothesized that PILAM 

was interacting with either the blocking agent or the immunoassay plate as PILAM 

signal increased when MVN was not present. However, any modifications to either of 

these variables that was successful in reducing the PILAM non-specific signal was 

found to simultaneously decrease the specific binding of ManLAM. Interestingly, 

PILAM signal was found to decrease with more hydrophilic plates, contradicting the 

general trend of glycan binding increasing as hydrophilicity increases.113 One possible 

explanation for this is that the blocking agents were able to immobilize more effectively 

to hydrophilic plates to prevent binding of PILAM, as the strength of immobilization of 

water-soluble proteins is known to increase with increasing hydrophilicity.113  

Depletion approaches also failed to significantly reduce the non-specific PILAM 

signal. It should be noted that the PILAM concentration used for these experiments 

was extremely high in an effort to demonstrate the specificity of MVN for ManLAM by 

testing with 100-fold greater concentrations of PILAM. However, the high PILAM 

concentration may have been the reason why the depletion approach failed. Results 

indicated that PILAM must bind to either the blocking agent or immunoassay plate, but 

pre-incubation in blocked wells did not reduce background signal. It is possible that 

the blocked well was saturated with the high concentration of PILAM and, therefore, a 

significant decrease in signal was not observed.  

The failure of bead-based depletion approaches prompted the development of 

an OB-ELISA for the specific detection of ManLAM. As with the plate ELISA, MVN was 

selected as the capture agent, and an anti-LAM antibody was used for detection. The 
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capture bead was generated by loading streptavidin magnetic Dynabeads with 

biotinylated MVN.21 It is noteworthy that MVN has an approximately 10-fold lower 

molecular weight than IgG antibodies, which could result in a higher overall loading 

density of MVN. Further, for an equivalent bead surface loading density, the surface-

bound MVN molecules would experience less steric hinderance and, hence, lower 

impairment on ManLAM-binding than the surface-bound anti-LAM IgG antibodies. 

The OB-ELISA was successfully able to detect ManLAM spiked into buffer at a 

detection limit of 1.02 ng/mL and showed no signal when tested with PILAM, fulfilling 

the promised specificity of MVN based on BLI results. Notably, no signal was observed 

with 13 g/mL PILAM, twice the concentration used to explore non-specific binding in 

earlier experiments. Clinical concentrations of ManLAM range from 10 to 1000 pg/mL 

for HIV- individuals and up to 100 ng/mL for HIV+ individuals.41 Therefore, the assay 

was likely capable of detecting ManLAM in some HIV+ individuals with high bacillary 

loads but the sensitivity of the assay would need to be improved to be capable of 

detecting ManLAM in HIV- individuals. However, as these results were in a proof-of-

concept matrix of spiked buffer, it was decided to switch to a more realistic matrix 

before undertaking further optimization to improve the sensitivity.  

With this in mind, the OB-ELISA was tested with in vitro ManLAM or PILAM 

spiked into pooled human urine. Additional optimization was performed to improve the 

sensitivity of the assay in this matrix. Notably, the format was changed from sequential 

capture and detection steps, separated by bead washing with buffer, to a simultaneous 

all-in-one capture and detection step. This format was demonstrated by Markwalter, 

et al. for the simultaneous capture and detection of two malaria biomarkers on 

magnetic beads.115 The simultaneous capture and detection format had a slight 
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increase in signal-to-noise but decreased both the assay time and number of wash 

steps by 50%. Additionally, the detection antibody concentration was doubled and 

twice as many beads with a 50% loading density of MVN were used to improve signal 

and decrease variability, respectively. These changes resulted in a LOD of 1.14 ng/mL 

for ManLAM. 

For comparison, standard curves of ManLAM or PILAM spiked into pooled urine 

were tested on the Alere LFA, the only available ManLAM assay at the time. The visual 

LOD was determined to be 1.25 ng/mL ManLAM and 0.625 ng/mL PILAM, which are 

similar to the reported values of 500-1000 pg/mL.116,117 The LOD of the OB-ELISA 

(1.14 ng/mL) falls in this range indicating it is equally sensitive. Importantly, the Alere 

LFAs detect both the pathogenic variant ManLAM and the non-pathogenic variant 

PILAM, while the OB-ELISA is specific for ManLAM. In fact, this non-specificity is 

described in the product literature from the Alere LFA, which states that the test “does 

not differentiate between the various species of mycobacteria.”118  

For further comparison, an antibody-based plate ELISA was developed to 

contrast the use of traditional molecular recognition elements (i.e., antibodies) to MVN. 

In this assay, anti-LAM antibodies were used for both capture and detection. As 

expected based on BLI results, this assay was capable of detecting both ManLAM and 

PILAM spiked into pooled human urine with LODs of 729 pg/mL and 360 pg/mL, 

respectively. It is hypothesized that the antibody-based plate ELISA is capable of 

detecting lower concentrations of PILAM than ManLAM due to the greater affinity of 

the anti-LAM antibodies for PILAM versus ManLAM as indicating by the BLI results in 

Chapter II. Further, this result is in agreement with the results of experiments with the 

Alere LFAs, which showed greater test line intensity and lower LODs for PILAM versus 
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ManLAM. Of note, the antibody-based assay displayed a slightly lower LOD for 

ManLAM (729 pg/mL) than the MVN-based OB-ELISA (1.14 ng/mL). This is attributed 

to the greater number of binding sites on the ManLAM arabinan branches for an anti-

LAM antibody compared to the number of mannose cap binding sites for MVN. 

However, the MVN-based OB-ELISA has markedly improved specificity as no signal 

is observed when tested with PILAM.  

As the LOD of the OB-ELISA still did not meet the goal of detecting ManLAM 

in the urine of HIV- individuals (with an upper range of 1 ng/mL), larger urine sample 

volumes (250, 500 L) were investigated to determine whether the signal can be 

increased through volumetric enrichment by proportionally increasing the amount of 

biomarker available.41,119 Large-volume urine samples are easily acquired - unlike 

other sample types (i.e. blood, sputum) - therefore, it would be feasible to use larger 

volumes of urine to improve the LOD of the OB-ELISA.120 An increase in signal was 

observed with increasing sample volume; however, the background signal increased 

asl well. Thus, the maximum theoretical enhancement factor was not met at large 

sample volumes; when a 250 L sample was used, the corrected absorbance was 

enhanced by a factor of 1.4 compared to a theoretical enhancement of 2.5 and when 

a 500 L sample was used, the corrected absorbance showed enhancement by a 

factor of 2.7 compared to the theoretical enhancement of 5. This is likely due to the 

complexity of urine as a sample matrix. Investigating large volume samples using this 

method has been shown to have potential for further increasing the sensitivity of this 

assay, but has also proven to have some unexpected challenges. Further 

investigations will be reserved for future work, as it remains outside of the scope of 

the current project. 
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Conclusion 

In this chapter, an OB-ELISA was developed that demonstrates the utility of 

MVN to selectively detect in vitro ManLAM in urine samples. As expected based on 

the BLI results, the assay exhibited a clear specificity for ManLAM compared to 

PILAM, with a LOD of 1.14 ng/mL ManLAM. This value falls between the LODs of an 

in-house antibody-based plate ELISA (729 pg/mL) and the commercially-available 

Alere LFA (1.25 ng/mL). It is important to highlight that the plate ELISA and Alere LFA 

lack specificity for ManLAM and detect all variants of LAM while the OB-ELISA is 

specific for ManLAM only. Additionally, the sample volume for the OB-ELISA can be 

scaled up to increase the assay signal and, theoretically, decrease the LOD. Thus, the 

potential MVN has as a highly-selective capture reagent for in vitro ManLAM in urine 

was demonstrated, paving the way for the development of vital tools for the detection 

of in vivo ManLAM. 
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Chapter IV 

