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Abstract

Lipoarabinomannan (LAM), a component of the Mycobacterium tuberculosis (MTB) cell

wall, is detectable in the urine of MTB infected patients with active tuberculosis (TB). LAM-

specific antibodies (Igs) have been developed by a variety of traditional and recombinant

methods for potential use in a rapid diagnostic test (RDT). We evaluated the analytical per-

formance of the TB LAM Igs to identify pairs that offer superior performance over existing

urine LAM tests. We assessed 25 new and 4 existing Igs in a matrixed format using a multi-

plex electrochemiluminescence-based liquid immunoassay. A total of 841 paired Ig combi-

nations were challenged with in vitro cultured LAM (cLAM) derived from MTB strains

representing diverse phylogenetic lineages, alongside urinary LAM (uLAM) from the urine of

adults with active pulmonary TB. Analytical sensitivity of down-selected Ig pairs was deter-

mined using MTB Aoyama-B cLAM, while diagnostic accuracy was determined using clinical

samples. When testing cLAM, the reactivity of Ig pairs was similar across MTB lineages 1–4

but lineage 5:6 had significantly more reactivity among Ig pairs. Overall, 41 Ig pairs had a

strong binding affinity to cLAM, as compared to the reference pair of S4-20/A194-01, and 28

Ig pairs therein exhibited a strong affinity for both cLAM and uLAM. Retrospective testing on

clinical urine specimens demonstrated varying sensitivities (12–80%) and specificities (14–

100%). The five top pairs had a similar analytical limit of detection to the reference pair but in

four instances, the sensitivity and specificity with clinical uLAM samples was poor. Overall,

epitopes presented by uLAM are different from cLAM, which may affect antibody perfor-

mance when testing uLAM in patient samples. Several new Ig pairs had similar ranges of

high sensitivity to cLAM but overall, there were no new candidate Ig pairs identified in this
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round of screening with increased performance with uLAM as compared to an existing opti-

mal pair.

Introduction

Active tuberculosis (TB) is a leading cause of death from an infectious agent, despite being

treatable with antibiotics [1]. TB disease is caused by Mycobacterium tuberculosis (MTB).

The distribution of TB is concentrated in low- and middle-income countries. In 2019, TB

infected an estimated 10.0 million people globally, with an estimated 1.5 million deaths

from TB [1]. The COVID-19 pandemic has resulted in significant setbacks to reducing the

global TB burden and in 2020 numbers of cases of TB diagnosed and reported fell to ~5.8

million cases [1]. The mortality from TB has increased in 2020 and so providing access and

provision for TB diagnosis and treatment is a global priority. Early diagnosis of TB and

rapid treatment initiation are key for improved patient care and in reducing community

transmission of disease [2]. Many of the current diagnostic methods for TB infection are not

ideal for rapid diagnosis. Collecting sputum can be challenging, poses risks to health care

workers, and ineffective for diagnosing extra-pulmonary TB. Bacterial culture is most sensi-

tive but can be slow and while smear microscopy is simple, rapid, and low cost, it has poor

sensitivity [3]. Molecular methods offer speed, diagnostic accuracy and may genotype resis-

tance to some drugs but with higher costs for equipment, maintenance and being labora-

tory-based [4,5].

To improve the diagnosis of TB in high burden countries there is an urgent need for an

effective non-sputum-based rapid diagnostic test or a triage tool that has the necessary perfor-

mance to rapidly identify diseased patients for confirmatory testing and treatment [6–9].

Lipoarabinomannan (LAM) is a lipoglycan that is a major structural component of the myco-

bacterial cell wall and also acts as an immunomodulator that may play a role in its pathogenesis

[10,11]. The structure of LAM from several mycobacterial species including MTB has been

elucidated and mapped to 4 distinct domains [12–16]. Soluble LAM is actively secreted from

MTB bacteria and infected macrophages and is ultimately excreted via urine, an easy to access

and relatively copious sample volume readily available from all suspected cases of TB [17–20].

These factors make urinary LAM (uLAM) a candidate biomarker for a rapid antigen TB test

[21]. The terminal end of LAM has structural domains that present immunologic epitopes

including at least one TB specific target [12,22,23], and uLAM is present in all active TB cases

regardless of the anatomical site(s) of disease.

Recent advances to increase the sensitivity of LAM immunoassays have focused on develop-

ing Igs with improved sensitivity and specificity to TB LAM [22–26], sample preparation

including pre-treatment to remove confounders [27–29], pre-enrichment of uLAM from

urine prior to testing [30,31], amplifying the stripe signal [32] or highly sensitive immunoassay

platforms [33–35]. Our aim was to assess the analytical performance of TB LAM antibodies

(Igs) to identify pairs that offer superior performance over existing urine LAM tests. We

applied the Meso Scale Diagnostic (MSD) immunoassay platform to interrogate 25 new Igs

targeting LAM epitopes in both capture and detector positions in comparison to reference Igs

previously screened on this platform [33]. The optimal candidates were down selected based

on their initial performance with cultured LAM from six different lineages of MTB and clinical

uLAM, and the best in class then assessed for their limit of detection and performance with a

test panel of clinical urine samples collected from South Africa, Peru, Uganda, and Vietnam.

PLOS ONE Screening of novel antibodies to detect lipoarabinomannan

PLOS ONE | https://doi.org/10.1371/journal.pone.0274415 September 30, 2022 2 / 17

National Institutes of Health under award number

RO1AI132680 to DC. DC spent a cumulative 10%

of her effort on the research in characterization of

LAM isolated from the lineages described,

evaluating data and editing manuscript. The

content is solely the responsibility of the authors

and does not necessarily represent the official

views of the National Institutes of Health.

Competing interests: James Schouten and Paul

Davis are both employees of Mologic Ltd (UK), a

commercial developer of rapid immunologic tests.

Masanori Kawasaki is an employee of Otsuka

Pharmaceutical Co., Ltd.

https://doi.org/10.1371/journal.pone.0274415


Materials and methods

Antibodies and antigens

A total of 29 Igs, including 4 previously referenced and 25 not previously screened, were

assessed in this study. The Igs or their antigen-binding fragment (Fab) derivatives that target

TB LAM were obtained from the Foundation for Innovative New Diagnostics (FIND), the

Karolinska Institutet, Mologic, Otsuka Pharmaceutical, and Rutgers University (Table 1).

These Igs included monoclonal forms in addition to recombinant Igs derived from phage dis-

play and recombinant forms manipulated from light and heavy chain sequences from other

candidate anti-LAM Igs to create new Igs and Fab forms of Igs. These materials were generated

from a variety of TB LAM antigen sources including purified LAM from in vitro cultured

MTB cells, inactivated in vitro cultured MTB cells, synthetic glycans to specific TB LAM epi-

topes and the creation of recombinant forms prepared from memory B cells collected from

convalescent TB patients [22]. The purified in vitro cultured LAM (cLAM) used in this study

included Aoyama-B LAM (Nacalai Tesque, CA, USA), H37Rv LAM (Biodefense and Emerg-

ing Infections Research Resources Repository Resources [BEI], Manassas, VA, USA), and

from five TB strains representing lineages 1, 2, 3, 4 and 5:6 obtained from Colorado State Uni-

versity (See Dataverse file) [36].

Clinical urine samples

Clinical urine specimens were provided by FIND (Geneva, Switzerland) and Makerere Univer-

sity School of Medicine. All samples were collected with informed consent of the participants

and using institutional review board (IRB) approved protocols. Samples from Peru, South

Africa, and Vietnam were acquired from the FIND biobank. These were collected from studies

with IRB approvals by the Human Research Ethics Committee of the University of Cape Town

(Cape Town, South Africa), the City of Cape Town (Cape Town, South Africa; ref. 10364a);

the Universidad Peruana Cayetano Heredia (Lima, Peru), and the Peruvian Ministry of Health

(Lima, Peru; ref. 18829–2016); and finally, the Pham Ngoc Thach Provincial Lung Hospital

(Ho Chi Minh City, Vietnam), and the Vietnamese Ministry of Health (Hanoi, Vietnam; ref.

2493/QDBYT). The samples from Uganda were acquired from Global Health Labs (Bellevue,

USA) and were originally collected by the Makerere University School of Medicine and the

University of California, San Francisco (UCSF) with IRB approvals from the Makerere Univer-

sity School of Medicine Research and Ethics Committee (No. 2017–020), the Uganda National

Council for Science and Technology (No. HS2210), and the UCSF Committee on Human

Research (No. 17–21466). All samples were analyzed with a reference immunoassay validated

in the PATH laboratory to quantify the amount of uLAM using a previously described method

[33].

