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ABSTRACT:  The only currently commercialized point-of-care assay for tuberculosis (TB) that 20 

measures Lipoarabinomannan (LAM) in urine (Alere LF-LAM) has insufficient sensitivity. We 21 

evaluated the potential of 100 novel monoclonal antibody pairs targeting a variety of LAM 22 

epitopes on a sensitive electrochemiluminescence platform to improve the diagnostic accuracy. 23 

In the screening many antibody pairs showed high reactivity to purified LAM, but performed 24 

poorly at detecting urinary LAM in clinical samples suggesting differences in antigen structure 25 

and immunoreactivity of the different LAM sources. The twelve best antibody pairs from the 26 

screening were tested in a retrospective case-control study with urines from 75 adults with 27 

presumptive TB. The best antibody pair reached femtomolar analytical sensitivity for LAM 28 

detection and an overall clinical sensitivity of 93% (CI:80–97%) and specificity of 97% (CI:85–29 

100%). Importantly, in HIV-negative, TB sputum smear microscopy positive subjects the test 30 

achieved a sensitivity of 80% (CI: 55–93%). This compares to an overall sensitivity of 33% (CI: 31 

20–48%) of the Alere LF-LAM and a sensitivity of 13% (CI:4–38%) in HIV-negative subjects in 32 

the same sample set. The capture antibody targets 5-methylthio-D-xylofuranose (MTX), a unique 33 

LAM epitope that is specific to the Mycobacterium Tuberculosis Complex and showed no cross-34 

reactivity with fast-growing mycobacteria or other bacteria. The present study provides evidence 35 

that improved assay methods and reagents lead to increased diagnostic accuracy. The results of 36 

this work have informed the development of a sensitive and specific novel LAM point-of-care 37 

assay with the aim to meet the WHO’s performance target for TB diagnosis.  38 
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INTRODUCTION 39 

Tuberculosis (TB) is the number one cause of death due to infectious disease. In 2016, 10.4 40 

million people fell ill with TB and 1.7 million died from the disease (World Health Organization 41 

2017). TB is also the most common overall cause of mortality in people living with human 42 

immunodeficiency virus (HIV), with an estimated 374,000 deaths in 2016 (1) . Most of the 43 

deaths from TB could have been prevented with early diagnosis. Globally, there was a gap of 4.1 44 

million cases between estimated incident and reported TB cases. This gap is due, in part, to 45 

under-diagnosis resulting from the limitations of established TB tests, and a lack of accurate, 46 

inexpensive and rapid tests suitable for typical primary care settings in low- and middle-income 47 

countries where TB is prevalent (2). 48 

Traditional diagnostic methods are slow (sputum culture) or insensitive (sputum smear 49 

microscopy). Modern techniques, such as the Xpert® MTB/RIF and Xpert Ultra real-time PCR 50 

test, have become more available, but require specialized equipment and facilities, are costly, or 51 

are otherwise inaccessible to many low- and middle-income countries (3, 4). The limitations of 52 

existing sputum-based TB diagnostics are especially acute for people living with HIV because 53 

they are more likely to have extrapulmonary TB or be unable to produce sputum samples. 54 

Mycobacterial antigens in the serum or urine have attracted interest as TB biomarkers that would 55 

not require the collection of sputum samples and that could be measured in low cost 56 

immunoassay-based rapid test formats. Lipoarabinomannan (LAM), a Mycobacterial cell wall 57 

lipopolysaccharide and virulence factor, has been the most studied TB biomarker due to several 58 

attractive features: it is bacterially derived, abundant in the cell wall of Mtb, heat and protease 59 

stable, and has structural epitopes that are unique to Mtb. There is extensive evidence that LAM 60 

is found in the urine of many TB patients (5, 6)  and other studies indicate that it may also be 61 
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found in sputum (7, 8)  and blood (9, 10) . While several ELISA and rapid (lateral flow) tests 62 

have been developed, the only LAM test currently on the market for clinical diagnosis of TB is 63 

the Alere Determine TB LAM
®

 test (LF-LAM) from Abbott Diagnostics, a lateral flow test for 64 

detecting LAM in urine. There is also a new LAM ELISA test from Otsuka Pharmaceutical 65 

which can quantitatively measure LAM in sputum, but not in urine (11). 66 

Despite strong initial excitement for urinary LAM as a diagnostic target, the adoption of LAM 67 

tests has been limited due to their relatively poor clinical sensitivity across the spectrum of 68 

incident TB cases. One review of studies evaluating urinary LAM ELISAs found sensitivities 69 

ranging from 13% to 51%, with higher values generally being associated with study cohorts 70 

having high rates of HIV infection (12). The observation that LAM levels in urine tend to be 71 

higher in HIV-positive TB patients relative to HIV-negative TB patients, especially in patients 72 

with CD4 counts less than 100 cells/µL, has led to renewed interest in urinary LAM assays as a 73 

complement to Xpert testing for people living with HIV, given the relatively low sensitivity of 74 

Xpert for this population. However, a comprehensive meta-analysis of studies evaluating the 75 

Alere LF-LAM test for diagnosing TB in people living with HIV found the test to have limited 76 

diagnostic accuracy: 44% pooled sensitivity for TB diagnosis in HIV-positive cases at 92% 77 

pooled specificity in 3037 patients (13) . This analysis led to the WHO recommendation to only 78 

use the Alere LF-LAM test to diagnose TB in HIV-positive individuals with CD4 counts ≤100 79 

cells/µL who have TB symptoms (13). Despite its low sensitivity, testing with Alere LF-LAM, 80 

followed by immediate treatment was shown to significantly reduce mortality in large, 81 

pragmatic, randomized, parallel-group, multicentre trials in HIV-positive inpatients (14, 15). In 82 

addition, the operational advantages of the POC LF-LAM test has been shown to lead to 83 

improved diagnostic yields for HIV-positive TB patients (16) . 84 
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However, there are major unanswered questions about urinary LAM as a TB biomarker that are 85 

critical to understanding whether there is a path to improve its clinical performance and general 86 

utility. Most importantly, it is not understood whether the LAM levels in the urine of LF-LAM-87 

negative TB patients – especially HIV-negative patients – are simply too low to be measured by 88 

the current test, but could be measured by a test with improved detection limits. Some recent 89 

reports indicate that improved detection limits could provide improved performance (17).  90 

Alternatively, some investigators have proposed that the presence or absence of LAM in urine 91 

may be associated with specific pathologies in some patients, such as increases in glomerular 92 

filtration due to kidney dysfunction, or dissemination of Mtb to the kidneys (18–20). Secondly, 93 

the nature and availability of LAM epitopes present in urine is poorly understood. The present 94 

study was designed to answer these questions by employing the latest generation of anti-LAM 95 

monoclonal antibodies (mabs), sensitive electrochemiluminescence (ECL) detection and a high-96 

throughput laboratory immunoassay platform to (i) identify the best combination of antibodies 97 

for measuring LAM in urine and (ii) characterize the LAM levels and availability of LAM 98 

epitopes in the urine of a set of HIV–positive and negative TB cases and controls.  99 
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Materials and Methods 100 

Antibodies and Control Materials 101 

Purified LAM from Mtb strain Aoyama-B was obtained from Nacalai USA, Inc. (San Diego, 102 

USA). Phosphoinositol-capped LAM (PILAM) from M. smegmatis and inactive whole cell 103 

lysates of Mtb and M. bovis were obtained from the Biodefense and Emerging Infections 104 

Research Resources Repository (BEI, Manassas, USA). For cross-reactivity testing, live whole 105 

cell stocks of a number of different bacterial and fungal strains were obtained from ATCC 106 

(Manassas, USA) as vials of lyophilized cells or frozen cell suspensions in glycerol. The 107 

lyophilized cells were suspended in 0.5 mL of 2% bovine serum albumin (BSA) in phosphate 108 

buffered saline (PBS). The stock cell suspensions were then serially diluted in the same buffer to 109 

create test samples.  110 

To the extent possible, all existing monoclonal and polyclonal anti-LAM antibodies were used 111 

including A194-01 (21), CS-35 (22) , FIND 28 (provided by FIND), and S4-20, G3 and O-TB 112 

(11). The S4-20, G3 and O-TB antibodies (provided by Otsuka Pharmaceutical) possess the same 113 

variable regions and have the same epitope specificity in the glyconjugate mapping assay as 114 

MoAb1 (S4-20), MoAb2 (O-TB) and MoAb2 (G3) characterized in Choudhary et al. (21) . The 115 

same glycoconjugate mapping assay was also used for this study and is described below.  A 116 

commercial anti-LAM rabbit polyclonal antibody (Viro Poly) was purchased from Virostat, Inc. 117 

(Westbrook, USA).  118 

Two additional recombinant rabbit monoclonal antibodies (13H3 and 27D2) and a rabbit 119 

polyclonal antibody (Imm Poly) were produced by ImmunoPrecise Antibodies Ltd. (Victoria, 120 

Canada). These monoclonal antibodies were generated by immunization with synthetic LAM-121 

related polyarabinose oligosaccharide fragments coupled to bovine serum albumin (23–25). 122 
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Briefly, a rabbit was immunized with 65 µg BSA-Ara6 (ID 44), 65 µg BSA-Ara7 (ID 16) and 65 123 

µg BSA-Ara22 (ID 22) and boosted with the same mixture on days 7 and 14 (see Supplementary 124 

Fig. S1 for a description of the oligosaccharide structures). Peripheral blood mononuclear cells 125 

(PBMCs) were collected at day 28 and cultured in 96 well plates. Supernatants were tested by 126 

indirect ELISA for binding to immunizing antigens and low cross-reactivity to BSA. The 127 

sequences of heavy and light chains of B cells with the desired activity were cloned into separate 128 

expression vectors and co-transfected into HEK293 cells. The resulting transfected supernatants 129 

were tested by indirect ELISA to identify the antibodies (13H3 and 27D2) with the most 130 

reactivity to purified LAM from Mtb Aoyama-B and heat-killed Mtb H37Ra. The polyclonal 131 

antibody was produced by immunizing a rabbit with a mixture of 250 µg purified LAM from 132 