 

Detection of the lipoarabinomannan mannose capping motif in 

clinical urine with microvirin-N 

 

Introduction 

 Due to the low concentration of ManLAM in urine, various enrichment 

processes have been designed and implemented as sample preparation methods for 

detection tests. As previously discussed, the concentration of ManLAM in the urine of 

TB-infected, HIV-negative individuals varies from approximately 10 to 1000 pg/mL with 

higher reported concentrations of ManLAM in HIV-positive individuals.41 These 

concentrations were determined using a copper complex reactive dye within a 

hydrogel nanocage to capture and concentrate ManLAM before detection with an 

immunoassay.41 The copper dye was found to have a high affinity for ManLAM, with a 

dissociation constant of less than 7 nM.41 Further, elution could be achieved easily 

with a combined yield of 95% over both steps.41 Ultimately, the capture method 

resulted in a 100- to 1000-fold increase in sensitivity depending on the volume of urine 

available for the test and the concentration factor.41 Specifically, for a starting volume 

of 1 mL and a 100-fold concentration factor, the LOD was 14 pg/mL.41 This low LOD 

allowed ManLAM to be detected in HIV-negative urine samples with a sensitivity of 

96% and a specificity of 81%.41 Further, this method resulted in an increase of 

knowledge regarding the presence of ManLAM in urine, including that co-infection with 
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HIV is not necessary for detection of urinary ManLAM, which would have been 

impossible to learn without the use of a concentration method.41  

 Other studies developed sample preparation methods to work in conjunction 

with preexisting diagnostics, such as the Alere LFA. Garcia, et al. combined a 

delipidation procedure and treatment with an -mannosidase to remove terminal 2-

linked mannose residues and achieve a ten-fold detection improvement in detection 

with the Alere LFA.117 Another study used Amicon Ultra-0.5 mL centrifugal filters with 

a 3 kDA nominal molecular weight cutoff to concentrate ManLAM in the urine of HIV-

negative individuals for detection using an electrochemiluminescence method.121 With 

this method, the urine samples were concentrated 7-fold for a sensitivity of 66.7% and 

a specificity of 98.1% compared to a microbiological reference standard.121  

In this study, this Amicon centrifugation filter concentration method was applied 

for use with the MVN-based OB-ELISA to determine whether the mannose caps are 

detectable on in vivo ManLAM with MVN. Reports have shown that G3, an antibody 

specific for the mannose caps, was unable to bind to in vivo ManLAM, despite 

promising results with in vitro ManLAM.73 However, My2F12, a different antibody that 

targets the mannose caps, was able to bind to in vivo ManLAM, albeit with low 

sensitivity.53  As the mannose capping motif is specific to ManLAM and represents a 

promising target for the specific identification of ManLAM versus other variants of LAM, 

this study constitutes an essential preliminary investigation into the molecule’s 

structure in clinical samples.  
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Materials and Methods 

Clinical subjects and samples 

For this study, 58 urine samples were procured from the Foundation for 

Innovative New Diagnostics (FIND). These samples were previously collected from 

adults presenting at primary care sites in Cambodia, Peru, South Africa, and Vietnam 

with clinical symptoms of TB who had not yet been treated. Approval by local ethics 

committees and informed patient consent were obtained before enrolling the patients. 

No personally identifiable information was available to FIND or to the researchers. 

Urine and blood samples were collected at first contact with the patient and then 

centrifuged (at 200 xg at 4°C for 10 minutes), aliquoted, and frozen (at -80°C) on the 

same day (typically within 4 hours). Due to reports of variation in the processing 

protocols for samples collected under different studies, the centrifugation step was 

repeated before analysis.73 Sputum samples (typically two in the first 24 hours) were 

also collected from participants, decontaminated, and tested in up to six independent 

liquid cultures (MGIT; BD, Franklin Lakes, NJ, USA) and solid cultures (Lowenstein-

Jensen medium). The presence of the M. tb complex in cultures was confirmed by 

Ziehl-Neelsen staining or auramine O fluorescence microscopy to identify acid-fast 

bacilli. HIV-status was determined by an HIV rapid test. The characteristics of the 

study population is summarized in Table 6. 
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Table 6. Sex, age, and country of origin information for the study population stratified 

by TB- and HIV-status. 

  TB-positive TB-negative 

Category Number 
HIV-

positive 
HIV-

negative 
HIV-

positive 
HIV-

negative 

All subjects 58 16 18 12 12 

      

Sex:      

Female 25 7 2 9 7 

Male 33 9 16 3 5 

      

Age:      

20 - 29 13 5 5 1 2 

30- 39 16 5 3 5 3 

40 - 49 13 4 3 4 2 

50 - 59 10 0 6 1 3 

60+ 6 2 1 1 2 

      

Country:      

Cambodia 2 0 2 0 0 

Peru 14 2 4 1 7 

South Africa 26 12 1 11 2 

Vietnam 16 2 11 0 3 
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Urine sample preparation and testing  

FIND samples were thawed and centrifuged for 10 minutes at 2000 xg at 4°C. 

The liquid fraction was used moving forward. A positive (4 ng/mL) and negative 

ManLAM control were made from an aliquot of pooled human urine and centrifuged 

following the same procedure. All urine samples and controls were added to separate 

3kDa nominal molecular weight limit Amicon Ultra-4 Centrifugal Filter Units (Millipore 

Sigma: Cat. No. UFC800324). The centrifugal filter units were centrifuged with a 

swinging bucket rotor for 40 minutes at 4000 xg and the concentrated sample was 

recovered with a pipette. The volume of the concentrated sample was then measured, 

and the sample was diluted with DI H2O for a 14-fold concentration factor. Lastly, the 

diluted samples were heated at 85°C for 10 minutes and the MVN-based OB-ELISA 

was performed as described in Chapter III, with FIND Ab194 used for detection due to 

supply constraints.  A training video of this procedure was developed for use with 

collaborators (Figure 22). For each sample, the measured absorbance was 

normalized to the full process positive control run simultaneously to account for plate-

to-plate variation. 
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Figure 22. Training video showing the procedure of the MVN-based OB-ELISA with 

the Amicon centrifugation filter urine concentration method (playable with Adobe 

Acrobat). 

 

Statistical analysis  

All statistical analysis was performed using GraphPad Prism version 9.0.0 (86) 

for macOS, (GraphPad Software, San Diego, California USA, www.graphpad.com). 

Box-and-whisker plots were created to show the median and interquartile range for 

populations stratified by HIV-status, country of origin, and sex. One-tailed Mann 

Whitney tests were used to compare the mean absorbance values of TB-positive and 

TB-negative samples overall and in different sub-populations to determine if mannose 

caps are detectable on ManLAM in TB-positive samples with MVN. Spearman’s 

correlation coefficient was calculated to study the correlation between absorbance and 

age for TB-positive and TB-negative samples. Approximate age was calculated from 
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the YOB and day of enrollment, as age and day of birth information was not provided. 

Of note, this means all ages reported are 1 year, but it is unlikely that it would change 

the general results presented. 

Lastly, a receiver operating characteristic curve was produced based on the 

data to determine a cutoff for the OB-ELISA. Youden’s J statistic and the Euclidian 

distance to the top-left corner were calculated for all points of the curve to determine 

the optimal cutoff value. The maximum value for Youden’s J statistic was calculated 

to be 0.2353 for a cutoff value of 0.2611. This cutoff corresponded to a sensitivity of 

24% and a specificity of 100%. The minimum distance was determined to be 0.6309 

for a cutoff of 0.08516. This cutoff corresponded to a sensitivity of 68% and a 

specificity of 46%. The top-left cutoff was used moving forward as it balanced the 

trade-off between sensitivity and specificity.  Using this cutoff value, sensitivity and 

specificity were calculated in each sub-population (HIV status, country of origin) with 

a 95% confidence interval calculated using a hybrid Wilson/Brown method. Positive 

and negative predictive values were not calculated due to the variation in TB 

prevalence by country.122 Positive and negative likelihood ratios, as well as the 

diagnostic odds ratio, were calculated for each sub-population.  