An electrochemiluminescent immunoassay platform for screening optimal

Ig pairs

Each Ig was labeled to serve in the capture and detector positions, respectively. Each Ig was

then assessed using a sandwich immunoassay format hosted on a highly sensitive multiplex

instrument creating a total of 841 Ig pairs that were compared for their ability to detect LAM.

Per their protocols, two aliquots of each antibody (1 mg/mL) were labelled with biotin

(EZ-Link Sulfo-NHS-LC-Biotinylation Kit, ThermoFisher Scientific, Waltham, MA, USA) for

the capture position and SULFO-TAG (GOLD SULFO-TAG NHS-Ester, MSD, Rockville,

MD, USA) for detector position. Unbound biotin or SULFO-TAG was removed using Zeba

spin desalting columns (ThermoFisher Scientific), and the incorporation ratio for each label
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Table 1. A description of the candidate Igs used in this work. Also listed is the type of antigen used for the immunogen, the type of antibody, the epitopes recognized

(where known) and other pertinent information. Key: TB, tuberculosis; rAb, recombinant antibody; Ara, arabinose; Man, Mannose; MTX, 5-methylthio-xylofuranose;

mIg, monoclonal antibody; UNKN, unknown; cLAM, cultured lipoarabinomannan; VLP, virus-like particle; Fab, antigen-binding fragment.

Antibody Source Immunogen Antibody type Epitopes Description

A194-01 Rutgers University Clinical TB strain rAb Ara4, Ara6 ± Man1

cap

An rAb derived from a memory B cell

isolated from a TB patient.

S4-20 Otsuka

Pharmaceutical

BCG vaccine rAb MTX + any Man

cap

A phage display library was created from

mRNA purified from spleen cells from

immunized rabbits

KI24 Karolinska Institut cLAM mAb Ara6 mAb generated from seropositive mouse

immunized with cLAM

FIND28 FIND/ Karolinska

Institut

cLAM mAb Ara6 ± any Man

cap

mAb generated from seropositive mouse

immunized with cLAM

PGX-E1 FIND Synthetic glycans

Ara4-Man2-MTX and

Ara4-Man3-MTX

rAb UNKN UNKN

PGX-F5 FIND As PGX-E1 rAb UNKN UNKN

BTM-1 FIND As PGX-E1 rAb UNKN A phage display library created from mRNA

purified from spleen cells from immunized

rabbit.

BTM-8 FIND As PGX-E1 rAb UNKN A phage display library created from mRNA

purified from spleen cells from immunized

rabbit.

BJ-03 FIND H37Rv cell wall preparation rAb Ara4-Man2 cap UNKN

BJ-76 FIND H37Rv cell wall preparation rAb MTX + any Man

cap

UNKN

FDX-01 FIND cLAM hIgG Ara6 ± any Man

cap

UNKN

F-1D7 FIND Synthetic glycans:

Ara4-Man2-MTX and

Ara4-Man3-MTX

mAb MTX + Man2 cap UNKN

F-1E7 FIND As F-1D7 mAb MTX + Man2 cap UNKN

F-2B4 FIND As F-1D7 mAb MTX + Man2 cap UNKN

F-3E2 FIND As F-1D7 mAb MTX + Man2 cap UNKN

1E7 Mologic VLP conjugates of Aoyama and

H37Rv

mAb Ara4,Ara6,

preference for Ara6

Exonbio B cell selection platform

5E3 Mologic VLP conjugates of Aoyama and

H37Rv

mAb Ara4, Ara6 +-

Man1 cap

Exonbio B cell selection platform

7H3/7K3 Mologic VLP conjugates of Aoyama and

H37Rv

Plus boosters of native

unconjugated H37Rv

mAb Repeating Ara

motif

Immunoprecise B Cell Select Platform

11H2/11K1 Mologic Same as 7H3/7K3 mAb Repeating Ara

motif

Immunoprecise B Cell Select Platform

15H3/15K3 Mologic Same as 7H3/7K3 mAb Ara4 + Repeating

Ara motif

Immunoprecise B Cell Select Platform

16H2/16K1 Mologic Same as 7H3/7K3 mAb Repeating Ara

motif

Immunoprecise B Cell Select Platform

17H2/17K3 Mologic Same as 7H3/7K3 mAb Ara4 + Repeating

Ara motif

Immunoprecise B Cell Select Platform

18H2/18K2 Mologic Same as 7H3/7K3 mAb Ara4 + Repeating

Ara motif

Immunoprecise B Cell Select Platform

20H3/20K2 Mologic Same as 7H3/7K3 mAb Ara4 + Repeating

Ara motif

Immunoprecise B Cell Select Platform

52H3/52K2 Mologic Same as 7H3/7K3 mAb Ara4 + Repeating

Ara motif

Immunoprecise B Cell Select Platform

(Continued)
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was measured (Summarized in S1 Table, with additional details under sheet titled Labelling in

Dataverse file, link below). Briefly, the concentration of biotinylated Igs after desalting was

measured at 280 nm via spectrophotometer (Nanodrop ND-1000, ThermoFisher Scientific);

biotin incorporation was measured using the Pierce Biotin quantitation kit (ThermoFisher Sci-

entific). For measuring the incorporation of the SULFO-TAG, the protein concentration was

estimated using the bicinchoninic acid (BCA) protein assay (ThermoFisher Scientific), and the

SULFO-TAG label spectrophotometrically measured at 455 nm.

The biotinylated capture Igs were coupled to U-PLEX plates (MSD) via biotin-streptavidin

binding to U-PLEX linkers (MSD). To prepare the capture component of the antibody array,

up to 10 antibody-linker conjugates were combined in U-PLEX stop buffer at a concentration

of 0.29 μg/mL per antibody, and 50 μL of this pooled mixture was added to individual well of

each plate. The plates were incubated for 1 hour with shaking at 500 rpm to allow the antibody

array to self-assemble to the complimentary antibody linker-binding sites on the bottom of the

U-PLEX plate. Unbound material was removed by washing 3 times with 300 μL/well of phos-

phate buffered saline + 0.05% Tween 20 (PBS-T, pH 7.5) using a BioTek 405 TS microplate

washer (BioTek Instruments Inc., Winooski, VT, USA).

Firstly, 25 μL of Buffer 22 (MSD) was added to each well in the plate before adding 25 μL of

either cLAM or clinical specimens. Appropriate dilutions of cLAM were prepared in PBS + 1%

BSA. The plates were incubated by shaking at 500 rpm for 1 hour at room temperature. Plates

were washed 3 times with PBS-T and then 25 μL of 2 μg/mL SULFO-TAG detection antibody

in Diluent 3 (MSD) was added to each well, and then incubated by shaking at 500 rpm for 1

hour at room temperature. Plates were then washed 3 times to remove excess detection

reagent, and each well filled with 150 μL of 2X read buffer T (MSD). The plates were read by

MESO QuickPlex SQ 120 plate reader (MSD) and the ECL from each individual array spot

was subsequently measured using the Discovery Workbench v4 software (MSD).

The Ig pair S4-20/ A194-01 (capture/detector) was used as the reference pair [33] and to

which each of the array spots in each well representing different capture Igs was compared.

The signal-to-noise ratio (S/N) of the reference pair was expressed as 100% and each of the

array spots in each plate expressed as percentile of this value. When serial dilutions of the

Aoyama-B LAM were used to generate a calibration curve, with each dilution run in replicates

of two, the relationship of ECL to TB LAM concentration was fitted to a four-parameter logis-

tic (4-PL) function. The limit of detection (LoD) was calculated from the fitted curve. The

uLAM concentrations in clinical urine specimens (tested in replicates of two) were calculated

by back-fitting the ECL to the 4-PL fit of a standard curve generated from serial dilutions of

Table 1. (Continued)

Antibody Source Immunogen Antibody type Epitopes Description

79H2/79K2 Mologic Same as 7H3/7K3 mAb Ara4 + Repeating

Ara motif

Immunoprecise B Cell Select Platform

90H3/90K3 Mologic Same as 7H3/7K3 mAb Ara4 + Repeating

Ara motif

Immunoprecise B Cell Select Platform

MCD024Fab Mologic Recombinant Fab MTX ± Man2 or 3

cap

Derived from AP-134 (a rabbit IgG from

Creative Biolabs)

MCD024Fab2 Mologic Recombinant Fab dimer (proprietary

self-assembled dimer)

MTX ± Man2 or 3

cap

Derived from AP-134 (a rabbit IgG from

Creative Biolabs)

MCD022Fab Mologic Recombinant Fab Ara4, Ara6 ± Man1

cap

Derived from A194-01

MCD022Fab2 Mologic Recombinant Fab dimer (proprietary

self-assembled dimer)

Ara4, Ara6 ± Man1

cap

Derived from A194-01

https://doi.org/10.1371/journal.pone.0274415.t001
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cLAM from the Aoyoma-B strain. All test data from this study can be publicly accessed at the

Harvard Dataverse (https://doi.org/10.7910/DVN/C9WVPK).