Mtb Aoyama-B  and Complete Freund’s Adjuvant (CFA) and boosting with a mixture of 250 µg 133 

purified LAM from Mtb Aoyama-B , 200 µg heat killed Mtb H37Ra and Incomplete Freund’s 134 

Adjuvant (ICFA) at days 28, 47 and 67. Serum collected on day 76 was purified by affinity 135 

chromatography on a Protein A column. 136 

All antibodies were analyzed to identify the oligosaccharide epitopes recognized by their binding 137 

sites. Epitope identification was carried out by measuring the binding of the antibodies to glycan 138 

arrays presenting a diverse set of 60 oligosaccharide structures related to mycobacterial cell wall 139 

glycans (Supplementary Fig. S1) according to previously described methods (21, 23). Briefly, 140 

oligosaccharide fragments were synthesized as previously described (23–27)  conjugated to BSA 141 

and used to generate microarrays. Serial dilutions of antibodies were incubated on the slides for 142 

30 minutes at 37°C, and after washing, stained for 40 minutes with fluorescently labeled 143 

secondary anti-species antibodies. Fluorescence signals were measured using a GenePix 4000B 144 
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scanner (Molecular Devices, Sunnyvale, USA) and intensity of each spot was quantified using 145 

ProMicroarray Image Analysis Software 6.1. 146 

LAM Immunoassays 147 

Immunoassays for LAM employing a multiplexed sandwich immunoassay format and 148 

electrochemiluminescence (ECL) detection were carried out on commercial instrumentation and 149 

multi-well plate consumables from Meso Scale Diagnostics, LLC. (MSD) (28). The assays were 150 

run in MSD’s U-PLEX
®

 96-well plates. On the bottom of each well of the plate there is a 10-151 

plex array of binding reagents immobilized on an integrated screen-printed carbon ink electrode. 152 

The 10 binding reagents each bind to one of a set of 10 proprietary linkers. In U-PLEX assays, 153 

different capture reagents are coupled to different linkers. Arrays of the capture reagents in the 154 

plates are formed as needed by adding a mixture of the capture antibody–linker conjugates to the 155 

well and allowing the linkers to self-assemble on their complementary array elements (or 156 

“spots”). Arrays of anti-LAM antibodies were used to compare the performance of multiple 157 

capture antibodies in a single multiplexed measurement. 158 

Antibodies were prepared for use in the assays according to the procedures in the U-PLEX 159 

package insert. Capture reagents were biotinylated with Sulfo-NHS-LC-Biotin (Thermo Fisher 160 

Scientific) and coupled via biotin-streptavidin binding to U-PLEX linkers. Detection antibodies 161 

were labeled with the MSD SULFO-TAG
TM

 ECL label. To prepare the capture antibody arrays, 162 

up to 10 antibody-linker conjugates were combined in U-PLEX Stop Buffer at a concentration of 163 

2.9 µg/mL per antibody and 50 µL of this mixture was added to each well of the U-PLEX plates. 164 

The plates were incubated for one hour with shaking to allow the antibody arrays to assemble 165 

and then washed. The plates were used immediately or stored at 4C in a desiccated pouch until 166 

needed.  167 
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Unless otherwise indicated, assays were run according to the following protocol using 168 

commercial diluents from MSD that include blocking components to prevent non-specific 169 

signals from human anti-mouse antibodies (HAMAs) or other non-specific antibody binding 170 

proteins. Capture antibody arrays were pre-formed in a U-PLEX plate as described above. MSD 171 

Diluent 22 (25 µL) was combined with 25 µL of sample in each well of the U-PLEX plate and 172 

the mixture was incubated with shaking for 1 hour at room temperature to bind LAM in the 173 

sample to the capture antibody array in the well. After washing the wells to remove unbound 174 

sample, 25 µL of 2 µg/mL SULFO-TAG-labeled detection antibody (in MSD Diluent 3 175 

supplemented with casein) was added and incubated for an additional hour with shaking to 176 

complete the immunoassay sandwich. After washing the wells to remove unbound detection 177 

antibody, the wells were filled with 150 µL of 2 X MSD Read Buffer T and ECL was measured 178 

on an MSD Sector® S 600 ECL plate reader. The plate reader applies a voltage to the electrodes 179 

in the MSD plates to induce ECL from the bound detection antibodies, and uses a cooled CCD 180 

camera to quantitate the light emission from each array spot (28). During screening for antibody 181 

pairs, a number of capture antibody and detection antibody combinations were evaluated. More 182 

detailed assay evaluation was carried out on a specific panel that combined an array of capture 183 

antibodies (CS-35, FIND 28, 13H3, 27D2, S4-20, O-TB) and the A194-01 detection antibody. 184 

To avoid interference from LAM-like contaminants that were observed to leach from the fluidic 185 

lines of automated plate washers a semi-automated plate wash protocol was used: wash solution 186 

was added to the wells manually using a multi-channel electronic pipette and wash solution was 187 

aspirated out of the plate using an automated 96-head plate washer. 188 

To calculate LAM concentrations, an eight-point calibration curve with purified Mtb LAM 189 

(diluted in phosphate buffered saline + 2% bovine serum albumin) was run in duplicate in each 190 
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assay plate. The relationship of ECL signal to LAM concentration was fitted to a four-parameter 191 

logistic (4-PL) function. LAM concentrations for test samples were calculated by back-fitting 192 

ECL signals to the 4-PL fit. 193 

Preparation of Urine Samples 194 

To inactivate any anti-LAM antibodies that may be present, urine samples were pre-treated prior 195 

to analysis by heat treatment at 85C for 10 minutes. 196 

Clinical Subjects and Samples 197 

For this retrospective case-control study, a total of 75 urine samples were selected from FIND’s 198 

biobank. These samples were previously collected in studies from adults presenting at primary 199 

care sites in Bangladesh (n=5), Peru (n=19), South Africa (n=15) and Vietnam (n=36) with 200 

clinical symptoms of TB, but not receiving TB treatment at the time of sample collection. 201 

Approval by local Ethics Committees and informed patient consent was obtained before 202 

enrolling patients and no personally identifiable information was available to FIND or to the 203 

researchers. 204 

FIND uses standardized protocols for collection and processing of samples. Briefly, urine and 205 

venous blood were collected at first contact with the patient, and processed, aliquoted and frozen 206 

(–80°C) on the same day (typically within four hours). Processing of urine involved 207 

centrifugation at 200 g at 4°C for 10 minutes prior to aliquoting, although there was some 208 

variation in the processing protocols for samples collected under different studies. WHO 209 

prequalified in-vitro diagnostics were used for HIV serological testing and CD4 counting. For 210 

use in patient classification, sputum samples (typically two in the first 24 hours) were also 211 

collected for all participants, decontaminated and tested in up to six independent liquid cultures 212 
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(MGIT, BD, Franklin Lakes, USA) and solid cultures (Loewenstein–Jensen media). The 213 

presence of Mtb complex in cultures was confirmed by either Ziehl–Neelson or Auramine-O 214 

fluorescence microscopy to identify acid-fast bacilli, MPT64 antigen detection using rapid 215 

speciation assays (like the Capilia TB test, TAUNS, Japan) or molecular methods. Urine samples 216 

used in this study were also tested using the Alere LF-LAM test run according to the 217 

manufacturer instructions. The strip was read independently by two different technicians who 218 

compared the test line intensity with the reference card provided by the manufacturer and graded 219 

the results. In case of discordant results a third technician would interpret the assay to come up 220 

with the final result. For documentation, all strips were scanned. 221 

Subjects were classified using a composite reference standard on the basis of clinical and 222 

laboratory findings as described elsewhere (29). TB-positive individuals were patients with at 223 

least one positive culture. All TB-positive patients had positive microscopy results. Participants 224 

who were smear-negative and culture negative on ≥four cultures on all sputum samples and who 225 

exhibited symptoms resolution in the absence of tuberculosis treatment and negative sputum 226 

culture results at two-month follow-up visit were classified as TB-negative. Subjects were 227 

further classified as HIV-positive or HIV-negative based on HIV rapid tests.  228 
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RESULTS  229 

Antibody Generation and Selection 230 

To identify potentially useful antibody pairs for use in sandwich immunoassays, we screened a 231 

library of anti-LAM mabs. Each possible pair of capture and detection antibodies (100 pairs in 232 

total) was assessed for its ability to detect purified LAM from cultured Mtb and urinary LAM in 233 

urine from two TB-positive HIV-positive human subjects with low CD4 blood counts. A 234 

multiplexing approach using ECL-based instrumentation and consumables from Meso Scale 235 

Diagnostics was employed. This assay platform provided sensitive detection and allowed the 236 

pairing of a detection antibody with up to 10 different capture antibodies to be evaluated in 237 

parallel in a single well (Fig. 1a). Fig. 1b provides heat maps displaying the signal-to-blank ratio 238 

(S/B) achieved with each antibody pair and groups and color-codes antibodies based on their 239 

specificity for different LAM epitopes as defined in Fig. 1c. Specificities were characterized 240 

using glycan arrays in new (Supplementary Fig. S1 and Fig. S2) and prior (21, 23) studies. Many 241 

antibody pairs showed high reactivity to purified LAM, but were relatively poor at detecting 242 

urinary LAM. Only two antibodies (A194-01 and 27D2) were useful as detection antibodies for 243 

detecting LAM in urine. A194-01 was the more sensitive of the two giving two to five-fold 244 

higher signals in patient urine. Both of these antibodies possessed high affinities for linear tetra-245 

arabinoside (Ara4) and branched hexa-arabinoside (Ara6) structures in the arabinan domain of 246 