 

Results 

Clinical samples were tested with the MVN-based OB-ELISA.  Due to the low 

concentrations of ManLAM in urine and the high background with the large-volume 

OB-ELISA, the samples were concentrated using Amicon Centrifugal filters.  2-fold, 7-

fold, and 14-fold concentrated pooled human urine were compared (Figure 23A). A 
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14-fold concentration factor was selected based on signal-to-noise. Then, a standard 

curve of 14-fold concentrated ManLAM spiked into pooled human urine (n=8) was 

used to determine the LOD, which was found to be 274 pg/mL (Figure 23B).  

 

 

  

Next, clinical samples (n=58) were tested in 5 batches (Table 6). The samples 

originated from four countries: Cambodia (n=2), Peru (n=14), Vietnam (n=16), and 

Vietnam (n=16). Samples were defined as TB-positive if they had at least one positive 

culture. All of the TB-positive samples had positive microscopy results, as well. 

Additionally, samples were classified as HIV-positive (n=28) or HIV-negative (n=30) 

based on the result of an HIV rapid test. For each sample, the measured absorbance 

 

Figure 23. A) 2-fold, 7-fold, and 14-fold concentration factors were compared for the 

highest signal-to-noise. B) The LOD of the OB-ELISA on 14-fold concentrated mock 

urine samples was determined to be 274 pg/mL. 
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was normalized to the full process positive control run simultaneously to account for 

plate-to-plate variation (Figure 24).  
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Figure 24. Normalized absorbance values for the 58 clinical urine samples.  
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Mann Whitney tests were performed to determine the difference between TB-

positive samples and TB-negative samples (Table 7). First, TB-positive and TB-

negative samples were compared, and no significant difference was found in the 

means (p value = 0.31). Then, the same analysis was performed on different sub-

populations of the samples. There was also no significant difference between TB-

positive and TB-negative samples for HIV-positive (p value = 0.080) or HIV-negative 

(p value = 0.22) samples. This was surprising as it is well-established that ManLAM 

concentrations are typically higher with HIV co-infection, resulting in increased 

detection ability in this sub-population.41 However, a significant difference in the 

means of TB-positive and TB-negative samples from Peru was observed (p value = 

0.030). No significant difference was observed in the means for samples from South 

Africa (p value = 0.051) or Vietnam (p value = 0.18). This analysis was not performed 

for samples from Cambodia as there were no TB-negative samples in that sub-

population. Box-and-whisker plots were created to show the median and inter-quartile 

range for sub-populations by HIV-status and country of origin, as well (Figure 25) 
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Table 7. Mann Whitney test p values for the difference between the mean 

absorbance of TB-positive samples and TB-negative samples.   

Population n, TB-positive n, TB-negative P value 

All 34 24 0.31 

HIV-positive 16 12 0.080 

HIV-negative 18 12 0.22 

Peru 6 8 0.030 

South Africa 13 13 0.051 

Vietnam 13 3 0.18 

Female 9 16 0.44 

Male 25 8 0.35 

 

 

Figure 25. Box-and-whisker plots showing the median and interquartile range for 

different populations: A) HIV status and B) country of origin. 

A B

Ca
mbo

dia
 / T

B+

Ca
mbo

dia
 / T

B-
Pe

ru
 / 

TB
+

Pe
ru

 / 
TB

- 

So
uth

 A
fr
ic

a 
/ T

B
+

So
uth

 A
fr
ic

a 
/ T

B
- 

Vie
tn

am
 / 

TB
+

Vie
tn

am
 / 

TB
- 

0.0

0.2

0.4

0.6

N
o

rm
a
li
z
e
d

 A
b

s
o

rb
a
n

c
e

Peru Vietnam
South
AfrcaCambodia

 H
IV
+ 

/ T
B
+ 

H
IV
+ 

/ T
B
- 

H
IV

- /
 T

B
+

 H
IV

- /
 T

B
-

0.0

0.2

0.4

0.6

N
o

rm
a
li
z
e
d

 A
b

s
o

rb
a
n

c
e

HIV positive HIV negative



 77 

Association with biological sex and age was also tested. No significant 

difference was observed between TB-positive and TB-negative samples in female (p 

value = 0.44) and male (p value = 0.35) sub-populations by Mann-Whitney tests 

(Figure 26A). Spearman’s correlation coefficient was used to determine that there 

was no correlation between absorbance values and age for TB-positive (r = -0.10, p 

value = 0.57) and TB-negative (r = -0.044, p value = 0.84) samples (Figure 26B).   

 

 

 

Lastly, the MVN-based OB-ELISA was studied as a diagnostic test for 

comparison to other methods.  A receiver operating characteristic curve was produced 

based on all the samples and for each sub-population stratified by HIV-status and 

 

Figure 26. A) Box-and-whisker plots by TB-status and sex showing no association. 

B) Scatter plot showing no association between absorbance and age for TB-

positive or TB-negative samples.  
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country of origin (Figure 27A). For each of these curves, the area under the curve was 

determined as a measure of diagnostic performance; interestingly, the area under the 

curve was larger in every sub-population (Figure 27B).  

 

 

 

The overall receiver operating characteristic curve was used to determine a 

cutoff for the OB-ELISA, and a cutoff value of 0.08516 was selected Using this cutoff 

value, the sensitivity was determined to be 68% and the specificity was found to be 

46% (Table 8). In HIV-positive individuals, the sensitivity and specificity were slightly 

increased, while they were decreased in HIV-negative individuals. The sensitivity also 

 

Figure 27. A) Receiver operating characteristic (ROC) curves for the clinical urine 

samples, overall and in sub-populations by HIV-status and country of origin. B) The 

area under the curve was determined for each ROC curve.  

A B

Ov
era

ll
H
IV
+

HI
V

-

Pe
ru

So
uth

 A
fr
ic

a

Vie
tn

am

0.0

0.5

1.0

A
re

a
 U

n
d

e
r 

R
O

C
 C

u
rv

e

0 20 40 60 80 100

0

20

40

60

80

100

100% - Specificity%

S
e
n

s
it

iv
it

y
%

HIV-positive

HIV-negative

Peru

South Africa

Vietnam

Overall



 79 

varied widely by country, with Peru having the highest value and Vietnam having the 

lowest. This trend was reversed for specificity. Lastly, the diagnostics odd ratio was 

calculated for each of these sub-populations as a means of comparing sensitivity and 

specificity simultaneously.123 The overall diagnostic odds ratio was calculated to be 

1.8. However, this value was increased in samples from South Africa (5.3) and in HIV-

positive individuals (4.2). There was no significant difference in samples from Peru 

(1.7) and the diagnostics odd ratio was reduced in samples from Vietnam (0.80) and 

in HIV-negative individuals (0.79). 

 

 

 

Discussion 

Due to the low concentration of ManLAM in urine, an enrichment procedure 

Table 8. Sensitivity, specificity, positive and negative likelihood ratios (LRs), 

and diagnostic odds ratio for all samples and sub-populations stratified by HIV-

status and country of origin. 

