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The cyanobacterial lectin, microvirin-N,
enhances the specificity and sensitivity of
lipoarabinomannan-based TB diagnostic tests+

Megan van der Horst, © 1 Leshern Karamchand, © i° Westley S. Bauer, @ 3
Andrew J. M. Nel,” Jonathan M. Blackburn (2 ** and David W. Wright () *2

Tuberculosis (TB) is one of the top ten causes of death globally, despite being treatable. The eradication
of TB disease requires, amongst others, diagnostic tests with high specificity and sensitivity that will work
at the point of care (POC) in low-resource settings. The TB surface glycolipid antigen, mannose-capped
lipoarabinomannan (ManLAM) currently serves as the only POC molecular diagnostic biomarker suitable
for use in low cost immunoassays. Here, we demonstrate the high affinity and exceptional specificity of
microvirin-N (MVN), a 14.3 kDa cyanobacterial lectin, toward H37Rv TB ManLAM and utilize it to develop a
novel on-bead ELISA. MVN binds to ManLAM with sub-picomolar binding affinity, but does not bind to
other variants of LAM expressed by non-pathogenic mycobacteria — a level of binding specificity and
affinity that current commercially available anti-LAM antibodies cannot achieve. An on-bead ELISA was
subsequently developed using MVN-functionalized magnetic beads which allows for the specific capture
of ManLAM from human urine with a limit of detection (LOD) of 1.14 ng mL™ and no cross-reactivity
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Introduction

Tuberculosis (TB) remains the world’s leading deadliest infec-
tious disease despite being treatable." In 2018 alone, the
global burden of TB was estimated to be 10 million incident
cases and over 1.4 million deaths.’ Yet, with early diagnosis
and appropriate treatment, most deaths from TB can be pre-
vented.> One of the contributing factors to this high mortality
rate is that the causative agent, Mycobacterium tuberculosis (M.
th), is the most common opportunistic infection in HIV-posi-
tive patients.> People infected with HIV are approximately 21
times more likely to develop active TB and have a 2 times
higher fatality rate compared to people without HIV.>*
Reasons for comparatively poor outcomes for HIV-positive TB
patients stem from late diagnosis and delays in starting antire-
troviral therapy (ART) and/or TB treatment.* In fact, the world
fails to detect 36% of the estimated new cases of TB per year."
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when tested with PILAM, a variant of LAM found on non-pathogenic mycobacteria.

Conventional TB diagnostic tests rely on resource-intensive
nucleic acid amplification tests, such as the Xpert MTB/RIF
test, or technologies that lack specificity and sensitivity, such
as sputum smear microscopy and chest radiography.
Moreover, the diagnostic accuracy of these techniques is
further impaired in patients with HIV coinfection, many of
whom cannot produce the required sputum sample.>”
Globally, the use of biomarker-based rapid diagnostic testing
is increasing and many countries are phasing out the use of
smear microscopy and chest radiography. In response to the
high TB mortality in HIV-positive patients, the World Health
Organization (WHO) approved the Alere Determine TB LAM Ag
lateral flow assay (LFA) as a point-of-care (POC) test for people
infected with HIV and with very low CD4 counts (<100 CD4
cells per uL).!

The Alere LFA detects lipoarabinomannan (LAM), a myco-
bacterial cell surface glycolipid that is shed from metabolically
active or degenerating bacterial cells.®” In addition to the
Alere LFA, LAM has also been the target of several other
immunological tests including enzyme linked immunosorbent
assays (ELISAs) in both plate and dipstick formats.®® Further,
the diagnostic potential of LAM has led it to become the
current gold standard biomarker for POC TB diagnostic tests.
LAM is shed from the surface of the mycobacterium into the
bloodstream and, after filtration by the kidneys, secreted into
urine where it can be detected.'® The concentration of LAM in
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urine of TB-infected, HIV-negative individuals varies from
approximately 10 to 1000 pg mL™'.'' Higher LAM concen-
trations are reported in HIV-positive individuals, up to 100 ng
mL ™", due to a higher overall bacillary load.'" The rapid adop-
tion of biomarker-based LAM testing in HIV endemic areas is
expected to help ensure early diagnosis and overcome chal-
lenges with diagnosing TB in people with low CD4 counts.