LAM, and A194-01 also targeted a subset of Man-capped structures. The specificity of 27D2 247 

towards Ara4/Ara6 confirmed the utility of synthetic LAM glycans fragments coupled to BSA as 248 

immunogens for the development of antibodies with specificity for defined LAM epitopes. 249 

Surprisingly, antibodies requiring the presence of Man capped arabinose structures tended to 250 

provide high signals when used as a detection antibody for measuring purified LAM from 251 
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cultured Mtb, but not when measuring urinary LAM. An example is the G3 antibody which, 252 

based on the glycan array results, recognizes di- and tri-mannose capped Ara4 and Ara6 253 

structures and, consistent with previous reports (21) , it also reacts strongly with several 254 

arabinose-free penta-mannose structures. 255 

Differences in relative reactivity to LAM from culture and urine were also observed for capture 256 

antibodies (Fig. 1b). When combined with A194-01 as the detection antibody, nearly all capture 257 

antibodies in our library provided high signals for purified LAM from cultured Mtb.  This 258 

includes antibodies targeting branched Ara4/Ara6 (CS-35) and Ara6 (FIND 28) structures, Man2 259 

or Man3 caps (G3 and O-TB) and MTX-Man caps (S4-20), where MTX-Man refers to Man2 or 260 

Man3 caps further modified with a 5-methylthio-D-xylofuranose residue. In contrast, when 261 

measuring the urinary LAM samples, the capture antibodies targeting the more general 262 

Ara4/Ara6 motif (CS-35 and FIND 28) tended to give higher signals than the antibodies like S4-263 

20 and O-TB that target MTX-Man, a structure that is reported to be specific to Mtb relative to 264 

most other mycobacteria (30–32). In agreement with its behavior as a detection antibody, when 265 

G3 (which primarily targets Man2 and Man3 caps) was used as a capture antibody it also 266 

provided low signals for urinary LAM. The performance differences between the different 267 

categories of capture antibodies was less pronounced than for the detection antibodies. It was 268 

therefore decided to focus on six promising capture antibodies that target different LAM motifs. 269 

To allow us to efficiently compare the clinical potential of these binding reagents and to get an 270 

increased understanding of the abundance of LAM structures in urine, we developed and 271 

evaluated 12 mab pairs using a multiplexed panel of six capture antibodies covering a range of 272 

epitope specificities (CS-35, FIND 28, 13H3, 27D2, S4-20, O-TB) and two detection antibodies 273 

(A194-01 and 27D2). 274 
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Analytical Assay Performance 275 

Supplementary Fig. S3 shows calibration curves of purified bacterial LAM for each of the 276 

selected antibodies when combined with A194-01 as detection antibody. The intra-plate 277 

coefficients-of-variation (CVs) for the blank (no LAM) sample was ≤15% for all six capture 278 

antibodies (Supplementary Table S1). Based on these results, we defined the lowest detectable 279 

signal as 37.5% above the blank (S/B = 1.375) providing a threshold signal that was at least 2.5 280 

standard deviations above the blank signal for all assays. CVs for the blank signals were 281 

dominated by the electronic noise of the system (±30 ECL intensity units as reported by the ECL 282 

plate reader); as the signals increased above the blank signals, the CVs decreased considerably. 283 

On average, the CVs for LAM levels above this threshold were between 3 and 4% for all 12 284 

pairs. Supplementary Table S1 and Supplementary Fig. S3 also provide the limits of detection 285 

(LODs) based on the signal threshold for each assay. Due to the higher signal-to-background 286 

ratios provided by the FIND 28 and S4-20 capture antibodies, these antibodies provided more 287 

sensitive detection of purified LAM calibrators and LODs of 6 and 11 pg/mL, respectively. 288 

Assuming an average molecular weight of 17 kDa for LAM the sensitivities are in the 289 

femtomolar range (350 and 650 fM, respectively). When used as a detection antibody, 27D2 290 

provided results that were highly correlated to results obtained using A194-01, but tended to 291 

provide lower signals and higher detection limits. Because of the high correlation and similar 292 

epitope specificities of the two antibodies, we focused the subsequent analyses on results 293 

obtained with the more sensitive A194-01 detection antibody. 294 

Sample Preparation 295 

Prior to testing in the assay, urine samples were heat-treated at 85C for 10 minutes to inactivate 296 

any anti-LAM antibodies that may be present in the samples. Testing of a small set of urine 297 
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samples from TB patients provided no evidence that interfering antibodies were present in these 298 

samples, as signals were generally unchanged or only slightly increased by the heat treatment 299 

(Supplementary Fig. S4). Thus, heat treatment appeared not to be necessary. However, because 300 

the heat treatment did not have a negative impact on LAM detection and as we only ruled out the 301 

possibility of interference from anti-LAM antibodies in a subset of urine samples, we decided to 302 

include this step in sample testing. To assess the effect of the urine sample matrix on LAM 303 

quantitation, we carried out spike recovery and dilution linearity experiments using urine 304 

samples from TB-positive and TB-negative subjects. Average recoveries of LAM spiked into 305 

urine samples, and LAM measured in diluted urine samples was within 80% to 120% of the 306 

expected values for all the selected antibody pairs, with the exception of pairs using the 27D2 307 

capture antibody, which under-quantitated LAM spiked into urine (Supplementary Table S2). 308 

Cross-Reactivity for Other Bacteria 309 

We tested the LAM assays for cross-reactivity against a panel of 10 different mycobacterium 310 

species and 20 different non-mycobacterial microorganisms that could potentially be present in 311 

urine samples. Table 1 provides the signal to blank ratios measured with each capture antibody 312 

when paired with the A194-01 detection antibody. At the highest concentration tested (1:100 313 

dilution of the stock ATCC or BEI materials), only four of the non-mycobacterial species 314 

(Nocardia asteroids, Gordonia bronchialis (Tsukamura), Rhodococcus sp., Tsukamurella 315 

paurometabola) provided S/B values greater than the assay threshold of 1.375 for at least one 316 

capture antibody.  317 

The strength of the cross-reactivity for these four species varied considerably across the different 318 

capture antibodies. 27D2 and O-TB showed the strongest cross-reactivities for all four species. 319 

CS-35, FIND 28 and 13H3 also cross-reacted with the four species, but had signals that were one 320 
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to two orders of magnitude lower. S4-20 provided the best discrimination and did not exhibit 321 

measurable cross-reactivity against any of the non-mycobacterial species at the tested 322 

concentrations.  323 

All capture antibodies provided strong signals for the TB-causing mycobacterial species Mtb and 324 

M. bovis; testing of 1:1,000 dilutions of these bacterial preparations gave signals that were above 325 

the linear range for the assays. Large differences, however, were observed in the cross-reactivity 326 

of the different capture antibodies for other mycobacterial species tested at this dilution. All the 327 

capture antibodies except S4-20 provided very high cross-reactivity for the fast-growing M. 328 

fortuitum and M. smegmatis species and provided signals above the linear range for the 1:1000 329 

dilution. In contrast, when S4-20 was used as the capture antibody, the cross-reactivity for these 330 

two species was at least three orders of magnitude lower than the other capture antibodies and 331 

below the limit of what could be accurately measured in the multiplexed format. With the 332 

exception of M. intracellulare, S4-20 also tended to have lower cross-reactivity for the other, 333 

slow-growing mycobacterium species.  334 

Non-TB causing mycobacteria are known to contaminate water systems and may form biofilms 335 

in tubing (33) . The use of more specific antibodies such as S4-20 also protects against 336 

interference from this environmental source of potential cross-reacting mycobacteria. An 337 

example is our observation that exposure to wash fluid dispensed by our automated plate washers 338 

resulted in elevated signals presumably due to a non-TB mycobacterial biofilm present in the 339 

washer tubing. This effect was much stronger for the FIND 28 capture relative to S4-20.  Fluid 340 

contacted with this tubing also gave a positive result when tested with the Alere LF-LAM test, 341 

suggesting that environmental sources of LAM should generally be considered when developing 342 

or evaluating LAM test results. To avoid any possible confounding effects from the washer, we 343 
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employed a semi-manual approach for washing plates during LAM assays: wash fluid was added 344 

manually using a multi-channel pipettor with disposable tips, and wash fluid was then removed 345 

using the aspiration head of an automated plate washer. 346 

Clinical Assay Performance 347 

The LAM assays were evaluated in a case-control study of 75 subjects, roughly evenly divided 348 

between TB-positive/HIV-positive (n=25), TB-positive/HIV-negative (n=15), TB-negative/HIV-349 

positive (n=15) and TB-negative/HIV-negative (n=20) subjects. A detailed breakdown of the 350 

study population is provided in Table 2. The samples were from FIND’s repository of TB 351 

clinical samples and were selected to include a range of geographical locations (Asia, Africa and 352 

S. America). CD4 counts were available for most of the TB-positive/HIV-positive subjects and 353 

included subjects above and below the 100 cells/µL threshold used in the WHO algorithm for 354 

identifying immunocompromised patients most likely to benefit from the Alere LF-LAM test. In 355 

agreement with studies of the clinical performance of the Alere test, the sensitivity of the Alere 356 

test for this panel of urine samples was 44% (11/25) for HIV-positive subjects, but only 13% 357 

(2/15) for HIV-negative subjects. 358 

Fig. 2a is a heat map that shows the measured LAM concentrations for the full sample set as a 359 

function of TB and HIV status. The heat map compares the concentrations measured with the six 360 

capture antibodies with A194-01 as the detection antibody. All the capture antibodies showed 361 

measurable concentrations of LAM in most of the urine samples from HIV-positive/TB-positive 362 

subjects, but only S4-20, FIND 28 and 13H3 detected LAM in urine from a significant 363 

proportion of the HIV-negative/TB-positive subjects. Of these three, only S4-20 provided good 364 

discrimination of TB-positive and TB-negative subjects. In contrast, FIND 28 and 13H3 detected 365 