Population Sensitivity Specificity 
Positive 

LR 
Negative 

LR 
Diagnostic 
odds ratio 

Overall 68 46 1.2 0.71 1.8 

HIV+ 75 58 1.8 0.43 4.2 

HIV- 61 33 0.92 1.2 0.79 

Peru 83 25 1.1 0.67 1.7 

South Africa 77 62 2.0 0.38 5.3 

Vietnam 62 33 0.92 1.2 0.80 
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was developed and optimized before analyzing clinical samples. The LOD deceased 

from 1.14 ng/mL to 274 pg/mL, a 4-fold improvement. However, this did not meet the 

expectation of a 14-fold improvement in the LOD in line with the concentration factor. 

It is hypothesized that this moderate increase is partially due to biomarker loss during 

the centrifugation step. Despite this, it was reasoned that ManLAM could be detected 

in over 50% of TB-positive samples, regardless of HIV-status, based on this LOD and 

prior studies.41 However, no significant difference was observed between mean 

absorbance values of TB-positive and TB-negative clinical samples.  

There are many potential explanations for these results which will be explored 

from least to greatest impact. First, it is possible that MVN, like the mannose cap 

targeting antibody G3, is unable to detect in vivo ManLAM.73 However, MVN is 

predicted to be more similar to the My2F12 antibody in terms on binding epitope.74,82 

As previously mentioned, both G3 and My2F12 were found to bind strongly to di-

mannose capping motifs, but G3 exhibited a weak affinity for mono-mannose caps 

and My2F12 showed a weak affinity for tri-mannose caps.74 MVN was found to bind 

to both di-mannose and tri-mannose structures, with a higher affinity for larger 

structures like the HIV glycan Man9.82 However, MVN has not been tested in a glycan 

array with LAM-specific structures, limiting further comparisons. 

A second hypothesis is that the difference in binding results between the three 

molecular recognition elements is due to the clinical samples being tested. This study 

and the G3 antibody study both utilized urine samples from the Foundation for 

Innovative New Diagnostics. (FIND).73 Further, the G3 study mainly tested samples 

from Peru, South Africa, and Vietnam, with a minor contribution of samples from 

Bangladesh.73 Thus, there is likely considerable overlap in confounding factors 
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between the two studies. In contrast, the My2F12 study utilized samples from 

Georgia.53 Specifically, the sample processing methods and storage conditions for 

these samples differ. The standard protocol for FIND is to centrifuge urine samples at 

200 xg at 4C for 10 minutes. In contrast, the samples used in the My2F12 study were 

heated at 95C for 30 minutes in a drying oven.53 However, in this study centrifugation 

was necessary to concentrate the samples to allow for ManLAM detection. Further, 

the arabinose backbone and MTX modifications have been detected after 

centrifugation weakening this hypothesis.73 Another difference between the samples 

is storage temperature; FIND samples are frozen at -80C, while the My2F12 samples 

were frozen at -20C.53 One study reported a roughly 50% loss of ManLAM detection 

by the Alere LFA after freezing for one day at -70C.124 A study with the Fuji-LAM test 

disagreed with this result, showing no loss after one month at -20C.125 However, it is 

possible that lower temperatures have a negative impact on ManLAM detection ability.  

Additionally, the samples tested in this study, the G3 study, and the My2F2 

study differed in geographic origin which could contribute to concentration differences 

in the ManLAM antigen. This hypothesis is supported by the observed variable results 

by country, with a significant difference in mean absorbance values only observed in 

Peruvian samples. Notably, this cannot be attributed to HIV as only 21% of all samples 

from Peru and 33% of TB-positive samples from Peru were HIV-positive. Previously 

reported differences in ManLAM concentration by geographic location, that cannot be 

explained by HIV status, were mainly attributed to the quality of the urine sample and 

glycosuria, which can be caused by diabetes..126 However, information on diabetes 

status was not collected for these samples. Additionally, other risk factors – such as 

nutritional status, alcohol use, and tobacco use– have been shown to contribute to TB 
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progression, and thus ManLAM detectability.127,128 Without more information, it is 

impossible to say whether these risk factors are causing the observed variation in 

ManLAM concentration. 

Another explanation is that in vivo ManLAM could be endogenously modified in 

some populations contributing to geographic variation. De, et al. has hypothesized that 

“host enzymes either partially degrade the complex glycoform of ManLAM or modulate 

the structure of the sugars present at the caps that are characteristic of pathogenic 

strains of mycobacteria.”43 Human mannosidase enzymes in the endoplasmic 

reticulum and Golgi complex are capable of degrading the -(1,2) mannose linkages 

in the HIV glycan Man9.
129-135 Notably, the -(1,2)-mannosidase-IA has been shown to 

preferentially degrade the Man9 D1 mannose residue first, which corresponds to the 

MVN binding site on Man9.
130,134 Further, these enzymes have been shown to be up- 

or down-regulated in response to disease state, including multiple sclerosis and 

various cancers.136-138 However, no information was found regarding tuberculosis 

representing an area for further study. Interestingly, increased lysosomal -

mannosidase activity has been reported in people with diabetes, a common co-

morbidity with TB.139-141 Of the three countries of origin analyzed in this study, Vietnam 

has the highest prevalence of diabetes, which supports this reasoning.142   

Lastly, epitope differences in ManLAM, particularly in the mannose caps or 

MTX residues, caused by pathogenic characteristics could explain the variable results 

by geography. Past results have shown that ManLAM epitopes vary in their 

discrimination performance by country.126  One potential cause of ManLAM epitope 

differences is TB strain, which varies geographically.121,143 Globally, the Euro-

American lineage 4 is the most common, representing the dominant lineage in Georgia 
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(61.3%), Peru (79.6%), and South Africa (72.2%).143 However, lineage 4 only 

represents 7.6% of the M. tb burden in Vietnam with the East Asian lineage 2 (37.4%) 

and Indo-Oceanic lineage 1 (24.9%) constituting the majority.143 Reports from our 

collaborators have indicated significant variation in low molecular weight lipids 

between in vitro M. tb strains from lineages 2, 3, and 4 (J. Blackburn, personal 

communication, June 24, 2021). However, this lipidomic study did not attempt to detect 

ManLAM due the complexity of the molecule. In contrast, a separate mass 

spectrometry study of ManLAM was able to detect mannose caps and MTX 

modifications in a clinical sample from Peru and an in vitro lineage 2 strain; however, 

the relative abundance of various mannose cap structures varied between the two 

sources.43 In my professional opinion, this hypothesis that the capping motifs or their 

relative abundance could vary by lineage is the most likely explanation of the observed 

geographic variation as ManLAM is known to be an extremely heterogenous 

molecule.121 Further research into the exact binding site of MVN  and the performance 

of the OB-ELISA by M. tb lineage is needed as this hypothesis could have important 

ramifications on the ability to diagnose TB with universal LAM detection tests.  

 

Future Work 

One area for future work is the development of an alternative sample 

preparation method. In this study, centrifugal filters were used to concentrate urine 

prior to analysis, but it is hypothesized that sample loss could be occurring during this 

step which could be limiting our detection ability in low concentration samples. 