Ig pair screening and down selection

A summary of the Ig pair screening and down selection approach is summarized in S1 Fig. Igs

were screened in both capture and detector configurations in a matrixed format. The optimal

Ig pairs for capture and detection of the TB LAM were determined over three rounds of

screening. Firstly, all new Igs were screened in a matrix format using 5 ng/mL of cLAM from 5

strains of MTB complex representing 6 phylogenetic lineages (L1, L2, L3, L4, and L5:L6), and

urinary LAM (uLAM) from a single TB-positive patient as target antigens. The S/N was calcu-

lated per Ig pair, and then normalized and expressed as percentage of the reference pair. The

Ig pairs that recorded 90% or greater S/N than that of the reference pair on each of the five

cLAMs and uLAM were selected for further screening. Other parameters used for down-selec-

tion included signal of blank/background (ideally ECL <500), and that the signal with cLAM

and uLAM (ECL >10,000 at 5 ng/mL). Next, the best-in-class Ig pair candidates were evalu-

ated using 7-point dilutions of the Aoyama-B LAM in 1% BSA in PBS (ranging from 40,000 to

0.016 pg/mL) in duplicate. Ig pairs were ranked in terms of their respective limit of detection

(LoD). Finally, the optimal pairs were evaluated for their ability to detect uLAM in 16 clinical

urine specimens collected from 4 geographical regions (Peru, South Africa, Vietnam, and

Uganda).

Statistical analysis

Sensitivity was calculated as the number of specimens determined as positive by each antibody

pair under evaluation divided by the number of confirmed positive specimens, while specific-

ity was calculated as the number of specimens determined as negative by each antibody pair

divided by the number of confirmed LAM-negative specimens. Both sensitivity and specificity

were expressed as percentages. The 95% confidence intervals are "exact" Clopper-Pearson con-

fidence intervals.

Results

A total of 841 Ig pairs were interrogated and compared for their ability to detect LAM. Each

pair was interrogated using 5 ng/mL of in vitro cLAM antigen per test, which is the mid-range

concentration used in the 7-point LAM calibration curve. The cLAM from MTB lineages was

used to investigate if any of the candidate Ig pairs had preferential binding to discrete MTB lin-

eages (See Table 2). The best-in-class candidates were pairs with a signal intensity of 90% or

greater as compared to the reference pair; the pooled S/N data is shown in Table 2. The signal-

minus-noise (S-N) data from lineage 1 had two capture candidates (5E3 and 1E9) that were

greater than the reference pair; these were both paired with A194-01 giving values of 109% and

118%, respectively (S2 Table). Scoring these with S/N, there were 9 pairs that had a score of

�90% (Tables 2 and S3). The highest percentile scores were with MCD024 Fab (266%) and

MCD024 Fab2 (173%) when paired with A194-01 as detector. When using S4-20 as the detec-

tor there were four candidate pairs identified, MCD024 Fab2 (90%), S4-20 (96%), MCD024

Fab (106%) and BJ-03 (109%) respectively. MCD024 Fab paired with KI24 gave a value of

120%.

With lineage 2 cLAM there were no candidate Ig pairs using the S-N ratio but when S/N

was applied there were 4 pairs that were�100% and a further one at 95%, all used S4-20 in the

detector position (Tables 2, S4 and S5). The capture Igs were S4-20 (95%), 5E3 (100%), FDX-

01 (105%), BJ-76 (126%) and BJ-03 (130%) respectively. With MTB lineage 3 there were five
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pairs that had a S-N over 90% or greater (S6 Table). Here, the pair 5E3/S4-20 gave 99% and the

other Igs each used A194-01 as the detector. The capture Igs were MCD022 Fab (112%), FDX-

01 (121%), 1E7 (157%) and 5E3 (224%). When S/N was applied the number of candidates

increased to 11 pairs but conversely none of the S-N candidates in the screen were observed

when S/N was applied (Tables 2 and S7). The increase in pairs was observed with S4-20 pri-

marily being the detector included A194-01 (91%), MCD024 Fab2 (93%), S4-20 (95%), FDX-

01 (104%), BJ-03(117%), MCD022 Fab2 (132%), BJ-76 (150%), 1E7 (207%) and 5E3 (279%).

Two pairs with A194-01 as detector were>90%, MCD024 Fab2 (186%) and MCD024 Fab

(216%). The S-N data for lineage 4 was very similar to lineage 1 with two only pairs, 1E7/

A194-01 (104%) and 5E3/A194-01 (133%) were more reactive than the RAP (S8 Table). Using

S/N there were 12 pairs that were scored (Tables 2 and S9). Two with an A194-01 detector,

MCD024 Fab and MCD024 Fab2 produced scores of 169% and 205% respectively. With S4-20

as detector there were 10 Ig pairs with MCD024 Fab and MCD024 Fab2 present in both sets.

In order these were 7H3/7K3 (92%), MCD024 Fab (106%), MCD022 Fab2 (108%), MCD024

Fab2 (141%), BJ-76 (149%), S4-20 (154%), BJ-03 (161%), FDX-01 (189%), 1E7 (225%) and 5E3

(310%) respectively.

With cLAM from lineage 5:6 there were a total of 8 Ig pairs identified using S-N, one pair

with A194-01 as detector, 5E3 (94%) and the remainder with S4-20 as detector in ascending

order from FDX-01 (94%), MCD024 Fab2 (129%), MCD024 Fab (133%), 1E7 (174%), 5E3

Table 2. A heatmap of the normalized signal to noise (S/N) ratios used to identify the anti-LAM Ig pairs most strongly reactive to purified cLAM purified from five

different lineages of MTB and the pooled data from all lineages. All data points highlighted in deepening shades of blue are�90% of the output from the reference

assay pair (RAP). Capture Igs are in the vertical column and detector ones in the horizontal row. Unfilled boxes represent samples with a S/N output of�89% as compared

to the RAP. Key: MTB, Mycobacterium tuberculosis; L, Lineage; RAP, Reference Assay Pair (S4-20/A194-01).

Detector antibody

MTB L1 MTB L2 MTB L3 MTB L4 MTB L5:6 Pooled

A194-

01

KI24 S4-

20

A194-

01

S4-

20

A194-

01

S4-

20

A194-

01

S4-

20

A194-

01

BJ-

76

BTM-

1

KI24 MCD024

Fab

MCD024

Fab2

S4-

20

A194-

01

S4-

20

Capture

antibody

11H2/

11K1

92

16H2/

16K1

184

18H2/

18K2

111

1E7 92 207 225 145 196 753 225

5E3 146 100 279 310 162 162 90 746 276

7H3/7K3 92 107

A194-01 91 171

BJ-03 109 130 117 161 175 136

BJ-76 126 150 149 115 128 227 116 734 267

FDX-01 105 104 189 420 177

FIND28 189

MCD022

Fab

MCD022

Fab2

132 108

MCD024

Fab

266 120 106 216 169 106 144 170 446 175 192

MCD024

Fab2

173 90 186 93 205 141 156 125 351 166 181

S4-20 RAP 96 RAP 95 RAP 95 RAP 154 RAP 169 150 603 RAP 226

https://doi.org/10.1371/journal.pone.0274415.t002
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(191%), S4-20 (195%) and BJ-76 (208%) (S10 Table). Using S/N, the lineage 5:6 gave the great-

est number of more reactive Ig pairs with 29 pairs (excluding the RAP) overall being identified

with four new Igs as the detector but all detector Igs having been previously observed with the

other lineages (Tables 2 and S11). There were BJ-76, BTM-1, MCD024 Fab and MCD024