However, implementation of these tests has been limited
largely due to their variable sensitivity and specificity. Results
from clinical studies and a meta-analysis present pooled sensi-
tivities between 34% and 60% depending on the reference stan-
dard."® Increased sensitivity was correlated to the severity of
patient immune suppression as the concentration of LAM in
urine is thought to depend on the patient’s immunocompe-
tence, reflecting increased bacillary load, dissemination of
M. tb, and potentially also renal involvement in TB disease in
such patients."” Similarly, although most studies have reported
high positive predictive values, there remains unexplained varia-
bility in specificity, with individual studies reporting values
ranging from 79% to 100%."> While poor specificity may reflect
the shortcomings of individual assays, it is also possible that
false-positive results are due to cross-reactivity with LAM mole-
cules expressed by non-tuberculous mycobacteria (NTM), or
related bacteria of the Actinomycetales order.”*>'*

The LAM antigen has three structural domains: (1) a man-
nosyl-phosphatidyl-myo-inositol linker, (2) a polysaccharide
backbone composed of a p-mannan core and p-arabinan
branches, and (3) a capping motif on the terminal ends of the
p-arabinan branches.'® The linker and backbone are conserved
in all LAM variants, while the capping motif differs depending
on the species of mycobacterium.'® There are three classifi-
cations of LAM based on variations in their capping motif: (1)
ManLAM is capped with o-(1,2)-linked di-mannosyl residues
(Mano-(1,2)-Man), (2) PILAM is capped with phospho-myo-ino-
sitol, and (3) AraLAM is devoid of capping motifs.'>"®
Throughout this manuscript, the specific variant of LAM
(ManLAM, PILAM, or AraLAM) will be used where applicable
and LAM will be used generally to discuss conserved features,
shared properties, and non-specific interactions. ManLAM is
unique to the surface envelope of slow-growing, pathogenic
mycobacteria, such as M. th, M. bovis and M. leprae (Fig. 1).
M. tb and M. bovis ManLAM express the highest number of di-
mannosyl capping residues (seven to nine per ManLAM mole-
cule), whereas M. leprae ManLAM averages only one di-manno-
syl cap per ManLAM molecule.'”*® This makes the high abun-
dance of di-mannosyl caps on M. th ManLAM an especially
attractive target for new capture and detection agents.'
However, current commercially available LAM detection tests
use anti-LAM antibodies that are incapable of distinguishing
between the variants of LAM, leading to cross-reactivity and
high false-positive detection rates.”® Recently, new antibodies
have been developed that are specific for ManLAM, underscor-
ing the need for ManLAM-specific capture agents to improve
the specificity of M. th diagnostic assays.'"'*?">?

In this study, we expressed microvirin-N (MVN), a 14.3 kDa
cyanobacterial lectin that specifically binds the Mana-(1,2)-
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Man di-mannosyl caps of ManLAM with sub-picomolar
binding affinity and demonstrate its utility in ManLAM TB
diagnostic tests.>*>*> By developing a “sandwich” pairing of
MVN with a monoclonal antibody that binds an orthogonal
linear hexa-arabinan (Aras) motif located in the branches of
LAM, we developed a highly specific, sensitive, and stable diag-
nostic test for M. tb ManLAM. To the best of our knowledge,
this is the first study to demonstrate the use of a lectin-based
molecular recognition element to selectively capture and
detect ManLAM for the development of a TB diagnostic test.

Experimental
Expression and purification of MVN

Competent E. coli BL21-DE3 bacteria were transformed with
the MVN-pET15b plasmid (190 ng plasmid per 100 pL compe-
tent bacteria) by heat shock. The plasmid-transformed bacteria
were plated onto LB Agar plates containing ampicillin (100 pg
mL ™). Colonies were selected from the plates and stored as a
glycerol stock. A 50 mL aliquot of LB medium containing
100 pg mL™' ampicillin was inoculated with MVN-pET15b
transformed BL21-DE3 bacteria as a starter culture, and
allowed to grow at 37 °C, 22 rpm overnight (~16-18 hours). 1 L
sterilized TB Broth was inoculated with overnight starter
culture until the ODgo reading reached ~0.1. Ampicillin was
then added to a final concentration of 100 pg mL™". The
culture was allowed to grow at 37 °C, 22 rpm until the ODggo
reading reached ~0.6-0.8. The culture was cooled to 18 °C and
isopropyl p-p-1-thiogalactopyranoside (IPTG) was added to
final concentration of 1 mM. Cultures were further incubated
overnight (~16-18 hours) at 18 °C, 22 rpm. Bacterial cells were
harvested via centrifugation and either used fresh or stored
frozen (Fig. S1t).