However, this method demonstrated that it was possible to utilize a large volume urine 

sample without increased noise. This is attributed to filtration of molecules less than 
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3000 Da with the centrifugal filters. Thus, the goal of this future work will be to develop 

a method for removing small interferents that is compatible with the large-volume OB-

ELISA method from Chapter III. Our lab has had great success with the use of 

immobilized metal affinity chromatography membranes to capture biomarkers from 

biological matrices.144 In this method, a cellulose membrane is functionalized with 

divalent metal ions that bind to a His-tagged antibody.144 In this case, the anti-LAM 

antibodies on the membrane would capture ManLAM in urine while allowing the 

interferents to flow through (Figure 28).144 The antibody-ManLAM complex can then 

be eluted by competition with imidazole or chelation with EDTA.144 MVN-functionalized 

beads will be added to the eluent to capture the antibody-ManLAM complex onto the 

surface of the bead, and the OB-ELISA would then be completed as normal. It is 

believed that this approach will enhance the sensitivity of the OB-ELISA to detect low 

concentration ManLAM urine samples, as well as ameliorate any potential 

centrifugation effects. 
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Secondly, the MVN binding epitopes on the ManLAM molecule will be 

thoroughly investigated with a glycan array study conducted by Dr. Todd Lowary at 

the University of Alberta.74 The Lowary group is perfectly positioned to perform this 

study, as they have considerable experience synthesizing the complex structure of 

ManLAM and have previously developed a LAM-specific glycan array for studying the 

binding epitopes of anti-LAM antibodies.74,145 Of particular interest will be the binding 

results with the mono, di, and tri-mannose capped tetra-arabinose structures with and 

without MTX modifications, as well as the mono- and di-mannose capped hexa-

arabinose structures (Figure 29).74 A more detailed understanding of MVN binding 

epitopes on ManLAM will allow the OB-ELISA to be utilized effectively as more 

 

Figure 28. Workflow of the proposed membrane-based urine filtration method. An 

anti-LAM antibody functionalized membrane will be used to capture ManLAM from 

urine while the interferents flow through. The antibody-ManLAM complex can then 

be eluted from the membrane, captured with MVN-functionalized magnetic beads, 

and detected with the standard OB-ELISA protocol. 
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knowledge of the structure of in vivo ManLAM, generally and in specific groups, is 

obtained.  

 

 

 

Additional urine sample testing is needed to study the geographic variation 

hypotheses. This testing will be performed in conjunction with Drs. Valeria Rolla and 

Adriano Gomes at the Oswaldo Cruz Foundation in Rio de Janeiro and Dr. Jonathan 

Blackburn at the University of Cape Town, who have access to the primary patient 

samples needed to develop and evaluate the MVN-based OB-ELISA further. Based 

on the results of this pilot study, 18 samples per group are required to detect a 

significant difference between the groups at a 95% confidence interval with 80% 

power.146 To allow further investigation of the effect of HIV-status on the results, we 

will stratify our groups for the Brazilian portion of the testing by HIV-status and CD4 

count with 20 samples per sub-group (Figure 30). Additionally, we will test 20 urine 

 

Figure 29. A subset of the ManLAM sub-structures that will be used to determine 

the MVN binding epitope in a glycan array study performed by Dr. Todd Lowary’s 

group in Alberta, Canada. Figure adapted from Ref. 74. 
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samples from non-tuberculosis mycobacteria infections to investigate the cross-

reactivity of the assay. Originally, I was going to travel to Brazil to conduct a hands-on 

training session for the MVN-based OB-ELISA and to perform initial sample testing.  

However, this plan was modified due to the SARS-CoV-2 pandemic which resulted in 

global research shutdowns and travel bans. Training will now be conducted virtually, 

and the sample testing will be performed by researchers in the Gomes lab.  

Further, Drs. Rolla and Gomes are part of the Regional Prospective 

Observational Research for Tuberculosis (RePORT) network with Vanderbilt 

University Medical Center. In addition to the Brazilian cohort, RePort has established 

cohorts in Indian and Indonesia. If testing in Brazil is successful, the MVN-based OB-

ELISA could be tested in these other cohorts to study geographic variation. Further 

diversity will come from testing urine samples in South Africa. Dr. Blackburn has 

collected urine samples from Cape Town, Durban, and Johannesburg. These sites 

have different dominant M. tb lineages (lineage 2 in Cape Town, lineage 4 in Durban 

and Johannesburg) which will allow the performance of the assay by lineage to be 

studied. Expanding the geographic diversity of the samples tested will allow increased 

understanding of concentration and epitope differences.  
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Lastly, If it is determined that MVN cannot bind to mannose caps on in vivo 

ManLAM or to extend the reach of the OB-ELISA if geographic differences limit 

detection ability, the future work will be to optimize the assay for use in sputum 

samples. Mannose caps have previously been detected and studies have shown that 

there is a roughly 50-times higher concentration of ManLAM in sputum than in 

urine.42,71  However, lower specificities have been reported for detected ManLAM in 

sputum, likely due to the cross-reactivity with molecules structurally similar to 

LAM.57,147 The high selectivity of MVN for the mannose caps and prior success with 

magnetic bead-based LAM detection methods in sputum mark the MVN-based OB-

ELISA as a promising avenue for the development of a more specific sputum-based 

 

Figure 30.  Tree diagram showing the groups and sample size for continued testing 

of the MVN-based OB-ELISA led by Drs. Valeria Rolla and Adriano Gomes in Rio de 

Janeiro, Brazil (NTM = non-TB mycobacterial infection). 
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ManLAM detection test.148 This work will be led by our collaborator, Drs. Jonathan 

Blackburn and Fezile Khumalo, at the University of Cape Town in South Africa. Dr. 

Blackburn has collected 120  sputum samples from TB suspects, plus matching urine 

samples for comparison. Dr. Khumalo will use these samples to test the performance 

of the OB-ELISA in sputum versus urine. 

 

Conclusion 

58 clinical urine samples were tested with the MVN-based OB-ELISA paired 

with a concentration sample preparation method using Amicon Ultra-4 Centrifugal 

Filter Units. No significant difference in mean absorbance values between TB-positive 

samples and TB-negative samples, so it is unclear if MVN is able to bind to the 

mannose caps on in vivo ManLAM. This result is in agreement with studies of the G3 

antibody and in contrast with studies of the My2F12 antibody. One explanation for this 

is the samples utilized. Both this study and the G3 study utilized samples from the 

same biobank, while the My2F12 study utilized different samples. It’s also possible 

that sample preparation or geographic concentration or epitope differences in urinary 

ManLAM could have contributed to these results. These theories will be examined by 

testing the OB-ELISA with additional urine samples at the University of South Africa 

and at the Oswaldo Cruz Foundation. Lastly, it is possible that MVN simply does not 

bind to in vivo ManLAM. A glycan array will be performed at the University of Alberta 

to determine the exact ManLAM binding epitope. In parallel, the OB-ELISA will be 

adapted for use with sputum samples by researchers at the University of Alberta to 

mitigate this problem.   
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Appendix I 

 

Progress toward development of a low-resource diagnostic test 

for multidrug-resistant tuberculosis 

 

Introduction 

Nucleic acid amplification tests are becoming increasingly important for the 

detection of TB, particularly drug-resistant TB.149 One example is the Cepheid Gene 

Xpert, which is used for the diagnosis of MDR-TB by detecting rifampin resistance-

conferring mutations in the bacterial RNA polymerase gene.26 Multi-drug resistance is 

defined by resistance to both isoniazid and rifampin; however, WHO guidelines state 

that all rifampin-resistant TB strains, regardless of isoniazid resistance, should be 

treated with a MDR-TB drug regimen.150 Therefore, confirmation of rifampin resistance 

is all that is needed to inform treatment decisions. Importantly, almost all mutations 

that confer resistance to rifampin occur in a 81-base pair region of the bacterial RNA 

polymerase gene.151 Additionally, any mutation in this region is sufficient for conferring 

resistance.151 Gene Xpert takes advantage of this by using five probes that span the 

entire gene and are specific for the wildtype sequence.152 Therefore, any mutation 

results in a loss of signal from at least one probe, indicating rifampin restistance.152 

Gene Xpert was found to be more sensitive and specific than microscopy and smear 

culture.153 Unfortunately, Gene Xpert requires a high-resource laboratory and costs 

$10 per cartridge.27 These disadvantages have prompted development of a low-
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resource method for the detection of resistance.  