Fab2. BJ-76 worked well in the capture position with 5 pairs being identified as opposed to just

one with lineages 2–4. The use of S4-20 as the detector was also interesting in that it produced

14 pairs including the three that had the highest S/N ration in the entire set; BJ-06/S4-20

(734%), 5E3/S4-20 (746%), 1E7/S4-20 (753%) (Table 2). Overall, the data from lineages 1–4

were highly similar with A194-01 and S4-20 being the primary detectors with KI24 a sole addi-

tion for lineage 1. As noted, MTB lineage 5:6 is interesting in that a greater number of pairs

were reactive, however the other Igs observed to be reactive across all of the lineages were also

captured in this set. The S-N and S/N data from each lineage were pooled into one set (Tables

2, S12 and S13) and the pairs with the highest S/N compared to the lineage specific pairs

(Table 2). Here only A194-01 and S4-20 were consistently observed as the best detectors. With

A194-01 there were only two capture Igs that were scored highly out with the reference control

pair. These were MCD024 Fab (175%) and MCD024 Fab2 (166%) which are both recombinant

forms derived from A194-01 recognizing Ara4, Ara6 ± Man1 cap and 1E7 and 5E3 also recog-

nize a similar Ara4, Ara6 epitope (Table 1). With S4-20 as the detector there were eight candi-

date Ig pairs with a high S/N ratio, 1E7 (225%), 5E3 (276%), BJ-03 (136%), BJ-76 (267%),

FDX-01 (177%), MCD024 Fab (192%), MCD024 Fab2 (181%) and S4-20 (226%). The two

MCD024Fabs are both recombinant derivatives from AP-134 (Table 1).

Both A194-01 (Ara4 Ara6 Man1 cap) and S4-20 (5-methylthio-xylofuranose [MTX] ± Man

cap), were the predominant detector Igs for the top performing pairs across all lineages with

S4-20 representing 43/74 pairs (58%) and A194-01 with 8/74 (10.8%) across the 5:6 lineages. It

is also interesting to note that the MTX cap recognized by S4-20 (Table 1) is a unique epitope

in LAM and so it is surprising that the self-paired S4-20 assay scored highly with each lineage.

KI24 was the only other detector highlighted outside the lineage 5:6 screen 1/74 [0.14%]). As

noted, the lineage 5:6 derived cLAM produced the highest number of candidate pairs yet with

the S4-20 detector most prominent and BTM-1 next with 8/74 pairs (10.8%); both Igs targeting

the MTX epitope. With the capture Igs there were several with similar performance including

Table 3. A heat map of the normalized S/N from anti-LAM Ig pairs that were most reactive to urinary LAM from a clinical sample. All highlighted data points

shown are percentiles of S/N with�90% of the output from the reference assay Ig pair (RAP, 100%). Capture Igs are in the vertical column and detector Igs in the horizon-

tal row. Unfilled boxes represent samples with an S/N ratio of�89% as compared to the RAP).

Detector antibody

1E7 52H3/52K2 90H3/90K3 A194-01 FIND28 KI24 MCD022 Fab MCD022 Fab2 S4-20

Capture antibody 11H2/11K1 122 130 94

16H2/16K1 314 108

18H2/18K2 103 137

1E7 112 111

52H3/52K2 94

5E3 135 304 102

A194-10 161

FDX-01 455 194 399 1181 132 475 396 314

FIND28 200 90 191 519 146 191

MCD022 Fab 106 154 169 477

MCD024 Fab 130

MCD024 Fab2 116

S4-20 RAP

https://doi.org/10.1371/journal.pone.0274415.t003
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Table 4. The final assessment of the optimal capture and detector Ig pairs with ranking according to their sensitivity derived from testing a clinical panel. The data

includes the epitopes recognized by the Igs where known, the LAM target(s) recognized by the pairs, the limit of detection to the Aoyama B strain cLAM (MTB Lineage 2)

and the performance results after screening with a panel of 16 clinical specimens and a further 8 in the case of the top performing five Ig pairs. Key: Ig, antibody; Fab, anti-

gen-binding fragment; MTX, 5-methylthio-xylofuranose; Ara, arabinose; Man, mannose; LAM, lipoarabinomannan; C, cultured LAM; U, urinary LAM; LoD, limit of

detection; Sens., sensitivity; Spec., specificity.

Capture Ig Epitope Detector Ig Epitope LAM

Target

LoD (pg/

mL)

Sensitivity (95% CI) Specificity (95% CI)

16 24 16 24

S4-20 MTX ± any Man

cap

A194-01 Ara4,

Ara6 ± Man1 cap

U/C 3.3 90.0 (55.5% -

99.8%)

94.1 (71.3% -

99.8%)

83.3 (35.9% -

99.6%)

85.7 (42.1% -

99.6%)

MCD024

Fab

MTX ± Man2 or 3

cap

A194-01 Ara4,

Ara6 ± Man1 cap

C 12.9 80.0 (44.4% -

97.5%)

88.2 (63.6% -

98.5%)

100.0 (54.1% -

100.0%)

100.0 (59.0% -

100.0%)

FIND28 Ara6 ± any Man

cap

A194-01 Ara4,

Ara6 ± Man1 cap

U/C 15.9 80.0 (44.4% -

97.5%)

88.2 (63.6% -

98.5%)

66.7 (22.3% -

95.7%)

71.4 (29.0% -

96.3%)

BJ-76 MTX ± any Man

cap

A194-01 Ara4,

Ara6 ± Man1 cap

C 5.6 80.0 (44.4% -

97.5%)

88.2 (63.6% -

98.5%)

50.0 (11.8% -

88.2%)

57.1 (18.4% -

90.1%)

FDX-01 Ara6 ± any Man

cap

A194-01 Ara4,

Ara6 ± Man1 cap

U/C 4.3 80.0 (44.4% -

97.5%)

88.2 (63.6% -

98.5%)

0.0 (0.0% -

45.9%)

14.3 (0.4% -

57.9%)

1E7 Ara4, Ara6 MCD022

Fab2

Ara4,

Ara6 ± Man1 cap

U/C 10.4 70.0 (34.8% -

93.3%)

NT 83.3 (35.9% -

99.6%)

NT

MCD022

Fab

Ara4, Ara6 ± Man1

cap

KI24 Ara6 U/C 30.1 60.0 (26.2% -

87.8%)

NT 83.3 (35.9% -

99.6%)

NT

FDX-01 Ara6 ± any Man

cap

MCD022

Fab2

Ara4,

Ara6 ± Man1 cap

U 75.4 60.0 (26.2% -

87.8%)

NT 83.3 (35.9% -

99.6%)

NT

16H2/16K1 Repeating Ara

motif

A194-01 Ara4,

Ara6 ± Man1 cap

U/C 4 60.0 (26.2% -

87.8%)

NT 16.7 (0.4% -

64.1%)

NT

MCD024

Fab2

MTX ± Man2 or 3

cap

A194-01 Ara4,

Ara6 ± Man1 cap

C 6.4 50.0 (18.7% -

81.3%)

NT 100.0 (54.1% -

100.0%)

NT

FDX-01 Ara6 ± any Man

cap

90H3/90K3 Ara4 U 171.2 50.0 (18.7% -

81.3%)

NT 100.0 (54.1% -

100.0%)

NT

5E3 Ara4, Ara6 +-

Man1 cap

S4-20 MTX ± any Man

cap

C 5.4 40.0 (12.2% -

73.8%)

NT 100.0 (54.1% -

100.0%)

NT

1E7 Ara4, Ara6 S4-20 MTX ± any Man

cap

C 3.5 40.0 (12.2% -

73.8%)

NT 100.0 (54.1% -

100.0%)

NT

MCD02

Fab2

Ara4, Ara6 ± Man1

cap

S4-20 MTX ± any Man

cap

C 11.2 40.0 (12.2% -

73.8%)

NT 100.0 (54.1% -

100.0%)

NT

FDX-01 Ara6 ± any Man

cap

1E7 Ara4, Ara6 U/C 9.6 40.0 (12.2% -

73.8%)

NT 100.0 (54.1% -

100.0%)

NT

FDX-01 Ara6 ± any Man

cap

MCD0022

Fab

Ara4,

Ara6 ± Man1 cap

U/C 134.4 40.0 (12.2% -

73.8%)