LAM or LAM related structures in urine from many of the TB-negative subjects. The differences 366 
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in performance for the S4-20 and FIND 28 capture antibodies are shown more clearly in the 367 

scatter plots in Figs 2b and 2c (comparable plots for the other capture antibodies can be found in 368 

Supplementary Fig. S5). Qualitatively, the signals from FIND 28 and S4-20 for samples from 369 

TB-positive donors were well-separated from the assay threshold. The performance of these two 370 

antibodies with TB-negative samples, however, was considerably different. FIND 28 gave a 371 

widespread distribution of signals for TB-negative samples, with one sample giving a signal as 372 

high as 10 times the signal for a blank sample. In contrast, the signals for TB-negative samples 373 

using the more TB-specific S4-20 capture antibody were tightly packed near the blank signal 374 

with the highest signal for a TB-negative sample having an S/B value of about 1.8 and all other 375 

samples providing signals below the LOD of 11 pg/mL. Color coding by Alere LF-LAM test 376 

result shows that the LAM signals detectable with the Alere test are one to two orders of 377 

magnitude above the detection limits for the ECL assays using the FIND 28 or S4-20 capture 378 

antibodies, and that there were a large number of samples from TB-positive subjects that were 379 

detectable with the ECL assays, but not the Alere test. 380 

Table 3 provides the measured sensitivity and specificity of the LAM assays for the test sample 381 

set. As an indicator of the separation between the assays signals for the TB-negative and TB-382 

positive groups, the table also provides the area-under-curve (AUC) values from receiver 383 

operating characteristic (ROC) curve analysis. Due to the combination of high signal for TB-384 

positive samples (including samples from HIV-negative subjects) and the tight distribution of 385 

signals below the LOD for TB-negative samples, the AUC value for the assay using the S4-20 386 

capture antibody [0.98 (0.95 – 1.00)] was significantly better than the AUC value for FIND 28, 387 

which gave the next best result [0.84 (0.75 – 0.93)]. When examining only the HIV-negative 388 
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samples, the difference between S4-20 [0.95 (0.87 – 1.00)] and FIND 28 [0.67 (0.48 – 0.85)] was 389 

even greater.  390 

The AUC differences were reflected in the higher observed accuracy of the assay using S4-20 391 

[overall sensitivity = 93% (80–97%; 37/40), specificity = 97% (85–100%; 34/35) at a cut-off of 392 

11 pg/mL], relative to FIND 28 [overall sensitivity = 78% (62–-88%; 31/40), specificity = 63% 393 

(46–-77%; 22/35) at a cut-off of 6 pg/mL]. The assay using the S4-20 capture antibody was 394 

about three-times more sensitive than the Alere LF-LAM assay [overall sensitivity = 33% (20–395 

48%; 13/40), specificity 100% (90–100%; 35/35)] while maintaining high specificity. Assays 396 

using both the S4-20 and FIND 28 capture antibodies were perfect or near perfect in identifying 397 

TB-positive/HIV-positive samples [S4-20 sensitivity = 100% (87–100%; 25/25), FIND 28 398 

sensitivity = 96% (80–100%; 24/25)]; the differences in overall sensitivity were primarily due to 399 

the excellent performance of the assay using S4-20 in identifying TB-positive/HIV-negative 400 

samples [S4-20 sensitivity = 80% (55–93%; 12/15), FIND 28 sensitivity = 47% (25–70%; 7/15)]. 401 

Fig. 3a shows the correlation of the LAM assay signals obtained using the S4-20 and FIND 28 402 

capture antibodies. Qualitatively, the signals generally correlate, although there are some 403 

differences. While the signals obtained using the two capture antibodies for purified bacterial 404 

LAM are nearly identical (Supplementary Fig. S3), the FIND 28 assay gives higher signals for 405 

urine with high LAM concentrations than the S4-20 assays (median ratio ~ 5). This ratio is also 406 

variable, and there are several samples that show markedly lower LAM levels with the S4-20 407 

assay (see points in region (1) in Fig. 3a). At low LAM levels, the S4-20 assay performs better 408 

with several TB-positive samples giving low but detectable LAM signals in the S4-20 assay, 409 

while being undetectable in the FIND 28 assay (region (2) in Fig. 3a). In addition, there were a 410 
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number of TB-negative samples that gave high false positive signals with FIND 28, but were 411 

undetectable with S4-20 (regions (1) and (3) in Fig. 3a). 412 

Fig. 3b also shows the associations of assay signal (for the assay using the S4-20 antibody) with 413 

CD4 counts (Fig. 3b) and Alere LF-LAM test results (Fig. 3c). The increased LAM levels 414 

appeared to correlate with immunosuppression. HIV-positive subjects that were strongly 415 

immunosuppressed (CD4 < 100 cells/µL) had significantly higher levels of LAM than HIV-416 

negative subjects. There was no significant difference between HIV-positive subjects with high 417 

CD4 counts (>100 cells/µL) and immunocompetent HIV-negative subjects (expected to have 418 

CD4 counts >200 cells/µL). Confirming the qualitative picture from Figs. 2b and 2c, Fig. 3c 419 

shows that high Alere LF-LAM grade is associated with very high ECL assay signals. The figure 420 

also highlights the significant number of TB-positive subjects that have low but detectable 421 

signals by the ECL assay, but are undetected with the Alere test.  422 
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Discussion  423 

We have developed a novel ECL assay using an optimized pairing of monoclonal antibodies 424 

(Capture S4-20/Detector A194-01) that provides an almost three-fold higher sensitivity and 425 

statistically indistinguishable specificity for TB case detection compared to the Alere LF-LAM 426 

assay, in a set of 75 urine samples from well-characterized patients that presented with TB-like 427 

symptoms. All the HIV-positive/TB-positive subjects and a significant fraction of HIV-428 

negative/TB-positive subjects had detectable LAM concentrations above the assay detection 429 

limit of 11 pg/mL (650 fM). The femtomolar detection limit of the ECL assay was 25 to 50-fold 430 

below the cut-off of the Alere LF-LAM test, which lies in the range of 250 to 500 pg/mL (34, 431 

35). The results suggest that improvements in analytical sensitivity for detection of LAM can 432 

directly lead to improvements in clinical sensitivity for diagnosing TB. Our findings are 433 

consistent with other reports that suggested that low concentrations of LAM and other Mtb 434 

antigens can be detected in the urine of immunocompetent TB patients through the use of 435 

improved assay methods. For example, Hamasur and colleagues used magnetic beads for sample 436 

concentration prior to LAM detection to achieve an LOD of 50 pg/mL and reported high 437 

sensitivity and specificity in a small case-control study with HIV-negative subjects (36). In more 438 

recent studies, Paris et al. (17) developed a sample preparation device that preserves and 439 

concentrates antigens and managed to quantify LAM down to 14 pg/mL, leading to 95% 440 

sensitivity but relatively low 80% specificity in a case-control study with 48 HIV-negative TB-441 

positive subjects and 53 negative controls. Also, in a limited study using the CS-35/A194-01 442 

combination and a standard enhanced chemiluminescence protocol, Choudhary et al. were able 443 

to detect positive signals for LAM in 7 of 10 TB-positive/HIV-negative urine samples (21). In 444 

contrast to these studies our assay does not require a pre-concentration steps and the assay format 445 
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is translatable to an easy-to-use POC test. A highly sensitive yet simple lateral flow 446 

immunoassays has already been developed that detects pg/ml concentrations of histidine-rich 447 

protein II (HRP2) for Malaria diagnosis, and a similar approach could be taken (37). All studies, 448 

including our own, are small case-control studies and further validation in larger cohorts is 449 

required.  450 

The key driver for the increased diagnostic sensitivity with nearly perfect specificity for the 451 

ECL-assay was the identification of a pair of well-defined monoclonal antibodies with binding 452 

specificities to distinct LAM epitopes that are present in the urine of TB patients. In a screen of 453 

each possible pair-wise combination of a set of anti-LAM antibodies from different sources, we 454 

found many pairs that were able to detect purified LAM from Mtb culture, but only a small 455 

subset showed good sensitivity for detecting LAM or LAM-related structures in patient urine. 456 

The choice of detection antibody appeared to be especially important for sensitive detection of 457 

LAM in urine, and we identified two antibodies (A194-01 and, to a lesser extent, 27D2) that 458 

provided substantially better performance as detection antibodies than the other candidates. The 459 

enhanced activity of A194-01, an antibody that was isolated from a TB-infected human donor, 460 

may be associated with its relatively unique ability to target both uncapped and capped Ara4 and 461 

Ara6 motifs (21). 462 

As most of the candidate antibodies worked reasonably well as capture antibodies for detecting 463 

bacterial LAM spiked into urine, selection of an optimal capture antibody was primarily driven 464 

by antibody specificity for the urinary form of this antigen. Antibodies targeting the linear Ara6 465 

motif (FIND 28), or both the linear Ara4 and branched Ara6 motifs (A194-01, CS-35, 27D2), 466 

when paired with A194-01, were all able to detect LAM in at least some urine samples. Of this 467 

set of arabinan-specific capture antibodies, FIND 28 provided the lowest detection limit  and 468 
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tended to have the highest signals for urine from TB-positive subjects, but showed poor 469 

specificity (63%), with some TB-negative samples giving signals as high as 10-fold above the 470 

blank signal. While we were able to develop a LAM assay using the FIND 28/A194-01 pair that 471 

provided excellent analytical sensitivity, our results suggest that the performance of urinary 472 

LAM assays using only antibodies targeting non-TB specific arabinan epitopes may ultimately 473 

be limited by cross-reactivity with urinary LAM from other sources, such as non-TB 474 

mycobacteria (NTMs) or related organisms of the Actinomycetales order. In particular, the Ara6 475 

structures are not unique to Mtb LAM, and our cross-reactivity studies confirmed that the FIND 476 