The initial strategy explored for this goal used dendrimer-mediated silica 

precipitation as a detection method for rifampin resistance. A DNA probe would be 

conjugated to a polyamidoamine dendrimer forming a dendrimer nucleotide probe 

(Figure 31). The dendrimer nucleotide probe would recognize and bind to the 

resistance-conferring single-nucleotide polymorphism while simultaneously acting as 

a template for the precipitation of silicon dioxide from tetramethyl orthosilicate. This 

reaction occurs through the primary amine groups on the dendrimer, which can initiate 

a template-mediated silicon dioxide condensation reaction with tetramethyl 

orthosilicate to form silica nanoparticles. The silicon dioxide could then be visually 

detected as a white precipitate or quantified by measuring the light scattering. 

However, challenges with detection limits were quickly realized and necessitated the 

development of an alternative strategy for the goal of detecting resistance-conferring 

mutations.  
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The second method explored employed an oligonucleotide ligation strategy.154 

For this assay, two DNA probes would be employed (Figure 32A). Probe A would be 

conjugated to a magnetic bead for isolation of the target DNA. The two probes would 

each bind to the target DNA, meeting at the site of the polymorphism. Probe B would 

be conjugated to a detection molecule, such as a gold nanoparticle or colored bead 

for colorimetric detection, or a fluorophore for fluorescent detection. In the presence 

of the mutant DNA, a ligase enzyme would ligate the two probes together forming a 

 

 

Figure 31. Schematic of the dendrimer nucleotide probe consisting of a G4 

polyamidoamine dendrimer (1/4 of the dendrimer is shown in this figure) and a DNA 

probe specific for the mutation of interest. The DNA probe is connected to the 

dendrimer through a sulfo-SMCC linkage at a terminal amine group. 
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continuous oligonucleotide. In the case of wildtype DNA, the mismatch between the 

target DNA and the probe will prevent ligation of the two probes. The beads would 

then be magnetically separated. In the presence of mutant DNA, the detection 

molecule would be attached to the magnetic bead due to the ligase linkage producing 

a detectable signal after separation. However, for the wildtype DNA, the detection 

molecule and magnetic bead would not be connected so no detectable signal would 

be produced after separation. For proof-of-concept experiments, the probes were 

attached to PCR primers, rather than detection molecules and magnetic beads 

(Figure 32B). After carrying out the ligation reaction, PCR was performed on the 

reaction mixture with SYBR Green fluorescence used for quantification of double-

stranded DNA. In the presence of the mutation, the two probes were ligated together 

and could act as a PCR template, resulting in detectable signal. For proof-of-concept, 

this method was initially developed to detect the TCG to TTG mutation at codon 531, 

which is the most common mutation in the RNA polymerase gene, including in South 

Africa where this assay is to be tested.155,156 
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Figure 32. Schematic of the oligonucleotide reaction where two DNA probes would 

be employed to target a mutation of interest. The probes meet at the site of the 

mutation and are ligated together to form one linear strand. When the mutation is 

not present, ligation does not occur. A) Probe A is conjugated to a magnetic bead 

for isolation of the target DNA. Probe B is conjugated to a detection molecule, such 

as a gold nanoparticle or colored bead for colorimetric detection, or a fluorophore 

for fluorescent detection. After ligation and magnetic separation, signal would be 

detected only when the mutation is present. B) The probes are attached to PCR 

primers, rather than detection molecules and magnetic beads. After ligation, PCR is 

performed on the reaction mixture with SYBR Green fluorescence  for quantification. 

In the presence of the mutation, the two probes are ligated together and can act as 

a PCR template, resulting in detectable signal. 
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Materials and Methods 

Silica condensation reactions 

1 M tetramethyl orthosilicate (Sigma-Aldrich: Cat. No 218472) in methanol (20 

L) was added to a solution (200 L) of G4 polyamidoamine dendrimer (Sigma-

Aldrich: Cat. No. 412449) or salmon-sperm DNA in 100 mM phosphate buffer (pH 7.5). 

The resulting mixture was allowed to incubate with shaking for 5 minutes at room 

temperature before centrifugation for 1 minute at 14,000 xg. Lastly, photos were taken 

of the product for qualitative results or light scattering was measured at 480 nm with a 

BioTek Synergy H4 plate reader. 

 

Sulfo-SMCC conjugation with NMR quantification 

G4 polyamidoamine dendrimer stock (25 L) was added to solutions of sulfo-

SMCC (Thermo Scientific: Cat. No 22622) in DI H2O (780 L). The reaction was 

allowed to incubate for 30 minutes at room temperature. The product was purified with 

Amicon Ultra-0.5 mL Centrifugal Filter Ultracel - 3K spin filters (Millipore Sigma: Cat. 

No. UFC500324) and centrifuged for 30 minutes at 14,000 xg. The spin filters were 

inverted into new collection tubes and centrifuged for 2 minutes at 1,000 xg. NMR 

samples were prepared in deuterated methanol. Proton NMR spectra were acquired 

with a 600 MHz instrument. The sulfo-SMCC aromatic proton peak (~7 ppm) was used 

for quantification by comparison to the dendrimer methylene peaks (~2.4-2.8 ppm), 

which are in a ratio of 2:1:1:2.   
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Oligonucleotides 

All oligonucleotides were purchased from Integrated DNA Technologies with 

the standard desalting purification. The oligonucleotide sequences are listed below 

(Table 9). Upon arrival, oligonucleotides were re-suspended to 100 M (1 M for the 

positive control) in 10 mM tris hydrochloride, 0.1 mM ethylenediaminetetraacetic acid 

buffer.  

 

 

 

 

 

Table 9. Oligonucleotide sequences used in Appendix I. The nucleotide 

corresponding to the mutation of interest is bolded and underlined in the mutant, 

wildtype, and Probe B sequences. The PCR primer sequences are italicized in the 

probe and positive control sequences.  

Name Sequence (5'-> 3') 

Mutant 
GGG TTG ACC CAC AAG CGC CGA CTG TTG GCG CTG 

GGG CCC GGC GGT CTG TC 

Wildtype 
GGG TTG ACC CAC AAG CGC CGA CTG TCG GCG CTG 

GGG CCC GGC GGT CTG TC 

Probe A 
/5Phos/AC AGT CGG CGC TTG TGG GTC AAC CCC GAC 
GTT ATG AGA AAT CAA AGT CTT TGG GTT /3BioTEG/ 

Probe B 
GTT AAG GGA GTG AAG ACG ATC AGA GAC AGA CCG 

CCG GGC CCC AGC GCC A 

Positive 
Control 

GTT AAG GGA GTG AAG ACG ATC AGA GAC AGA CCG 
CCG GGC CCC AGC GCC AAC AGT CGG CGC TTG TGG 

GTC AAC CCC GAC GTT ATG AGA AAT CAA AGT CTT 
TGG GTT 

 

 



 98 

Ligation and PCR reactions 

The ligation reaction (20 L) was performed with 1 nM Probe A, 10 nM Probe 

B, 1 pM “target” DNA, and 5% Hi Fi Taq DNA Ligase (New England BioLabs: Cat. No. 

M0647S). The ligation was performed in a Rotor-Gene Q PCR machine (Qiagen) with 

conditions described below. Following ligation, PCR was performed on each ligation 

product (2 L). The PCR reactions (20 L) were performed in Luna Universal qPCR 

Master Mix (New England BioLabs: Cat. No. M0647S) with SYBR Green detection 

and 200 nM of each primer. First, a 3-minute hold step was performed at 95C. Then, 

45 cycles of 15 seconds at 95C and 15 seconds at 60C were performed. Unless 

otherwise noted, ligation was performed with n=1 to conserve reagents and PCR was 

performed in duplicate for each ligation reaction. Lastly, the fluorescence was read on 

the green channel. 

 

Results 

A few select results corresponding to the initial strategy will be shown. First, a 

qualitative experiment was performed to determine whether DNA would be capable of 

acting as a template for silica condensation, in the same manner as the dendrimer. 