NT 83.3 (35.9% -

99.6%

NT

FDX-01 Ara6 ± any Man

cap

KI24 Ara6 U/C 32.1 30.0 (6.7% -

65.2%)

NT 100.0 (54.1% -

100.0%)

NT

FIND28 Ara6 ± any Man

cap

MCD0022

Fab

Ara4,

Ara6 ± Man1 cap

U 236.5 30.0 (6.7% -

65.2%)

NT 100.0 (54.1% -

100.0%)

NT

5E3 Ara4, Ara6 KI24 Ara6 U/C 18.8 20.0 (2.5% -

55.6%)

NT 100.0 (54.1% -

100.0%)

NT

A194-01 Ara4, Ara6 ± Man1

cap

KI24 Ara6 U/C 60.2 20.0 (2.5% -

55.6%)

NT 100.0 (54.1% -

100.0%)

NT

FDX-01 Ara6 ± any Man

cap

S4-20 MTX ± any Man

cap

C 5.9 10.0 (0.3% -

44.5%)

NT 100.0 (54.1% -

100.0%)

NT

MCD024

Fab

MTX ± Man cap S4-20 MTX ± any Man

cap

C 10 10.0 (0.3% -

44.5%)

NT 100.0 (54.1% -

100.0%)

NT

S4-20 MTX ± any Man

cap

S4-20 MTX ± any Man

cap

C 6.4 10.0 (0.3% -

44.5%)

NT 100.0 (54.1% -

100.0%)

NT

BJ-76 MTX ± any Man

cap

S4-20 MTX ± any Man

cap

C 5.8 10.0 (0.3% -

44.5%)

NT 100.0 (54.1% -

100.0%)

NT

(Continued)
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the recombinant forms MCD024Fab and MCD024Fab2, both derived from AP-134 (also tar-

geting MTX), and these constituted 3 of the 5 top capture Igs in the screen (9/74 [12.2%], 9/74

[12.2%]and 7/74 [9.5%] respectively). BJ-76 another Ig in this group with 8/74 (10.8%) pairs

having a high S/N. Each of these Igs recognize the MTX ± Man cap epitopes (see Table 1).

Other Igs that had relatively better performance included 5E3 and 1E7 (7/74 [9.5%] and 6/74

[8.1%]), these are both recombinant forms that target the Ara4 and Ara6 termini. Interestingly,

FDX-01 a recombinant form of FIND28 was found in 4 pairs while FIND28 was isolated only

in one, both Igs targeting Ara6 ± any Man cap (Table 1).

Screening Ig performance with uLAM. Alternative structural modifications to LAM are

thought to occur during in vivo culture of MTB (e.g. uLAM) and an understanding of the

structural differences between in vivo and in vitro derived LAM is still very limited [36,37].

One study on infected mouse lung tissue suggests the succinylation of the Ara4 residue in the

arabinan terminal motif and that Man caps and terminal Ara motifs may be altered or cleaved

in cLAM wherein uLAM had a decrease in the terminal Ara motif and Man caps while the Ara

5 termini increased [37]. In light of this proposed variance, the set of 841 Ig pairs were

screened using uLAM via a single sample of urine to interrogate the performance of each Ig

pair via the percentiles of the S-N and S/N ratios as compared to the RAP (S4-20/A194-01;

Tables 3, S14 and S15). The S/N ratios were again used to identify candidates with elevated

values.

The uLAM antigen panel produced a greater number of Ig pairs with a S/N of�90% than

the cLAM screen and represented 34 different pairs of 13 capture and 9 detector Igs in addition

to the highest S/N value of 1181% (FDX-01/A194-01). Therefore, the uLAM screen had some

marked differences as compared to the cLAM samples (Table 3). Of the 13 Igs in the capture

format, 11 were also identified in the cLAM screen (11H2/11K1, 16H2/16K1, 18H2/18K2,

1E7, 5E3, A194-01, FDX-01, FIND28, MCD024Fab, MCD024Fab2, S4-20), four in the cLAM

screen were absent from uLAM (7H3/7K3, BJ-03, BJ-76, and MCD022Fab2) and two were

only observed in the uLAM screen only (52H3/52K2, and MCD022Fab). For the detector for-

mat there were A194-01, KI24 and S4-20 present in both cLAM and uLAM screens. Five from

the cLAM screening were absent (BJ-76, BTM-1, KI24, MCD024Fab, and MCD024Fab2) and

six others were unique to uLAM (1E9, 52H3/52K2, 90H3/90K3, FIND28, MCD022Fab, and

MCD022Fab2). The most significant change observed was that S4-20, the best performing

detector candidate with the cLAM antigen, was now seen in only one highly reactive Ig pair

when challenged with uLAM. Conversely, A194-01 was a poorer performer with cLAM but

now performed as the best detector Ig for uLAM with 10/34 (29.4%) of the most reactive Ig

pairs. In the capture Ig position there were 12 candidates, of which 3 represented over 50% of

all the Ig pairs (FDX-01, FIND28 and MCD022 Fab [Table 3]). FDX-01 is a recombinant form

Table 4. (Continued)

Capture Ig Epitope Detector Ig Epitope LAM

Target

LoD (pg/

mL)

Sensitivity (95% CI) Specificity (95% CI)

16 24 16 24

FIND28 Ara6 ± any Man

cap

KI24 Ara6 U 256.6 10.0 (0.3% -

44.5%)

NT 100.0 (54.1% -

100.0%)

NT

BJ-03 Ara4-Man2 cap A194-01 Ara4,

Ara6 ± Man1 cap

C 4.3 10.0 (0.3% -

44.5%)

NT 66.7 (22.3% -

95.7%)

NT

MCD024

Fab2

MTX ± Man2 or 3

cap

S4-20 MTX ± any Man

cap

C 23.3 0.0 (0.0% -

30.8%)

NT 100.0 (54.1% -

100.0%)

NT

BJ-03 Ara4-Man2 cap S4-20 MTX ± any Man

cap

C 28 0.0 (0.0% -

30.8%)

NT 100.0 (54.1% -

100.0%)

NT

https://doi.org/10.1371/journal.pone.0274415.t004
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of FIND28 and so it is unsurprising that both Igs exhibited similar performance in recognizing

the epitopes (8/34 and 6/34 pairs respectively). However, MCD022 Fab (4/34 pairs), is an rAb

derived from S4-20 and so it is unusual that the parent performed less well (Table 3).

Overall, 10 Ig pairs exhibited higher S/N ratios than the reference pair using cLAM pre-

pared from different MTB lineages as the antigen (Tables 2 and S2–S11), while there are 34 Ig

pairs with higher S/N ratio than the reference pair when using uLAM (see Tables 3 and S13).

These Ig pairs were pooled and ranked based upon their ECL signal intensities as observed

when assaying both cLAM and uLAM samples (See Lineage and uLAM data sheet in Dataverse

file); an ECL of�10,000 was the threshold for strong positives, while the ECL threshold for

background intensity was 500 (5X greater than the reference pair). In total, 28 Ig pairs were

identified with 13 capture and 6 detector Igs with 1E7, A194-01, MCD022 Fab, and

MCD022Fab2 being the only Igs that were present in both configurations (see Table 4). The

pairs generating high signals with both cLAM and uLAM included the S4-20/A194-01 and

FIND28/A194-01 as previously observed [33]. With the panel representing both cLAM and

uLAM, A194-01 and KI24 were the most common detectors with four pairs each and FDX-01

was the most common capture antibody found in 4 pairs. The capture Igs were more diverse

in this panel with only MCD024 Fab and MCD024 Fab2 being represented twice.

The Ig pairs exhibited a range of LoDs spanning from 256.6 pg/mL (FIND28/KI24) to the

lowest at 3.3 pg/mL (the reference pair, S4-20/A194-01). However, a further 12 Ig pairs had an

LoD of�10 pg/mL. Therefore, while none of the new candidates in this assessment had a bet-

ter analytical sensitivity than the reference assay when using Aoyama B cLAM, there are a vari-

ety of other Ig pairs with similar levels of performance. Within these Igs pairs there were no

clear best in class but the epitopes recognized were roughly split with 7 capture Igs targeting

Ara4 or Ara6 or Ara4, Ara6 termini (Table 4). With the detector Ig, it was close between Igs

A194-01 (8 pairs) and S4-20 (9 pairs) for detector. The epitopes recognized here are either

Ara4, Ara6 ± Man1 cap or a MTX ± Man cap, respectively.