28/A194-01 pair cross-reacts with the non-mycobacterial actinomycetes Nocardia, Goronia, 477 

Rhodococcus and Tsukamurella, which are all known to produce LAM with Ara6 structures (38, 478 

39). It is likely that CS-35 and the polyclonal antibodies used in the Alere LF-LAM test and 479 

previous commercial ELISA tests have similar limitations in specificity. An attempt to improve 480 

an older commercial ELISA test, the Clearview TB test, by concentrating urine prior to analysis 481 

found that the sensitivity could be significantly improved, but also found a corresponding 482 

decrease in specificity (35) . Similarly, the need to reduce false positive results from the Alere 483 

LF-LAM test led the manufacturer to revise the reference card of the test towards a higher assay 484 

cut-off in 2014, which increased specificity but decreased sensitivity. Furthermore, the cross-485 

reactivity of the Alere LF-LAM test to mouth-residing Actinomyces and Nocardia is likely the 486 

reason that the assay is not specific enough for LAM detection in sputum (40). We also found 487 

that both the ECL assay using the FIND 28/A194-01 pair as well as the Alere LF-LAM test were 488 

susceptible to cross-reactivity from environmental sources of LAM.  489 

In addition to antibodies like FIND 28 and CS-35 that target relatively non-specific LAM 490 

epitopes, we also evaluated capture antibodies targeting more TB-specific structures such as the 491 
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Man2 and Man3 motifs (G3), and the MTX-Man2 and MTX-Man3 motifs (S4-20). Both 492 

provided strong signals for purified LAM from Mtb culture, but only S4-20 detected LAM in 493 

urine samples from TB patients, indicating that a large fraction of any Man2 or Man3 cap motifs 494 

in urinary LAM must present the mycobacterially-biosynthesized MTX residue. This is an 495 

unexpected result, as previous studies have indicated that Man2-capped structures are dominant 496 

in the bacterial LAM while the MTX substitution is rare, and occurs only on the level of 497 

approximately one site per LAM molecule (30, 31, 41). These results indicate that there are 498 

significant differences in structure and immunoreactivity of the urinary LAM antigen and the 499 

native molecule released from bacteria.  500 

The TB-specificity of the MTX-Man motif was confirmed in cross-reactivity testing of the S4-501 

20/A194-01 pair (Table 1). No cross-reactivity was observed for the most common organisms 502 

responsible for urinary tract infections, and in contrast to the assay employing FIND 28, we 503 

observed no detectable cross-reactivity for the LAM-producing non-mycobacterial 504 

actinomycetes. The S4-20 capture antibody also provided better discrimination of the TB-505 

producing mycobacteria (Mtb and M. bovis) from most of the other mycobacteria species. In 506 

particular the S4-20 capture antibody provided no detectable cross-reactivity with the fast-507 

growing mycobacteria which produce LAM with little if any MTX modifications (26). In 508 

contrast, the FIND 28 capture gave saturating or near saturating assay signals for the tested 509 

concentrations of M. fortuitum and M. smegmatis. We also found that the S4-20/A194-01 pair 510 

was not susceptible to an unknown LAM-like contaminant introduced from our plate washers 511 

that generated false-positive signals both for the assay with the FIND 28 capture antibody and 512 

with the Alere LF-LAM test, suggesting that use of the optimal pair could also prevent assay 513 

interference from environmental contaminants. We note that the TB-specificity of the S4-20 514 
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antibody is also employed in an ELISA developed by Otsuka for LAM detection in sputum 515 

which, in contrast to the Alere LF-LAM test, does not cross-react with LAM produced by 516 

prevalent oral actinomycetes species (11) . 517 

Our testing showed that pairing S4-20 with the A194-01 detection antibody provided similar 518 

detection limits as the FIND 28/A194-01 pair, but that the S4-20 capture antibody was able to 519 

achieve significantly higher clinical specificity and provided the best overall clinical sensitivity 520 

(93%) and specificity (97%). The high overall sensitivity largely reflects the excellent sensitivity 521 

of this pair for detecting LAM in urine from TB+HIV– subjects (80%). Fig. 3d plots the 522 

sensitivity and specificity information for the different antibody pairs (from Table 3) and also 523 

compares the observed performance to the WHO accuracy targets for POC TB tests. The results 524 

provide encouragement that the optimized assay could meet the target performances for POC TB 525 

tests for use in triage to identify patients for follow-up TB testing, as well as the more stringent 526 

requirements for use in diagnosis (42).  527 

Although LAM was detectable in nearly all HIV-positive and the great majority of HIV-negative 528 

subjects using the S4-20/A194-01 antibody pair, our study confirmed earlier findings of 529 

increased LAM concentrations in HIV-positive subjects with low CD4 counts. Samples from 530 

TB-positive/HIV-positive subjects with low CD4 counts ≤100 cells/µL had significantly higher 531 

LAM concentrations, with selected samples having >10 ng/mL LAM. Concentrations in samples 532 

from TB-positive/HIV-positive subjects with high CD4 counts (>100 cells/µL) and TB-positive, 533 

immunocompetent (HIV-negative) subjects were in the 11 to 1000 pg/mL range and lower (Fig. 534 

3b). This effect is well known from large cohort studies with the Alere LF-LAM (43). The 535 

underlying mechanisms leading to LAM antigenuria in immunocompetent and HIV-negative 536 

patients of this study remains unclear. Renal TB infection has been proposed as an explanation 537 
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for high LAM concentrations in TB/HIV co-infected patients with low CD4 counts (18, 19) .  538 

There is other evidence, however, suggesting that LAM is actively secreted from infected 539 

alveolar macrophages (44)  supporting the lungs as a source of LAM. The active secretion of 540 

LAM would be consistent with the important immunomodulatory properties of LAM that are 541 

likely to favor survival of TB in vivo (45). The different efficacies of different capture antibodies 542 

also suggest that antigenic fragments or variants of native LAM may be secreted into the 543 

bloodstream and accumulate in the urine through glomerular filtration. A study of LAM levels in 544 

serum and their correlation with urinary levels is currently in progress. 545 

Our study has several limitations. (i) We only used two selected samples from TB patients with 546 

low CD4 counts for the initial pairwise antibody screening which could have biased our antibody 547 

selection: other TB patients could present different distributions of LAM structures. (ii) The 548 

reported LAM concentrations and LODs may be difficult to compare across studies due to non-549 

homogeneity and variability of purified LAM standards (and the lack of an international 550 

standard), as well as differences in the ability of different antibody pairs to recognize urinary 551 

LAM relative to purified LAM standards prepared from culture. (iii) The bacterial preparations 552 

used in the cross-reactivity studies were lyophilized or frozen stocks with unknown cell 553 

concentrations, which permitted a relative comparison of the cross-reactivity of different 554 

antibody pairs, but only a rough assessment of absolute cross-reactivity; a more quantitative 555 

assessment of cross-reactivity should be carried out in the future with freshly grown and 556 

quantified cell cultures. (iv) This study used a case-control design and was limited to smear-557 

positive subjects. While this case selection should not significantly bias the direct head-to-head 558 

comparison with the Alere LF-LAM, absolute values for diagnostic sensitivity and specificity 559 

should be treated with caution and need to be established in sufficiently powered cohort studies 560 
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and in a blinded manner with predefined assay cut-offs to show the true potential of the assay. 561 

The cohort studies should be conducted in populations where the test would be used clinically.   562 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 28 

ACKNOWLEDGMENTS 563 

The authors thank Dr. Ranald Sutherland and Dr. Mark Perkins for helping with the 564 

conceptualization of this work and the sites for assisting with the sample collection. This work 565 

was funded by the Global Health Innovative Technology (GHIT) Fund grant number G2015-566 

201, the UK Department for International Development (DFID) grant number 300341-102, the 567 

Dutch Ministry of Foreign Affairs grant number PDP15CH14, the Alberta Glycomics Centre, the 568 

Bill and Melinda Gates Foundation grant number OPP1151258 and National Institutes of Health 569 

and National Institute of Allergy and Infectious Diseases (NIH/NIAID) grant number 570 

1R01AI104589. The funders had no role in study design, data collection and interpretation, or 571 

the decision to submit the work for publication 572 

AUTHORS CONTRIBUTIONS:  TB designed the study and oversaw all project activities. 573 

GBS, AM, MT and TP planned, oversaw and conducted the development of assays and 574 

biomarker measurements. GBS and TB analyzed and interpreted the data and developed the first 575 

manuscript draft. KS, MJ, YB, and TLL synthesized the LAM fragments used in characterizing 576 

the antibodies and for immunization. RBZ, TTL, AP and WH characterized the glycan epitope 577 

specificities of the antibodies. AP, AC, MK, AL, WH, KK and TB generated and contributed 578 

monoclonal antibodies. All authors contributed to the review and revision of the Article.  579 

COMPETING INTERESTS:  GB, AM, MT and TP are employed by Meso Scale Diagnostics 580 

LLC (Rockville, USA) and received funding from FIND and NIH. MK and KK are employed by 581 

Otsuka Pharmaceutical Co., Ltd (Japan). TB and CMD are employed by FIND (Geneva, 582 

Switzerland), a nonprofit organization that collaborates with industry partners. AP and AC are 583 

co-inventors on a patent describing the A194-01 antibody. All other authors have no potential 584 

conflicts of interest. 585 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 29 

REFERENCES: 586 

1.  World Health Organization. 2017. Global Tuberculosis Report 2017. 587 

2.  Cazabon D, Alsdurf H, Satyanarayana S, Nathavitharana R, Subbaraman R, Daftary A, 588 

Pai M. 2017. Quality of tuberculosis care in high burden countries: the urgent need to 589 

address gaps in the care cascade. Int J Infect Dis 56:111–116. 590 

3.  Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, Ginsberg A, 591 

Swaminathan S, Spigelman M, Getahun H, Menzies D, Raviglione M. 2016. Tuberculosis. 592 