Preliminary results validated the dendrimer-directed reaction with G4 polyamidoamine 

dendrimer (Figure 33A) and demonstrated that DNA does not induce silica 

condensation (Figure 33B).  
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For the synthesis of the dendrimer nucleotide probes, the G4 polyamidoamine 

dendrimer was first conjugated to sulfo-SMCC, a bifunctional linker with an NHS-ester 

that reacts with the 64 terminal amine groups on the surface of the dendrimer. The 

number of molecules of sulfo-SMCC per dendrimer was determined by NMR. As 

expected, increasing the molar excess of sulfo-SMCC used increased the number of 

sulfo-SMCC molecules per dendrimer (Table 10). It was determined that a 96-fold 

molar excess of sulfo-SMCC yielded approximately 30 molecules of sulfo-SMCC per 

dendrimer. Thiol-terminated DNA sequences were reacted with the maleimide moiety 

 

Figure 33. Proof-of-concept reactions validated the silica condensation system. A) 

G4 polyamidoamine dendrimer act as a template for silica condensation as 

indicating by the white precipitate. B) DNA does not act as a template for silica 

condensation as indicated by no precipitate. The reactions with DNA were 

indistinguishable from the control with no dendrimer or DNA present.  

Left - 8.13 mM dendrimer
Right - 32.5 mM dendrimer

Left – 0.1 mg/mL DNA
Middle – 1 mg/mL DNA 

Right – Control
BA
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of the sulfo-SMCC linker; however, this reaction had low coupling efficiency. Future 

efforts were to be directed at using a biotin-streptavidin coupling strategy; however, 

simultaneous results regarding the detection limit changed the direction of this project 

before that strategy was employed.  

 

 

 

The ability of the G4 polyamidoamine dendrimer to precipitate silica from 

tetramethyl orthosilicate was quantified by measuring the light scattering. The results 

showed that 0.817 M dendrimer was required to produce a detectable signal (Figure 

34). This detection limit was order of magnitudes higher than what is available for the 

detection of DNA. G5 polyamidoamine dendrimers were also investigated in the hope 

that the increased number of terminal amine groups (128 for G5 versus 64 for G4) 

would improve the detection limits. It was found that 0.529 M G5 was required to 

produce a detectable signal. This result was expected based on a two-fold increase in 

Table 10. G4 polyamidoamine dendrimers with 64 terminal amine groups were 

conjugated to sulfo-SMCC. The number of sulfo-SMCC molecules per dendrimer 

(as determined by NMR) could be tailored by varying the molar excess of sulfo-

SMCC used. 

Dendrimer Sulfo-SMCC Molar Excess Sulfo-SMCC / Dendrimer 

G4 32 1 

G4 96 31 

G4 200 45 
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amine groups; however, it was not sufficient for the detection of DNA. These results 

prompted the switch to the oligonucleotide ligation assay.  

 

 

 

First, a proof-of-concept experiment was performed to confirm that PCR 

detection worked. For this experiment, reactions were performed with and without 

ligase to confirm that ligation was necessary for detection. For each condition, triplicate 

experiments were performed with 100 pM mutant “target” DNA, wildtype “target” DNA, 

or no “target” DNA (blank). The results plainly show a difference between reactions 

 

Figure 34. G4 (64 terminal amine groups) and G5 PAMAM dendrimers (128 

terminal amine groups) were compared for their ability to precipitate silica from 

tertramethyl orthosilicate. The results were quantified by measuring the light 

scattering and showed that 0.817 M G4 dendrimer or 0.529 M G5 dendrimer was 

required to produce a detectable signal. 
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containing ligase and without ligase for each type of “target” DNA (Figure 35). The 

results showed that the ligation product of the reaction with mutant DNA with the SNP 

of interest had a cycle threshold value of 6.94. The ligation product of the reaction with 

wildtype DNA had a cycle threshold value of 13.1, which was comparable to the value 

of 13.7 for the blank (Table 11). This indicated that the ligation reaction with mutant 

DNA had more copies of ligated product leading to higher PCR efficiency. Control 

reactions without ligase had a cycle threshold value of 17.7 for mutant DNA and 19.4 

for wildtype DNA.  
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Figure 35. Proof-of-concept ligation and PCR experiment comparing ligase and no 

ligase conditions for mutant, wildtype, and no (blank) “target” DNA. The PCR reaction 

of the ligation product with mutant target DNA was the most efficient. There was no 

significant difference between the efficiency of the ligation product with wildtype or no 

target DNA confirming the specificity of the reaction. Lastly, PCR reactions on 

conditions without ligase were less efficient indicating fewer ligation products present. 
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Next, the ligation temperature was investigated. The HiFi Taq DNA ligase 

enzyme has a reported maximum temperature of 75°C. However, the recommended 

ligation temperature based on the melting temperature of the probes was 83°C. 

Therefore, ligation reactions were performed with mutant or wildtype target DNA at 

both 75°C and 83°C. Additionally, a positive control consisting of the entire ligated 

product and a no-template control were implemented in the PCR reaction with all PCR 

reactions performed in triplicate. The results indicate that reactions in the presence of 

the mutant DNA perform better at 75°C than 83°C, likely due to decreased activity of 

the enzyme at the higher temperature (Figure 36A). This can be quantified by 

comparing the cycle threshold of each condition to the cycle threshold of the positive 

control (Figure 36B). The lower the difference in cycle threshold values, the more 

efficient the ligation reaction. Interestingly, the opposite seems to be true for the 

ligation reaction in the presence of wildtype DNA (Figure 36A). However, this is 

Table 11. Cycle threshold value for a proof-of-concept ligation and PCR experiment 

comparing ligase and no ligase conditions for mutant, wildtype, and no (blank) “target” 

DNA. 

Condition Cycle threshold 

Ligase + Mutant 6.94 ± 0.07 

Ligase + Wildtype 13.1 ± 0.2 

Ligase + Blank 13.7 ± 0.2 

No Ligase + Mutant 17.1 ± 0.5 

No Ligase + Wildtype 19.4 ± 0.2 

No Ligase + Blank 36 ± 5 
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beneficial as the goal is to maximize the separation between the mutant DNA reaction 

and the wildtype DNA reaction, which can be quantified by comparing the cycle 

threshold of the mutant to the cycle threshold of the wildtype at each temperature 

(Figure 36C). The greater the difference in cycle threshold values, the more specific 

the reaction. Therefore, it was determined that 75°C was the optimal temperature in 

terms of both efficiency and specificity.  
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Figure 36. A) The performance of ligation reactions at 75°C and 83°C was 

investigated using PCR for detection and quantification. B) The cycle threshold 

value (CT) for the PCR reactions on the products of the ligation reaction for each 

condition were calculated. The ligation efficiency at the two temperatures can be 

compared by subtracting the cycle threshold value of the positive control from the 

cycle threshold reaction with mutant target DNA. A smaller difference indicates a 

greater efficiency therefore 75°C is preferred. C) The specificity at each 

temperature can be determined by taking the difference of the cycle threshold 

values of the ligation reactions with mutant and wildtype target DNA. A greater 

difference indicates greater specificity therefore 75°C is the optimal temperature. 
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Following the optimization of the ligation temperature, cycling conditions were 

investigated. It was hypothesized that alternating ligation and melting would allow 

more ligation products to be produced, as each molecule of target DNA would be able 

to act as a template multiple times. For these experiments, ligation reactions with 

mutant or wildtype target DNA were performed with either a 30-minute hold at 75°C 

(what had previously been done), 15 cycles of 1 minute at 75°C and 1 minute at 95°C 

(total of 30 minutes), or 30 cycles of 1 minute at 75°C and 1 minute at 95°C (total of 

30 minutes at 75°C). Of note, although the HiFi DNA Taq ligase enzyme has a 

maximum temperature for activity, it is a thermal-stable enzyme and thus, does not 

denature at higher temperatures. The results indicate that cycling improves the 

efficiency of the ligation reaction by reducing the cycle threshold value difference 

relative to the positive control (Figure 37A). In fact, the ligation reactions with cycling 

had a lower threshold value than the positive control resulting in a negative difference. 