Cell pellets were resuspended in 150 mL phosphate buffer
(25 mM NaH,PO,, 500 mM NacCl, 10% glycerol, pH 8) contain-
ing 2 pg mL™" lysozyme (Sigma: Cat. no. L6876), 1 mL protease
cocktail (Sigma: Cat. no. P8849), and powdered DNase I
(Sigma: Cat. no. DN25). The cell suspension was then passed
through an Emulsiflex-C3 High Pressure Homogenizer
(Avestin) three times maintaining lysis pressure at 15000 psi.
The lysate was centrifuged and the resulting supernatant was
clarified by filtering through a 0.22 pum filter. The clarified
lysate was loaded onto a 5 mL HisTrap HP column (GE: 17-
5248-02) and purified by FPLC. MVN was eluted with a linear
imidazole gradient from 0-500 mM (Fig. S27). Fractions con-
taining MVN were pooled and dialyzed against PBS overnight
at 4 °C. Protein concentration was determined by quantifi-
cation gel - Invitrogen NuPAGE 4-12% gradient gel run in 1x
MES buffer with densitometry performed using the Image
Studio Lite Version 5.2 software (Fig. S37).

Bioconjugation

MVN (1.36 mg mL™") was conjugated to biotin using a 20x
molar equivalence of EZ-Link NHS-PEG,-Biotin (Thermo
Scientific: Cat. no. 21329) in DI water. Following a 30-minute

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Cross-sectional schematic representation of the mycobacterial cell envelope. The cell envelope of mycobacteria comprises four main layers:
(i) an innermost plasma membrane, (ii) a complex of peptidoglycan and arabinogalactan, (iii) a mycobacterial outer membrane (MOM), and (iv) an
external capsular layer. The plasma membrane (approximately 7 nm thick) consists of standard membrane lipids such as glycerophospholipids,
including phosphatidylinositol mannosides (PIMs), lipomannans (LMs), and lipoarabinomannans (LAMs). Slow-growing, pathogenic mycobacteria,
such as Mycobacterium tuberculosis, also express mannose-capped LAM (ManLAM) in which the arabinan branch termini are capped with Mana(1-2)
Man linkages. In contrast, fast-growing, non-pathogenic mycobacteria, such as Mycobacterium smegmatis, express PILAM in which the arabinan
branch termini are capped with phospho-myo-inositol. A periplasmic space (14 nm) separates the plasma membrane from the innermost layer of the
cell wall, the peptidoglycan layer, which serves to maintain cell shape and reinforce the plasma membrane against the osmotic pressure of the cyto-
plasm. The peptidoglycan layer is composed of linear strands of alternating N-acetyl-glucosamine (GlcNAc) and N-acetyl-muramic acid (MurNAc)
sugars that are crosslinked together by peptides into honeycomb-like layers. The peptidoglycan is in turn crosslinked to the middle layer of the cell
wall, the arabinogalactan polymer, which is composed of branched arabinose chains and galactose sugars. The mycobacterial outer membrane
(MOM) is composed of (a) an inner leaflet of mycolic acids esterified to the underlying arabinogalactan layer, and (b) an outer leaflet composed of
both free mycolic acids, and mycolic acids covalently linked to trehalose sugar as either trehalose monomycolate (TMM) or trehalose dimycolate
(TDM) variants. The outer leaflet of the mycomembrane also consists of PIMs, LMs, LAMs, and secreted proteins. Porin transporter proteins traverse
the entire width of the MOM. Notably, the thickness of the MOM is also similar to that of the plasma membrane (approximately 7-8 nm) despite
being composed of very long chain (C60-C90) mycolic acids. The external capsular layer (approximately 35 nm) mainly consists of neutral polysac-
charides including a glycogen-like a-glucan and lower amounts of arabinomannan (AM), capsular proteins, and low levels of glycopeptidolipids
(GPLs) and free triacylglyercols (TAGs).

incubation step at room temperature, the MVN-biotin conju- FIND Ab25, Ab28, and Ab170 were conjugated to biotin with a
gate was purified from excess biotin reagent using a 7k MWCO  20x molar equivalence of EZ-Link NHS-PEG,-Biotin (Thermo
Zeba desalting column (Thermo Scientific: Cat. no. 89883). Scientific: Cat. no. 21329) in DI water. Following a 30-minute
The concentration of the resulting MVN-biotin conjugate was incubation step at room temperature, the antibody-biotin con-
determined by micro-volume analysis using a BioTek Take3 jugates were purified from excess biotin reagent using 7k
plate on a BioTek Synergy H4 plate reader with the lysozyme MWCO Zeba desalting columns (Thermo Scientific: Cat. no.
setting. 89883). The concentration of the resulting antibody-biotin

Anti-LAM antibodies Ab25, Ab28, and Ab170 were procured conjugates was determined by micro-volume analysis using a
from the Foundation for Innovative New Diagnostics (FIND). BioTek Take3 plate with the IgG setting.
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FIND Ab28 was conjugated to horseradish peroxidase (HRP)
using EZ-Link Plus Activated Peroxidase (Thermo Scientific:
Cat. no. 31489). The single-use tube was dissolved in DI H,O
and added to the antibody, followed by sodium cyanoborohy-
dride. The reaction was incubated for 1 hour at room tempera-
ture. Quenching buffer was added and allowed to react for
15 minutes. The resulting antibody-conjugate was transferred
to an Amicon Ultra-0.5 mL Centrifugal Filter Ultracel - 100 K
spin filter (Millipore Sigma: Cat. no. UFC510024) and centri-
fuged for 10 minutes at 14 000g. The spin filters were washed
three times with PBS then inverted into new collection tubes
and centrifuged for 2 minutes at 1000g. The concentration of
the antibody-conjugate was determined by microvolume ana-
lysis using a BioTek Take3 plate with the IgG setting.