Nat Rev Dis Prim 2:16076. 593 

4.  Dorman SE, Schumacher SG, Alland D, Nabeta P, Armstrong DT, King B, Hall SL, 594 

Chakravorty S, Cirillo DM, Tukvadze N, Bablishvili N, Stevens W, Scott L, Rodrigues C, 595 

Kazi MI, Joloba M, Nakiyingi L, Nicol MP, Ghebrekristos Y, Anyango I, Murithi W, 596 

Dietze R, Lyrio Peres R, Skrahina A, Auchynka V, Chopra KK, Hanif M, Liu X, Yuan X, 597 

Boehme CC, Ellner JJ, Denkinger CM, study team. 2018. Xpert MTB/RIF Ultra for 598 

detection of Mycobacterium tuberculosis and rifampicin resistance: a prospective 599 

multicentre diagnostic accuracy study. Lancet Infect Dis 18:76–84. 600 

5.  Svenson S. 1997. Method of diagnosing a mycobacterial disease and immunoassay kit. 601 

WO1997034149. 602 

6.  Sarkar P, Biswas D, Sindhwani G, Rawat J, Kotwal A, Kakati B. 2014. Application of 603 

lipoarabinomannan antigen in tuberculosis diagnostics: current evidence. Postgrad Med J 604 

90:155–163. 605 

7.  Pereira Arias-Bouda LM, Nguyen LN, Ho LM, Kuijper S, Jansen HM, Kolk AHJ. 2000. 606 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 30 

Development of antigen detection assay for diagnosis of tuberculosis using sputum 607 

samples. J Clin Microbiol 38:2278–83. 608 

8.  Cho SN, Shin JS, Kim JD, Chong Y. 1990. Production of monoclonal antibodies to 609 

lipoarabinomannan-B and use in the detection of mycobacterial antigens in sputum. 610 

Yonsei Med J 31:333–8. 611 

9.  Crawford AC, Laurentius LB, Mulvihill TS, Granger JH, Spencer JS, Chatterjee D, 612 

Hanson KE, Porter MD. 2017. Detection of the tuberculosis antigenic marker mannose-613 

capped lipoarabinomannan in pretreated serum by surface-enhanced Raman scattering. 614 

Analyst 142:186–196. 615 

10.  Sada E, Aguilar D, Torres M, Herrera T. 1992. Detection of lipoarabinomannan as a 616 

diagnostic test for tuberculosis. J Clin Microbiol 30:2415–8. 617 

11.  Kawasaki M, Echiverii C, Tercela Gler M, Chelle Baay M, Oda T, Higashiyma R, 618 

Katsuragi K, Liu Y. 2016. Lipoarabinomannan in sputum as a potential biomarker for 619 

bacterial load and treatment response in adult pulmonary TB patientsColorado 620 

Mycobacteria Conference. 621 

12.  Peter J, Green C, Hoelscher M, Mwaba P, Zumla A, Dheda K. 2010. Urine for the 622 

diagnosis of tuberculosis: current approaches, clinical applicability, and new 623 

developments. Curr Opin Pulm Med 16:262–70. 624 

13.  World Health Organization. 2015. The use of lateral flow urine lipoarabinomannan assay 625 

(LF-LAM) for the diagnosis and screening of active tuberculosis in people living with 626 

HIV. 627 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 31 

14.  Peter JG, Zijenah LS, Chanda D, Clowes P, Lesosky M, Gina P, Mehta N, Calligaro G, 628 

Lombard CJ, Kadzirange G, Bandason T, Chansa A, Liusha N, Mangu C, Mtafya B, Msila 629 

H, Rachow A, Hoelscher M, Mwaba P, Theron G, Dheda K. 2016. Effect on mortality of 630 

point-of-care, urine-based lipoarabinomannan testing to guide tuberculosis treatment 631 

initiation in HIV-positive hospital inpatients: a pragmatic, parallel-group, multicountry, 632 

open-label, randomised controlled trial. Lancet 387:1187–97. 633 

15.  Gupta-Wright A, Corbett EL, Oosterhout JJ, Wilson DK, Grint D, Alufandika-Moyo M, 634 

Peters JA, Lingstone C, Lawn SD, Fielding KL. 2018. Urine-based screening for 635 

tuberculosis: A randomized trial in HIV-positive inpatients. 25th Conference on 636 

Retroviruses and Opportunistic Infections (CROI, Boston). 637 

16.  Huerga H, Ferlazzo G, Bevilacqua P, Kirubi B, Ardizzoni E, Wanjala S, Sitienei J, Bonnet 638 

M. 2017. Incremental Yield of Including Determine-TB LAM Assay in Diagnostic 639 

Algorithms for Hospitalized and Ambulatory HIV-Positive Patients in Kenya. PLoS One 640 

12:e0170976. 641 

17.  Paris L, Magni R, Zaidi F, Araujo R, Saini N, Harpole M, Coronel J, Kirwan DE, 642 

Steinberg H, Gilman RH, Petricoin EF, Nisini R, Luchini A, Liotta L. 2017. Urine 643 

lipoarabinomannan glycan in HIV-negative patients with pulmonary tuberculosis 644 

correlates with disease severity. Sci Transl Med 9:eaal2807. 645 

18.  Wood R, Racow K, Bekker L-G, Middelkoop K, Vogt M, Kreiswirth BN, Lawn SD. 646 

2012. Lipoarabinomannan in urine during tuberculosis treatment: association with host 647 

and pathogen factors and mycobacteriuria. BMC Infect Dis 12:47. 648 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 32 

19.  Cox J a., Lukande RL, Kalungi S, Van Marck E, Van de Vijver K, Kambugu A, Nelson 649 

AM, Colebunders R, Manabe YC. 2015. Is Urinary Lipoarabinomannan the Result of 650 

Renal Tuberculosis? Assessment of the Renal Histology in an Autopsy Cohort of Ugandan 651 

HIV-Infected Adults. PLoS One 10:e0123323. 652 

20.  Lawn SD, Gupta-Wright A. 2016. Detection of lipoarabinomannan (LAM) in urine is 653 

indicative of disseminated TB with renal involvement in patients living with HIV and 654 

advanced immunodeficiency: evidence and implications. Trans R Soc Trop Med Hyg 655 

110:180–185. 656 

21.  Choudhary A, Patel D, Honnen W, Lai Z, Prattipati RS, Zheng RB, Hsueh Y-C, Gennaro 657 

ML, Lardizabal A, Restrepo BI, Garcia-Viveros M, Joe M, Bai Y, Shen K, Sahloul K, 658 

Spencer JS, Chatterjee D, Broger T, Lowary TL, Pinter A. 2018. Characterization of the 659 

Antigenic Heterogeneity of Lipoarabinomannan, the Major Surface Glycolipid of 660 

Mycobacterium tuberculosis , and Complexity of Antibody Specificities toward This 661 

Antigen. J Immunol 200:3053–3066. 662 

22.  Kaur D, Lowary TL, Vissa VD, Crick DC, Brennan PJ. 2002. Characterization of the 663 

epitope of anti-lipoarabinomannan antibodies as the terminal hexaarabinofuranosyl motif 664 

of mycobacterial arabinans. Microbiology 148:3049–3057. 665 

23.  Zheng RB, Jégouzo SAF, Joe M, Bai Y, Tran H-A, Shen K, Saupe J, Xia L, Ahmed MF, 666 

Liu Y-H, Patil PS, Tripathi A, Hung S-C, Taylor ME, Lowary TL, Drickamer K. 2017. 667 

Insights into Interactions of Mycobacteria with the Host Innate Immune System from a 668 

Novel Array of Synthetic Mycobacterial Glycans. ACS Chem Biol 12:2990–3002. 669 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 33 

24.  Gadikota RR, Callam CS, Appelmelk BJ, Lowary TL. 2003. Synthesis of Oligosaccharide 670 

Fragments of Mannosylated Lipoarabinomannan Appropriately Functionalized for 671 

Neoglycoconjugate Preparation. J Carbohydr Chem 22:149–170. 672 

25.  Joe M, Bai Y, Nacario RC, Lowary TL. 2007. Synthesis of the docosanasaccharide 673 

arabinan domain of mycobacterial arabinogalactan and a proposed octadecasaccharide 674 

biosynthetic precursor. J Am Chem Soc 129:9885–9901. 675 

26.  Joe M, Sun D, Taha H, Completo GC, Croudace JE, Lammas DA, Besra GS, Lowary TL. 676 

2006. The 5-deoxy-5-methylthio-xylofuranose residue in mycobacterial 677 

lipoarabinomannan. Absolute stereochemistry, linkage position, conformation, and 678 

immunomodulatory activity. J Am Chem Soc 128:5059–5072. 679 

27.  Sahloul K, Lowary TL. 2015. Development of an Orthogonal Protection Strategy for the 680 

Synthesis of Mycobacterial Arabinomannan Fragments. J Org Chem 80:11417–11434. 681 

28.  Debad JD, Glezer EN, Wohlstadter JN, Sigal GB. 2004. Clinical and Biological 682 

Applications of ECL, p. 43–78. In Electrogenerated Chemiluminescence. Marcel Dekker. 683 

29.  Broger T, Roy RB, Filomena A, Greef CH, Rimmele S, Havumaki J, Danks D, 684 

Schneiderhan-Marra N, Gray CM, Singh M, Rosenkrands I, Andersen P, Husar GM, Joos 685 

TO, Gennaro ML, Lochhead MJ, Denkinger CM, Perkins MD. 2017. Diagnostic 686 

performance of tuberculosis-specific IgG antibody profiles in patients with presumptive 687 

tuberculosis from two continents. Clin Infect Dis 64. 688 

30.  Treumann A, Xidong F, McDonnell L, Derrick PJ, Ashcroft AE, Chatterjee D, Homans 689 

SW. 2002. 5-Methylthiopentose: a new substituent on lipoarabinomannan in 690 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 34 