No significant change in specificity (difference between wildtype and the mutant) was 

observed for any of the three conditions (Figure 37B).  
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The cycling conditions were further investigated by performing a time study 

where a ligation experiment was performed with mutant target DNA for different 

lengths of time, up to 6 hours of cycling. The ligation efficiency for each length of time 

was compared to the positive control. Generally, ligation efficiency increased with 

increasing reaction time (Figure 38). However, this trend reached a plateau after 1 

hour. Therefore, 1 hour was used moving forward.  

 

Figure 37. A) Cycling between 75°C for ligation and 95°C for melting improves the 

ligation efficiency for reactions with mutant target DNA relative to the PCR positive 

control. B) Cycling had no significant difference for specificity of the ligation reaction, 

as determined by comparing reactions with mutant and wildtype target DNA. 
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Lastly,  the cycling conditions were optimized by investigating the time of the 

ligation step, the melt step, and the number of cycles. First, the length of time for the 

ligation step was compared at 20 seconds, 40 seconds, and 1 minute. It was 

determined that 40 seconds was the best time in terms of ligation efficiency (relative 

to the PCR positive control) and percent error (Figure 39A). Next, the length of time 

for the melt step was compared at 20 seconds and 60 seconds. No significance 

difference was found, so a 20-second melt step was used moving forward (Figure 

39B). Lastly, the reaction time/number of cycles was investigated to determine 

whether 60 minutes or 30 cycles was optimal with the new step times. With the 

previous step times, 30 cycles resulted in a total reaction time of 60 minutes. However, 

under the new conditions, 30 cycles resulted in a total reaction time of only 30 minutes. 

The results indicated that 60 minutes was optimal (Figure 38C). 

 

Figure 38. The total ligation reaction time was investigated for up to 6 hours of cycling. 

Increasing reaction time increased the ligation efficiency (in comparison to the PCR 

positive control) until 1 hour when the efficiency reached a plateau.  
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Discussion 

The initial strategy that was proposed in this study used dendrimer-mediated 

silica precipitation as a detection method for rifampin resistance. In this strategy, a 

DNA probe was conjugated to a polyamidoamine dendrimer to form a dendrimer 

nucleotide probe, which would recognize and bind to the resistance-conferring single-

nucleotide polymorphism. Simultaneously, the dendrimer nucleotide probe would act 

as a template for the precipitation of silicon dioxide from tetramethyl orthosilicate, 

which could be visually detected. Initial results were promising. The use of dendrimer 

as a template for silica condensation was validated and it was confirmed that DNA is 

not capable of acting as a template. 

 

Figure 39. A) The length of the ligation step was investigated and 40 seconds was 

found to be optimal. B) Next, the length of the melt step was investigated. No 

significance difference was found and 20 seconds was used moving forward. Lastly, 

60 cycles/minutes and 30 cycles/minutes were compared for the new conditions. 

60 cycles/minutes was found to have increased ligation efficiency.   
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Then, the amine-terminated dendrimer was reacted with sulfo-SMCC to 

produce a maleimide-activated dendrimer.  The product of this reaction would then be 

reacted with thiolated DNA to produce the conjugate. The first reaction was followed 

by NMR and it was determined that the number of sulfo-SMCC molecules per 

dendrimer varied depending on that ratio of sulfo-SMCC-to-dendrimer used. 

Specifically, a 96-fold molar excess resulted in approximately 30 sulfo-SMCC 

molecules out of the 64 amine groups on a G4 polyamidoamine dendrimer. It’s 

important to note that these terminal amine groups serve two functions, as active sites 

for the silica condensation and as anchor points for the nucleotide sequences. Thus, 

a balance must be achieved between the number of amines conjugated to nucleotide 

probe sequences and the number of free amines remaining to drive the silica 

condensation. Next, the thiol-terminated DNA sequences were reacted with the 

maleimide moiety of the sulfo-SMCC linker; however, this reaction was found to have 

low coupling efficiency. Simultaneous results regarding the detection limit changed the 

direction of this project before the alternative methods could be investigated.  

The ability of the dendrimer to precipitate silica was also investigated and the 

results were quantified by measuring the light scattering. Approximately 1 M G4 

dendrimer was required to produce a detectable signal. This is significantly higher than 

the amount of dendrimer that would be present after binding to DNA. The results were 

only marginally improved by the use of a G5 polyamidoamine dendrimer where 

approximately 0.5 M dendrimer was required to produce a detectable signal. This 

result is explained by the 128 terminal amine groups of the G5 dendrimer, twice as 

many as the G4 dendrimer. Therefore, it was concluded that this method was not 

sufficient for the detection of rifampin resistance-conferring mutations in M. tb. 
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An alternative strategy was developed that did not rely on dendrimers for 

detection due to challenges with the detection limit. In this strategy, a modified 

oligonucleotide ligation assay would be used to detect the single nucleotide 

polymorphism. Preliminary experiments using PCR as a detection method, rather than 

magnetic bead separation and a spectrophotometric moiety, validated this system. 

Reactions with ligase resulted in more efficient PCR as indicated by a lower cycle 

threshold value. Additionally, the ligation reaction demonstrated a clear preference for 

mutant target DNA versus wildtype or no target DNA. Thus, the greatest signal was 

produced when mutant “target” DNA and ligase were present, as expected based on 

the development of the system. 

Using this system, it was demonstrated that cycling ligation (75C) and melting 

(95C) enhances ligation efficiency compared to hold at 75C. It is hypothesized that 

this is due to the strands de-hybridizing at the melting temperature of 95C, which 

allows both the sample DNA to act as a template for ligation repeatedly, and each 

ligation product to act as template for ligation multiple times. Next, the total reaction 

time was investigated to determine if longer periods of time would increase the ligation 

efficiency. This hypothesis was confirmed for short periods of time; however, 

insignificant increases in efficiency were realized with times greater than 1 hour. The 

cycling conditions were further optimized to 60 minutes of 40 sec at 75C, 20 sec at 

96C.  
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Conclusions 

In this study, dendrimer nucleotide probes and an oligonucleotide ligation 

reaction were investigated for the detection of MDR-TB. Dendrimer-nucleotide probes 

were initially proposed as a low-resource method for detecting resistance-conferring 

mutations; however, challenges with detection limits prompted the switch to an 

oligonucleotide ligation assay. It was found that cycling between ligation and melting 

improved the efficiency of the ligation as measured by PCR cycle threshold value 

relative to a positive control. 

Following the optimization of the cycling conditions, a system was developed 

that uses both a mutant and wildtype-specific probe. The mutant probe contains a 

sequence that is complimentary to a hybridization probe with a FAM fluorophore and 

the wildtype probe contains a sequence that is complimentary to a hybridization probe 

with a HEX fluorophore. This system allows the presence of both mutant and WT DNA 

to be detected on different channels (green and yellow, respectively). This system was 

designed to detect a different resistance-conferring mutation in the bacterial RNA 

polymerase gene, specifically the GAC to GGC mutation at codon 516.156 However, 

initial experiments indicated that the reagents were contaminated and the COVID-19 

pandemic prevented further development of this system. Other future work entails 

developing a low-resource method of cycling between ligation and melting/de-

annealing steps that is compatible with magnetic bead separation and colorimetric 

detection, or with detection on a LFA.157,158  
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