The performance of the 28 Ig pairs were compared on a panel of 16 clinical samples from

confirmed TB positive and negative cases and for participants who were also diagnosed as

HIV positive or negative. The diagnostic sensitivity and specificity were calculated for each

pair from the clinical data (molecular and culture diagnosis). When using sensitivity as the key

metric, the S4-20/A194-01 pair was again best in class at 90%. Four other pairs had a sensitivity

of 80% with each using A194-01 as the detector (Table 4). The associated capture antibodies

were MCD024 Fab, FIND28, BJ-076 and FDX-01. When a further 8 clinical samples were

screened with these 5 pairs the sensitivity improved for each of them but with the order of

ranking not changing. However, when specificity was also assessed the performance of the top

5 pairs became varied. The ranking changed slightly with MCD024 Fab/A194-01 having 100%

specificity while S4-20/A194-01, was next at 84%. The MTX motif recognized by S4-20,

MCD024 Fab and BJ-76 is unique to MTB and yet BJ-76 was more indiscriminate in its bind-

ing with a specificity of 56% as opposed to S4-20 and MCD024 Fab.

Discussion

A key step in the cascade of TB care is facilitating better and earlier access to rapid screening

for infection. The relative simplicity of collecting a urine sample for the detection of uLAM

antigens makes rapid antigen assays a candidate to fulfil this role. However, to be of universal

value, the sensitivity of the uLAM assay must be improved to meet the ranges reflected in the

target product profile prepared by the WHO in both HIV positive and negative populations

[9]. Several immunoassays to detect LAM in either urine and sputum have been developed

[23,24,32,33,35,38] including the Alere LF-LAM Determine assay (Abbott Diagnostics),
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currently the only commercially available test for uLAM with WHO policy guidelines [39,40].

These guidelines reflect the clinical sensitivity challenge when using the Determine assay to

diagnose active TB as the assay has insufficient sensitivity to detect active TB in many HIV

negative cases [38] or with TB cases having CD4 count >100 cells/mL. There are also chal-

lenges based on which LAM epitopes are displayed when MTB cells are cultured in vivo (i.e.,

by infection) or in vitro (in growth media) and also structural differences within different TB

lineages [36,37]. Other considerations include what is the absolute concentration range of

uLAM in active TB cases, and if confounders can mask LAM in urine (e.g., proteinuria, uri-

nary tract infections) [41,42]. The limited performance of the Determine assay may be attrib-

uted to the performance of the Ig pair used in addition to the small sample volume (60 μL) that

limits the sensitive detection of uLAM (e.g., <250 pg/mL). We aimed to identify candidate Ig

pairs from new antibody development efforts to improve the sensitivity of rapid antigen assays

targeting uLAM. We accessed a range of Igs, in addition to their derivatives as Fabs from the

light and heavy chain variable regions. The immunogens used were whole MTB cells from in
vitro culture, purified cLAM, and synthetic glycans aimed at specific epitopes, e.g., the MTX

motif (Table 1).

A highly versatile microarray platform enabled the rapid screening of 841 candidate pairs

in both the detection and candidate orientations using a variety of epitopes to equivocally

assess performance. Overall, the results from these rounds of screening did not identify any

new candidate Igs with better performance. Somewhat surprisingly given the number of LAM

Ig pairings assessed, the reference pair S4-20/A194-01, remained the best overall candidate.

Recombinant derivatives of A194-01 were assessed and while reaching the top tier after three

rounds of screening they did not perform as well as the original candidates with uLAM. This

may be attributed to subtle structural changes when expressed with a different core antibody

structure or lost performance with events such as misfolding during production that can sig-

nificantly affect performance [43].

An interesting outcome of this work was the demonstration that some Ig pairs each had

good performance when using cLAM antigen derived from in vitro cultured TB cells but their

performance on uLAM samples was poorer. This suggests that uLAM may have structural dif-

ferences from cLAM which is a homogenous and relatively pure material. However, uLAM is

generated from in vivo culture in the host and there is preliminary evidence of structural dif-

ferences with succinylation and a higher prevalence of Ara 5 and a profound lack of Ara6 in

the urine of a HIV-ve/TB +ve subject [19,37]. We speculate that there are opportunities for

modification of uLAM termini via enzymatic or physiochemical decay removing the MTX-1,

Man caps or Ara termini as shown with an increase of Ara5 in uLAM [37]. The heterogeneity

of uLAM means that the detailed composition and structure of uLAM remains unresolved as

compared to cLAM. Other compounds found in urine may also affect Ig binding via the mask-

ing of epitopes by proteins or other materials sequestering them or other compounds binding

to the Igs, rendering them non- or partially functional. Despite the considerable amount of

effort in generating Igs to LAM to date, until their screening is focused on performance assess-

ments using uLAM sources, Igs resulting in improved performance are unlikely to be found.

We used cLAM from MTB strains representing 6 different lineages in our screening process

and with four lineages observed little difference and with the 5–6 lineage many more Ig pairs

were reactive suggesting some epitopes may be more accessible in this lineage. Detailed analy-

ses of several clinical isolates of LAM have been conducted [36]. While this previous study did

not include LAM purified from lineage 5 or 6 due to quantity limitations, these studies do

illustrate that LAMs from different lineages differ substantially in mannose capping, succinyla-

tion, and notably, novel modifications with alpha-hydroxybutylrate and alpha-acetoxybutyl-

rate. Thus, it is likely that these modifications also differ with LAM from lineage 5 and 6, and
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that other novel modifications affecting antigenicity are also present. Nonetheless the majority

of these Ig pairs then performed poorly with uLAM. In looking at development of the Igs used

in this study, the majority (19) used cLAM or whole TB cells as the immunogen. As such, if

novel structural LAM epitopes are created only by in vivo cultured cells then these potential

epitopes will be missed and conversely, if recombinant Igs are screened from the memory B

cell population of convalescent TB patients (e.g., A194-01, [22]), using cLAM as the target anti-

gen in screening may miss Igs targeting uLAM epitopes not present in cLAM. Ig development

efforts using synthetic glycans to generate Igs to the TB specific MTX-1 motif, targeted by S4-

20 [23] did not produce a successful product but highlight the potential for targeted Ig genera-

tion to epitopes. Using glycan arrays has played a key role in understanding which LAM epi-

topes are targeted by the antibody candidates to date [22].

Our study had a range of limitations. Firstly, screening with cLAM may not find the most

suitable Igs that target uLAM. Our initial hypothesis was that screening with multiple TB line-

ages may identify some key structural differences in LAM that could be reflected by different

Ig pairs having improved performance on specific lineages [36]. As noted, we did not see

appreciable differences between lineages and using cLAM from one lineage for further down

select only selected for those Igs that had better performance with cLAM. As such, a larger

sample set of antibody pairs should have been screened on more urine samples to identify if

the initial screens using cLAM was inadequate. Our uLAM samples, while reflecting geo-

graphic diversity, were very small in terms of their number. A further study will focus on fewer

Igs using significantly greater numbers of urine samples. A further perspective is the nature of

the assay used for screening. A liquid immunoassay works optimally with Igs that have slower

on rate kinetics as the Igs have sufficient time to recognize and bind to their target epitopes. In

a rapid antigen test, the exposure time of the antibody to its target is likely a few seconds at

most and so the kinetics of what binds best are different from a liquid immunoassay. A recent

study compared a subset of Ig pairs in this work (289 pairs) via detection of Aoyoma-B cLAM

on the MSD platform versus an LFA screening platform [30]. In comparing signal outputs

from both methods, they showed a weak positive correlation, with R values of 0.30

(p< 0.0001) and 0.36 (p< 0.0001) for S–N and S/N. New Igs continue to be produced, some

taking novel approaches using camelid sources to develop Igs that can recognize smaller anti-

gen targets. FIND hosts a biorepository with multiple urine samples for developers to access

and PATH recently developed a method to purify and enrich up to 50% of the total uLAM

from urine for early screening of antibody development candidates [44]. These efforts in con-

junction with ongoing innovations in sample enrichment, assay design, and signal amplifica-

tion may result in the affordable and effective rapid antigen test that is so urgently needed to

identify TB cases and offer them entry into the cascade of care for a curable disease.
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11. Gaur RL, Ren K, Blumenthal A, Bhamidi S, González-Nilo FD, Gibbs S, et al. LprG-mediated surface

expression of lipoarabinomannan is essential for virulence of Mycobacterium tuberculosis. PLoS

Pathog. 2014; 10: e1004376. https://doi.org/10.1371/journal.ppat.1004376 PMID: 25232742

12. Chatterjee D, Lowell K, Rivoire B, McNeil MR, Brennan PJ. Lipoarabinomannan of Mycobacterium

tuberculosis. Capping with mannosyl residues in some strains. J Biol Chem. 1992; 267: 6234–6239.