Mycobacterium tuberculosis. J Mol Biol 316:89–100. 691 

31.  Turnbull WB, Shimizu KH, Chatterjee D, Homans SW, Treumann A. 2004. Identification 692 

of the 5-methylthiopentosyl substituent in Mycobacterium tuberculosis 693 

lipoarabinomannan. Angew Chem Int Ed Engl 43:3918–22. 694 

32.  Angala S kumar, McNeil MR, Shi L, Joe M, Pham H, Zuberogoitia S, Nigou J, Boot CM, 695 

Lowary TL, Gilleron M, Jackson M. 2017. Biosynthesis of the Methylthioxylose Capping 696 

Motif of Lipoarabinomannan in Mycobacterium tuberculosis. ACS Chem Biol 12:682–697 

691. 698 

33.  Falkinham JO. 2011. Nontuberculous Mycobacteria from Household Plumbing of Patients 699 

with Nontuberculous Mycobacteria Disease. Emerg Infect Dis 17:419–424. 700 

34.  Nakiyingi L, Nonyane BAS, Ssengooba W, Kirenga BJ, Nakanjako D, Lubega G, 701 

Byakika-Kibwika P, Joloba ML, Ellner JJ, Dorman SE, Mayanja-Kizza H, Manabe YC. 702 

2015. Predictors for MTB Culture-Positivity among HIV-Infected Smear-Negative 703 

Presumptive Tuberculosis Patients in Uganda: Application of New Tuberculosis 704 

Diagnostic Technology. PLoS One 10:e0133756. 705 

35.  Savolainen L, Kantele A, Sandboge B, Sirén M, Valleala H, Tuompo R, Pusa L, 706 

Erkinjuntti-Pekkanen R, Knuuttila A, Ku C-L, Chi C-Y, Vasankari T, Tuuminen T. 2013. 707 

Modification of clearview tuberculosis (TB) enzyme-linked immunosorbent assay for TB 708 

patients not infected with HIV. Clin Vaccine Immunol 20:1479–82. 709 

36.  Hamasur B, Bruchfeld J, van Helden P, Källenius G, Svenson S. 2015. A Sensitive 710 

Urinary Lipoarabinomannan Test for Tuberculosis. PLoS One 10:e0123457. 711 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 35 

37.  Das S, Jang IK, Barney B, Peck R, Rek JC, Arinaitwe E, Adrama H, Murphy M, Imwong 712 

M, Ling CL, Proux S, Haohankhunnatham W, Rist M, Seilie AM, Hanron A, Daza G, 713 

Chang M, Nakamura T, Kalnoky M, Labarre P, Murphy SC, McCarthy JS, Nosten F, 714 

Greenhouse B, Allauzen S, Domingo GJ. 2017. Performance of a High-Sensitivity Rapid 715 

Diagnostic Test for Plasmodium falciparum Malaria in Asymptomatic Individuals from 716 

Uganda and Myanmar and Naive Human Challenge Infections. Am J Trop Med Hyg 717 

97:1540–1550. 718 

38.  Mishra AK, Driessen NN, Appelmelk BJ, Besra GS. 2011. Lipoarabinomannan and 719 

related glycoconjugates: structure, biogenesis and role in Mycobacterium tuberculosis 720 

physiology and host–pathogen interaction. FEMS Microbiol Rev 35:1126–1157. 721 

39.  Briken V, Porcelli S a., Besra GS, Kremer L. 2004. Mycobacterial lipoarabinomannan and 722 

related lipoglycans: From biogenesis to modulation of the immune response. Mol 723 

Microbiol 53:391–403. 724 

40.  Dheda K, Davids V, Lenders L, Roberts T, Meldau R, Ling D, Brunet L, van Zyl Smit R, 725 

Peter J, Green C, Badri M, Sechi L, Sharma S, Hoelscher M, Dawson R, Whitelaw A, 726 

Blackburn J, Pai M, Zumla A. 2010. Clinical utility of a commercial LAM-ELISA assay 727 

for TB diagnosis in HIV-infected patients using urine and sputum samples. PLoS One 728 

5:e9848. 729 

41.  Turnbull WB, Stalford SA. 2012. Methylthioxylose--a jewel in the mycobacterial crown? 730 

Org Biomol Chem 10:5698–706. 731 

42.  World Health Organization. 2014. High-priority target product profiles for new 732 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 36 

tuberculosis diagnostics: report of a consensus meeting. Geneva, Switzerland. 733 

43.  Shah M, Hanrahan C, Wang ZY, Dendukuri N, Lawn SD, Denkinger CM, Steingart KR. 734 

2016. Lateral flow urine lipoarabinomannan assay for detecting active tuberculosis in 735 

HIV-positive adults. Cochrane Database Syst Rev. 736 

44.  Strohmeier GR, Fenton MJ. 1999. Roles of lipoarabinomannan in the pathogenesis of 737 

tuberculosis. Microbes Infect 1:709–717. 738 

45.  Lawn SD. 2012. Point-of-care detection of lipoarabinomannan (LAM) in urine for 739 

diagnosis of HIV-associated tuberculosis: a state of the art review. BMC Infect Dis 740 

12:103. 741 

 742 

  743 

 on S
eptem

ber 27, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


 37 

Figure Legends 744 

Fig. 1. Results of antibody screen to identify antibody pairs for detecting LAM. (a) Schematic of 745 

U-PLEX format used for immunoassay measurements. The U-PLEX plates have an array 746 

of binding reagents specific for 10 different U-PLEX “linkers”. Biotin-labeled antibodies 747 

are coupled to the linkers and then self-assembled to specific locations on the U-PLEX 748 

array. These arrays can then be used to carry out multiplexed sandwich immunoassays 749 

using detection antibodies carrying ECL labels. (b) Heat maps that show the ability of 750 

each pairwise combination of capture (rows) and detection (columns) antibodies to detect 751 

10 ng/mL of purified LAM from cultured Mtb (left heat map) and a 1:50 dilutions of 752 

urine from TB-positive, HIV-positive individuals (right heat map). The heat maps display 753 

the signal to blank (S/B) ratio. The value in the urinary LAM heat map represents the 754 

maximum value for urine samples from two individuals. The antibody names are color 755 

coded based on the LAM epitopes they target, as determined by binding to glycan arrays 756 

and the epitopes are listed next to the names of the capture antibodies (see Supplementary 757 

Figure S2 for details of the epitope mapping results). (c) Schematic of LAM illustrating 758 

the different epitopes listed in the heat map.  759 

Fig. 2. Measured LAM concentrations and assay signals in clinical study samples. (a) Heat map 760 

showing the measured LAM concentrations for all tested urine samples (table columns) 761 

for the six different capture antibodies tested in multiplex format in combination with the 762 

A194-01 detection antibody. The samples are grouped by the donors TB and HIV status. 763 

The bottom row of the table provides the Alere LF-LAM test grade for each sample for 764 

comparison (only samples with positive Alere LF-LAM test results are colored). (b–c) 765 

The results from panel (a) for the S4-20 and FIND 28 capture antibodies are replotted in 766 
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scatter plot format. The plots show the measured signal to blank (S/B) ratios (left axis) 767 

and LAM concentrations (right axis) for each urine sample as a function of the TB and 768 

HIV status of the donor. The dashed orange line shows the assay threshold (S/B = 1.375). 769 

Concentration values are only meaningful for points above the assay threshold. The 770 

points are colored by the results of the Alere LF-LAM test for the same samples. Scatter 771 

plots for the other 4 capture antibodies can be found in the Supplementary Information 772 

(Supplementary Figure S5).  773 

Fig. 3. Analysis of LAM assay performance. (a) Correlation of assay signals measured with 774 

FIND 28 and S4-20 capture antibodies paired with A194-01 as a detection antibody. The 775 

numbered regions in the plot highlight points that (1) are false positives for FIND 28, but 776 

not S4-20; (2) are low true positives for S4-20, but are undetectable with FIND 28 and 777 

(3) have signals above cut-off for both FIND 28 and S4-20. (b-c) Assays signals for TB-778 

positive subjects broken down by (b) HIV status and CD4 count (in cells per µL) and (c) 779 

Alere LF-LAM test. Asterisks indicated significant in the distribution of S/B values for 780 

the selected group relative to the left-most group (Mann–Whitney test, p < 0.05). (d) The 781 

observed clinical sensitivity and specificity (with 95% confidence intervals) for each 782 

candidate capture antibody when paired with the A194-01 detection antibody. The plot 783 

also shows the minimal (triangle) and optimal (diamond) target sensitivity and specificity 784 

requirements set by the WHO in its target product profile (TPP) requirements document 785 

for POC TB tests used for two different use case scenarios: (i) definitive 786 

detection/diagnosis of TB (purple symbols) or (ii) triage to identify patients who should 787 

undergo further confirmatory testing for TB (green symbols). The marker representing 788 
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the performance of an assay would ideally be above and to the left of the marker 789 

representing the requirement for a use case (the area of interest is highlighted).   790 
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Tables 791 

  Capture Antibody (Each Paired with A194-01 as the Detection Antibody) 

  CS-35 FIND 28 13H3 27D2 S4-20 O-TB 

Signal to Blank ratio (S/B) for 1:1,000 dilution of mycobacterium species 

M. tuberculosis, H37Rv* 1,202 14,427 1,342 439 1,977 99 

M. bovis* 551 9,946 778 321 3,324 136 

M. fortuitum 668 12,871 556 372 ND 691 

M. smegmatis 6,717 30,447 4,033 669 ND 1,791 

M. abscessus 71 1,255 37 23 ND 109 

M. chelonae 19 244 9 5.2 ND 28 

M. gordonae* 11 239 11 4 25 8 

M. intracellulare* 4 66 3 3 129 18 

M. avium* 2 9 ND ND 1.4 3 

M. kansasii* 5.7 74 4 2 10 7 

Signal to Blank ratio (S/B) for 1:100 dilution of non-mycobacteria (S/B > 1.375 for at least one assay) 