PMID: 1556132

13. Guerardel Y, Maes E, Briken V, Chirat F, Leroy Y, Locht C, et al. Lipomannan and lipoarabinomannan

from a clinical isolate of Mycobacterium kansasii: novel structural features and apoptosis-inducing prop-

erties. J Biol Chem. 2003; 278: 36637–51. https://doi.org/10.1074/jbc.M305427200 PMID: 12829695

14. Khoo KH, Dell A, Morris HR, Brennan PJ, Chatterjee D. Inositol phosphate capping of the nonreducing

termini of lipoarabinomannan from rapidly growing strains of Mycobacterium. J Biol Chem. 1995; 270:

12380–12389. https://doi.org/10.1074/jbc.270.21.12380 PMID: 7759478

15. Petzold CJ, Stanton LH, Leary JA. Structural characterization of Lipoarabinomannans from Mycobacte-

rium tuberculosis and Mycobacterium smegmatis by ESI mass spectrometry. J Am Soc Mass Spec-

trom. 2005; 16: 1109–16. https://doi.org/10.1016/j.jasms.2005.02.023 PMID: 15923126

16. Venisse A, Berjeaud JM, Chaurand P, Gilleron M, Puzo G. Structural features of lipoarabinomannan

from Mycobacterium bovis BCG. Determination of molecular mass by laser desorption mass spectrom-

etry. Journal of Biological Chemistry. 1993; 268: 12401–12411. https://doi.org/10.1016/S0021-9258

(18)31404-2 PMID: 8509380

17. Bhatnagar S, Shinagawa K, Castellino FJ, Schorey JS. Exosomes released from macrophages infected

with intracellular pathogens stimulate a proinflammatory response in vitro and in vivo. Blood. 2007; 110:

3234–44. https://doi.org/10.1182/blood-2007-03-079152 PMID: 17666571

18. Cheng Y, Schorey JS. Exosomes carrying mycobacterial antigens can protect mice against Mycobacte-

rium tuberculosis infection. European Journal of Immunology. 2013; 43: 3279–3290. https://doi.org/10.

1002/eji.201343727 PMID: 23943377

19. De P, Amin AG, Valli E, Perkins MD, McNeil M, Chatterjee D. Estimation of D-Arabinose by Gas Chro-

matography/Mass Spectrometry as Surrogate for Mycobacterial Lipoarabinomannan in Human Urine.

PLoS One. 2015; 10: e0144088. https://doi.org/10.1371/journal.pone.0144088 PMID: 26633829

20. Nakayama H, Kurihara H, Morita YS, Kinoshita T, Mauri L, Prinetti A, et al. Lipoarabinomannan binding

to lactosylceramide in lipid rafts is essential for the phagocytosis of mycobacteria by human neutrophils.

Sci Signal. 2016; 9: ra101. https://doi.org/10.1126/scisignal.aaf1585 PMID: 27729551

21. Hamasur B, Bruchfeld J, Haile M, Pawlowski A, Bjorvatn B, Kallenius G, et al. Rapid diagnosis of tuber-

culosis by detection of mycobacterial lipoarabinomannan in urine. J Microbiol Methods. 2001; 45: 41–

52. https://doi.org/10.1016/s0167-7012(01)00239-1 PMID: 11295196

22. Choudhary A, Patel D, Honnen W, Lai Z, Prattipati RS, Zheng RB, et al. Characterization of the Anti-

genic Heterogeneity of Lipoarabinomannan, the Major Surface Glycolipid of Mycobacterium tuberculo-

sis, and Complexity of Antibody Specificities toward This Antigen. J Immunol. 2018; 200: 3053–3066.

https://doi.org/10.4049/jimmunol.1701673 PMID: 29610143

23. Kawasaki M, Echiverri C, Raymond L, Cadena E, Reside E, Gler MT, et al. Lipoarabinomannan in spu-

tum to detect bacterial load and treatment response in patients with pulmonary tuberculosis: Analytic

validation and evaluation in two cohorts. PLOS Medicine. 2019; 16: e1002780. https://doi.org/10.1371/

journal.pmed.1002780 PMID: 30978194

24. Hamasur B, Bruchfeld J, van Helden P, Kallenius G, Svenson S. A sensitive urinary lipoarabinomannan

test for tuberculosis. PLoS One. 2015; 10: e0123457. https://doi.org/10.1371/journal.pone.0123457

PMID: 25905641

25. Hamasur B, Haile M, Pawlowski A, Schroder U, Kallenius G, Svenson SB. A mycobacterial lipoarabino-

mannan specific monoclonal antibody and its F(ab’) fragment prolong survival of mice infected with

Mycobacterium tuberculosis. Clin Exp Immunol. 2004; 138: 30–8. https://doi.org/10.1111/j.1365-2249.

2004.02593.x PMID: 15373902

26. Rivoire B, Ranchoff BJ, Chatterjee D, Gaylord H, Tsang AY, Kolk AH, et al. Generation of monoclonal

antibodies to the specific sugar epitopes of Mycobacterium avium complex serovars. Infect Immun.

1989; 57: 3147–3158. https://doi.org/10.1128/iai.57.10.3147-3158.1989 PMID: 2476400

27. Hamasur B. SpeClean: urine sample treatment method for ultra-sensitive LAM diagnostics. Poster.

50th Union World Conference on Lung Health; 2019; Hyderabad, India.

28. Garcı́a JI, Kelley HV, Meléndez J, de León RAA, Castillo A, Sidiki S, et al. Improved Alere Determine

Lipoarabinomannan Antigen Detection Test for the Diagnosis of Human and Bovine Tuberculosis by

PLOS ONE Screening of novel antibodies to detect lipoarabinomannan

PLOS ONE | https://doi.org/10.1371/journal.pone.0274415 September 30, 2022 16 / 17

https://doi.org/10.1128/mBio.00472-12
http://www.ncbi.nlm.nih.gov/pubmed/23422411
https://doi.org/10.1371/journal.ppat.1004376
http://www.ncbi.nlm.nih.gov/pubmed/25232742
http://www.ncbi.nlm.nih.gov/pubmed/1556132
https://doi.org/10.1074/jbc.M305427200
http://www.ncbi.nlm.nih.gov/pubmed/12829695
https://doi.org/10.1074/jbc.270.21.12380
http://www.ncbi.nlm.nih.gov/pubmed/7759478
https://doi.org/10.1016/j.jasms.2005.02.023
http://www.ncbi.nlm.nih.gov/pubmed/15923126
https://doi.org/10.1016/S0021-9258%2818%2931404-2
https://doi.org/10.1016/S0021-9258%2818%2931404-2
http://www.ncbi.nlm.nih.gov/pubmed/8509380
https://doi.org/10.1182/blood-2007-03-079152
http://www.ncbi.nlm.nih.gov/pubmed/17666571
https://doi.org/10.1002/eji.201343727
https://doi.org/10.1002/eji.201343727
http://www.ncbi.nlm.nih.gov/pubmed/23943377
https://doi.org/10.1371/journal.pone.0144088
http://www.ncbi.nlm.nih.gov/pubmed/26633829
https://doi.org/10.1126/scisignal.aaf1585
http://www.ncbi.nlm.nih.gov/pubmed/27729551
https://doi.org/10.1016/s0167-7012%2801%2900239-1
http://www.ncbi.nlm.nih.gov/pubmed/11295196
https://doi.org/10.4049/jimmunol.1701673
http://www.ncbi.nlm.nih.gov/pubmed/29610143
https://doi.org/10.1371/journal.pmed.1002780
https://doi.org/10.1371/journal.pmed.1002780
http://www.ncbi.nlm.nih.gov/pubmed/30978194
https://doi.org/10.1371/journal.pone.0123457
http://www.ncbi.nlm.nih.gov/pubmed/25905641
https://doi.org/10.1111/j.1365-2249.2004.02593.x
https://doi.org/10.1111/j.1365-2249.2004.02593.x
http://www.ncbi.nlm.nih.gov/pubmed/15373902
https://doi.org/10.1128/iai.57.10.3147-3158.1989
http://www.ncbi.nlm.nih.gov/pubmed/2476400
https://doi.org/10.1371/journal.pone.0274415