Gordonia bronchialis  5 6 2 9 ND 59 

Nocardia asteroides 3 ND 2 25 ND 62 

Rhodococcus sp.  16 ND 14 170 ND 359 

Tsukamurella paurometabolum 4 219 26 57 ND 42 

Organisms with S/B ≤ 1.375 at 1:100 Dilution for all Capture Antibodies 

Candida albicans, Corynebacterium urealyticum, Escherichia coli, Klebsiella pneumoniae, Streptococcus 

agalactiae,Staphylococcus saprophyticus, Pseudomonas aeruginosa, Staphylococcus aureus, Proteus mirabilis, Proteus 

vulgaris, Neisseria gonorrhoeae, Haemophilus influenza, Enterococcus faecalis, Enterobacter aerogenes , Chlamydia 

trachomatis 
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Table 1. Analysis of LAM assay cross-reactivity for a set of microorganisms. The results are 792 

provided for the indicated 6-plex set of capture antibodies when paired with the A194-01 793 

detection antibody. The listed signal to blank (S/B) ratios were measured at a 1:10,000 794 

dilution (mycobacterial samples) or 1:100 dilution (non-mycobacterial samples) of stock 795 

preparations obtained from ATCC or BEI. Data are only shown for organisms that gave 796 

S/B ratios greater than the assay threshold (1.375) for at least one capture antibody at the 797 

listed dilution. Microorganisms with undetectable cross-reactivity for all assay based on 798 

this threshold are listed at the bottom of the table. All the tested preparations were whole 799 

live cells except for Mtb and M. bovis (killed whole cell lysates) and M. smegmatis 800 

(PILAM purified from cell lysates). ND (not detectable) indicates that (i) the measured 801 

S/B ratio was less than 1.375 or (ii) the signal on the specific capture antibody spot was 802 

too low relative to the signals on the other spots (< 0.2%) to accurately measure cross-803 

reactivity. Slow growing mycobacteria are indicated with an asterisk*. 804 
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 806 

  

All Subjects 

TB-Negative TB-Positive 

  HIV-Negative HIV-Positive HIV-Negative HIV-Positive 

Category No. of Subjects (% of Total) 

All subjects 75 (100%) 20 (27%) 15 (20%) 15 (20%) 25 (33%) 

Gender           

Female 21 (28%) 6 (8%) 3 (4%) 5 (7%) 7 (9%) 

Male 49 (65%) 9 (12%) 12 (16%) 10 (13%) 18 (24%) 

NA 5 (7%) 5 (7%) 0 (0%) 0 (0%) 0 (0%) 

Age           

0 to 20 1 (1%) 1 (1%) 0 (0%) 0 (0%) 0 (0%) 

21 to 40 45 (60%) 5 (7%) 9 (12%) 12 (16%) 19 (25%) 

41 to 60 25 (33%) 13 (17%) 6 (8%) 2 (3%) 4 (5%) 

61+ 2 (3%) 1 (2%) 0 (0%) 1 (1%) 0 (0%) 

NA 2 (3%) 0 (0%) 0 (0%) 0 (0%) 2 (3%) 

Location           

Bangladesh 5 (7%) 5 (7%) 0 (0%) 0 (0%) 0 (0%) 

Peru 19 (25%) 3 (4%) 14 (19%) 2 (2%) 0 (0%) 

South Africa 15 (20%) 2 (3%) 0 (0%) 5 (7%) 8 (10%) 

Vietnam 36 (48%) 10 (13%) 1 (1%) 8 (11%) 17 (23%) 

CD4 Count           

<= 100 cells/uL 14 (19%) 0 (0%) 0 (0%) 0 (0%) 14 (19%) 

> 100 cells/uL 8 (10%) 0 (0%) 0 (0%) 0 (0%) 8 (10%) 
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NA 53 (71%) 20 (27%) 15 (20%) 15 (20%) 3 (4%) 

Alere           

Negative 62 (83%) 20 (27%) 15 (20%) 13 (17%) 14 (19%) 

Positive 13 (17%) 0 (0%) 0 (0%) 2 (3%) 11 (14%) 

Table 2. Characteristics of the study population broken down by TB and HIV status. NA 807 

indicates that information for the specified characteristic was not available for a study 808 

subject. CD4 cell counts were only available for TB/HIV+ subjects.  809 

  810 
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 811 

HIV 

Status 
Capture Ab 

Sensitivity Specificity 

AUC (95% CI) Correct / 

Total 
% (95% CI) 

Correct / 

Total 
% (95% CI) 

All 

S4-20 37 / 40 93% (80–97%) 34 / 35 97% (85–100%) 0.98 (0.95–1.00) 

FIND 28 31 / 40 78% (62–88%) 22 / 35 63% (46–77%) 0.84 (0.75–0.93) 

13H3 28 / 40 70% (55–82%) 30 / 35 86% (71–94%) 0.81 (0.71–0.91) 

CS-35 20 / 40 50% (35–65%) 34 / 35 97% (85–100%) 0.76 (0.65–0.88) 

27D2 14 / 40 35% (22–50%) 34 / 35 97% (85–100%) 0.73 (0.62–0.85) 

O-TB 21 / 40 53% (37–67%) 28 / 35 80% (64–90%) 0.73 (0.61–0.84) 

HIV– 

S4-20 12 / 15 80% (55–93%) 20 / 20 100% (84–100%) 0.95 (0.87–1.00) 

FIND 28 7 / 15 47% (25–70%) 13 / 20 65% (43–82%) 0.67 (0.48–0.85) 

13H3 6 / 15 40% (20–64%) 17 / 20 85% (64–95%) 0.60 (0.40–0.80) 

CS-35 3 / 15 20% (7–45%) 19 / 20 95% (76–100%) 0.48 (0.26–0.70) 

27D2 2 / 15 13% (4–38%) 19 / 20 95% (76–100%) 0.50 (0.30–0.70) 

O-TB 4 / 15 27% (11–52%) 16 / 20 80% (58–92%) 0.54 (0.34–0.74) 

HIV+ 

S4-20 25 / 25 100% (87–100%) 14 / 15 93% (70–100%) 0.99 (0.97–1.00) 

FIND 28 24 / 25 96% (80–100%) 9 / 15 60% (36–80%) 0.96 (0.91–1.00) 

13H3 22 / 25 88% (70–96%) 13 / 15 87% (62–96%) 0.96 (0.90–1.00) 

CS-35 17 / 25 68% (48–83%) 15 / 15 100% (80–100%) 0.89 (0.78–1.00) 

27D2 12 / 25 48% (30–67%) 15 / 15 100% (80–100%) 0.89 (0.80–0.99) 

O-TB 17 / 25 68% (48–83%) 12 / 15 80% (55–93%) 0.88 (0.76–0.99) 

All 

Alere Test 

13 / 40 33% (20–48%) 35 / 35 100% (90–100%) 0.66 (0.59–0.74) 

HIV– 2 / 15 13% (4–38%) 20 / 20 100% (84–100%) 0.57 (0.48–0.66) 
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HIV+ 11 / 25 44% (27–63%) 15 / 15 100% (80–100%) 0.72 (0.62–0.82) 

Table 3. Accuracy of LAM assays as evaluated using samples from case-control cohort. Results 812 

are for assays using the selected panel of six capture antibodies (Abs) and A194-01 as a 813 

detection antibody. The table provides the measured sensitivity (correctly classified TB-814 

positive samples / total number of TB-positive samples) and specificity (correctly 815 

classified TB-negative samples / total number of TB-negative samples) for each of the 6 816 

capture antibodies. The values were calculated for the full sample set (All) or for the 817 

subsets of samples from HIV-negative and HIV-positive subjects. 95% Confidence 818 

Intervals (CI) for the proportion were calculated using Wilson’s method. The table also 819 

provides the AUC values from ROC analysis including confidence limits as determined 820 

by bootstrapping. For comparison, the bottom three rows present the analogous 821 

performance metrics for the Alere LF-LAM test for the same sample set. 822 
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Capture Ab Target Epitope

A194-01 Ara4, Ara6 ± Man1 Cap 6 2 1 1 43 9 16 2 1 33 4 2 1 1 1 1 1 1 1 3 0

27D2 Ara4, Ara6 ± Man1 Cap 12 3 1 3 21 14 35 3 2 42 12 3 1 1 3 7 3 1 3 10 3

13H3 Ara6 ± Man1 Cap 10 3 1 1 2 1 1 1 1 2 10 4 1 1 1 1 1 1 1 1 10

CS-35 Ara6 ± Any Man Cap ## 15 1 2 37 26 39 4 1 66 55 7 1 1 1 1 1 1 1 1 30

FIND 28 Ara6 ± Any Man Cap ## 40 1 47 34 ## ## 35 3 44 ## 29 1 2 3 2 2 1 2 3 100

S4-20 Man Cap + Mtx ## 26 1 20 ## 71 ## 18 1 ## 57 22 1 1 1 1 3 1 1 2 300

O-TB Man Cap ± Mtx ## 35 1 30 ## ## ## 22 2 ## 27 11 1 1 1 6 1 1 1 5

G3 Man Cap - Mtx ## 35 1 17 ## 94 93 11 1 ## 2 1 1 1 1 1 1 1 1 1

Imm Poly Polyclonal 4 2 1 1 2 1 1 1 1 1 3 2 1 1 1 1 1 1 1 1

Viro Poly Polyclonal 33 6 1 4 10 17 33 3 1 19 8 3 1 1 1 1 1 1 1 1
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