Manipulating Urine and Milk. Sci Rep. 2019; 9: 18012. https://doi.org/10.1038/s41598-019-54537-9

PMID: 31784649

29. Panraksa Y, Amin AG, Graham B, Henry CS, Chatterjee D. Immobilization of Proteinase K for urine pre-

treatment to improve diagnostic accuracy of active tuberculosis. PLoS One. 2021; 16: e0257615.

https://doi.org/10.1371/journal.pone.0257615 PMID: 34547058

30. Anderson CE, Huynh T, Gasperino DJ, Alonzo LF, Cantera JL, Harston SP, et al. Automated liquid han-

dling robot for rapid lateral flow assay development. Anal Bioanal Chem. 2022. https://doi.org/10.1007/

s00216-022-03897-9 PMID: 35091761

31. Paris L, Magni R, Zaidi F, Araujo R, Saini N, Harpole M, et al. Urine lipoarabinomannan glycan in HIV-

negative patients with pulmonary tuberculosis correlates with disease severity. Sci Transl Med. 2017;9.

https://doi.org/10.1126/scitranslmed.aal2807 PMID: 29237757

32. Broger T, Sossen B, Toit E du, Kerkhoff AD, Schutz C, Reipold EI, et al. Novel lipoarabinomannan

point-of-care tuberculosis test for people with HIV: a diagnostic accuracy study. The Lancet Infectious

Diseases. 2019; 19: 852–861. https://doi.org/10.1016/S1473-3099(19)30001-5 PMID: 31155318

33. Sigal GB, Pinter A, Lowary TL, Kawasaki M, Li A, Mathew A, et al. A Novel Sensitive Immunoassay Tar-

geting the 5-Methylthio-d-Xylofuranose-Lipoarabinomannan Epitope Meets the WHO’s Performance

Target for Tuberculosis Diagnosis. J Clin Microbiol. 2018;56. https://doi.org/10.1128/JCM.01338-18

PMID: 30257899

34. Wood A, Barizuddin S, Darr CM, Mathai CJ, Ball A, Minch K, et al. Ultrasensitive detection of lipoarabi-

nomannan with plasmonic grating biosensors in clinical samples of HIV negative patients with tubercu-

losis. PLoS One. 2019; 14: e0214161. https://doi.org/10.1371/journal.pone.0214161 PMID: 30913250

35. Broger T, Tsionksy M, Mathew A, Lowary TL, Pinter A, Plisova T, et al. Sensitive electrochemilumines-

cence (ECL) immunoassays for detecting lipoarabinomannan (LAM) and ESAT-6 in urine and serum

from tuberculosis patients. PLoS One. 2019; 14: e0215443. https://doi.org/10.1371/journal.pone.

0215443 PMID: 30998715

36. De P, Amin AG, Flores D, Simpson A, Dobos K, Chatterjee D. Structural implications of lipoarabinoman-

nan glycans from global clinical isolates in diagnosis of Mycobacterium tuberculosis infection. J Biol

Chem. 2021; 297: 101265. https://doi.org/10.1016/j.jbc.2021.101265 PMID: 34600887

37. De P, Shi L, Boot C, Ordway D, McNeil M, Chatterjee D. Comparative Structural Study of Terminal

Ends of Lipoarabinomannan from Mice Infected Lung Tissues and Urine of a Tuberculosis Positive

Patient. ACS Infect Dis. 2020; 6: 291–301. https://doi.org/10.1021/acsinfecdis.9b00355 PMID:

31762254

38. Lawn SD, Kerkhoff AD, Vogt M, Wood R. Diagnostic accuracy of a low-cost, urine antigen, point-of-care

screening assay for HIV-associated pulmonary tuberculosis before antiretroviral therapy: a descriptive

study. Lancet Infect Dis. 2012; 12: 201–209. https://doi.org/10.1016/S1473-3099(11)70251-1 PMID:

22015305

39. World Health Organization. The use of lateral flow urine lipoarabinomannan assay (LF-LAM) for the

diagnosis and screening of active tuberculosis in people living with HIV. Policy Guidance. Geneva,

Switzerland; 2015 p. 63. Available: https://www.who.int/tb/areas-of-work/laboratory/policy_statement_

lam_web.pdf.

40. World Health Organization. Lateral flow urine lipoarabinomannan assay (LF-LAM) for the diagnosis of

active tuberculosis in people living with HIV. Policy update. Genera; 2019 p. 28.

41. Amin AG, De P, Spencer JS, Brennan PJ, Daum J, Andre BG, et al. Detection of lipoarabinomannan in

urine and serum of HIV-positive and HIV-negative TB suspects using an improved capture-enzyme

linked immuno absorbent assay and gas chromatography/mass spectrometry. Tuberculosis (Edinb).

2018; 111: 178–187. https://doi.org/10.1016/j.tube.2018.06.004 PMID: 30029905

42. Magni R, Rruga F, Alsaab F, Sharif S, Howard M, Espina V, et al. Lipoarabinomannan antigenic epitope

differences in tuberculosis disease subtypes. Sci Rep. 2020; 10: 13944. https://doi.org/10.1038/

s41598-020-70669-9 PMID: 32811861

43. Gronemeyer P, Ditz R, Strube J. Trends in Upstream and Downstream Process Development for Anti-

body Manufacturing. Bioengineering. 2014; 1: 188–212. https://doi.org/10.3390/

bioengineering1040188 PMID: 28955024

44. Cantera JL, Rashid AA, Lillis LL, Peck RB, Drain PK, Pinter A, et al. Isolation and Purification of Lipoara-

binomannan from Urine of Adults with Active Tuberculosis. bioRxiv; 2021. p. 2021.03.24.436904.

https://doi.org/10.1101/2021.03.24.436904

PLOS ONE Screening of novel antibodies to detect lipoarabinomannan

PLOS ONE | https://doi.org/10.1371/journal.pone.0274415 September 30, 2022 17 / 17

https://doi.org/10.1038/s41598-019-54537-9
http://www.ncbi.nlm.nih.gov/pubmed/31784649
https://doi.org/10.1371/journal.pone.0257615
http://www.ncbi.nlm.nih.gov/pubmed/34547058
https://doi.org/10.1007/s00216-022-03897-9
https://doi.org/10.1007/s00216-022-03897-9
http://www.ncbi.nlm.nih.gov/pubmed/35091761
https://doi.org/10.1126/scitranslmed.aal2807
http://www.ncbi.nlm.nih.gov/pubmed/29237757
https://doi.org/10.1016/S1473-3099%2819%2930001-5
http://www.ncbi.nlm.nih.gov/pubmed/31155318
https://doi.org/10.1128/JCM.01338-18
http://www.ncbi.nlm.nih.gov/pubmed/30257899
https://doi.org/10.1371/journal.pone.0214161
http://www.ncbi.nlm.nih.gov/pubmed/30913250
https://doi.org/10.1371/journal.pone.0215443
https://doi.org/10.1371/journal.pone.0215443
http://www.ncbi.nlm.nih.gov/pubmed/30998715
https://doi.org/10.1016/j.jbc.2021.101265
http://www.ncbi.nlm.nih.gov/pubmed/34600887
https://doi.org/10.1021/acsinfecdis.9b00355
http://www.ncbi.nlm.nih.gov/pubmed/31762254
https://doi.org/10.1016/S1473-3099%2811%2970251-1
http://www.ncbi.nlm.nih.gov/pubmed/22015305
https://www.who.int/tb/areas-of-work/laboratory/policy_statement_lam_web.pdf
https://www.who.int/tb/areas-of-work/laboratory/policy_statement_lam_web.pdf
https://doi.org/10.1016/j.tube.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/30029905
https://doi.org/10.1038/s41598-020-70669-9
https://doi.org/10.1038/s41598-020-70669-9
http://www.ncbi.nlm.nih.gov/pubmed/32811861
https://doi.org/10.3390/bioengineering1040188
https://doi.org/10.3390/bioengineering1040188
http://www.ncbi.nlm.nih.gov/pubmed/28955024
https://doi.org/10.1101/2021.03.24.436904
https://doi.org/10.1371/journal.pone.0274415