Binding characterization of molecular recognition elements by
bio-layer interferometry

Anti-LAM antibodies CS35 and CS40 were procured from the
Biodefense and Emerging Infections Research Resources
Repository (BEI Resources). MVN, Ab25, Ab28, and Ab170 were
conjugated to biotin as described above. Following the conju-
gation, the molecular recognition elements were subjected to
binding experiments on the ForteBio Octet RED96 to deter-
mine binding affinity to M. tb H37Rv ManLAM, M. leprae
ManLAM, and M. smegmatis PILAM.'"® Dip and Read
Streptavidin biosensors (ForteBio: Cat. no. 18-5019) were used
for the binding experiments with biotinylated MVN, Ab25,
ADb28, and Ab170 and Dip and Read Anti-Mouse Fc capture bio-
sensors (ForteBio: Cat. no. 18-5088) were used for the binding
experiments with CS35 and CS40.

The biosensors were first introduced to a biosensor buffer
(0.1% BSA (Fisher: BioReagents: Cat. no. BP9706100), 0.02%
Tween 20 in PBS (Fisher BioReagents: Cat. no: BP337100) for a
300 seconds equilibration step. The biosensors were then
transferred to wells containing MVN-biotin (0.125 pg mL™") or
antibody-biotin (0.5 pg mL™") for 400 seconds. The loaded bio-
sensors were moved to wells containing biosensor buffer for a
60 seconds baseline step and then transferred to sample wells
containing a two-fold serially diluted range of M. th H37Rv
ManLAM with a buffer reference well for a 400 seconds associ-
ation step. The two-fold serial dilution began at an initial con-
centration of ManLAM such that the starting concentration of
ManLAM was at least 10x higher than the expected K, and the
lowest concentration was 2x lower than the expected Kp.'°
Lastly, the biosensors were moved back to the baseline buffer
wells for a 900 seconds dissociation step. The same procedure
was used with Dip and Read Ni-NTA biosensors (ForteBio: Cat.
no. 18-5101) to determine the binding affinity of MVN-Hisg,
except the biosensor buffer was 0.02% Tween 20 in PBS and
MVN was loaded onto the biosensor at 0.5 pg mL™". Inside the
ForteBio software, a global 1: 1 fit model was selected to derive
the kinetic (kon, kotr) and equilibrium (Kp) data.

Stability test of MVN by bio-layer interferometry

MVN was stored at either 4 °C or RT. Repeated binding experi-
ments at set time points were performed on MVN to determine
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changes in its binding affinity toward M. tb H37Rv ManLAM
over time as a representation of stability. For the batch stored
at 4 °C, measurements were made on days 0, 1, 2, 3, 4, 8, 12
(excluded by outlier test), 16, 22, 29, 36, 43, 49 (measured twice
using two batches of ManLAM and averaged), 63, 77, 91, and
105. For the batch stored at RT, aliquots were moved from the
freezer to RT on days 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, and 14;
binding experiments were performed with each aliquot on the
last day. The binding experiments were performed in the same
manner as before.

Binding pair evaluation by bio-layer interferometry

The binding pair evaluation was run on the Octet REDY6,
equipped with Dip and Read Ni-NTA (ForteBio: Cat. no. 18-
5101). The biosensors were first introduced to a biosensor
buffer (0.02% Tween 20 in PBS) for a 300 seconds equilibration
step, followed by a loading step where the biosensors were
transferred to wells containing 0.7 pg mL™' MVN-His, for
400 seconds. The loaded biosensors were transferred to wells
containing biosensor buffer for a 60 seconds baseline step and
then transferred to sample wells containing 0.325 pg mL ™"
M. th H37Rv ManLAM for a 400 seconds association step. The
biosensors were returned to the baseline wells for a 60 seconds
baseline step and then transferred to wells containing
12 pg mL™" non-conjugated Ab28 for another 400 seconds
association step. Lastly, the biosensors were returned to the
baseline buffer wells for a 900 seconds dissociation step.

On-bead ELISA (OB-ELISA)

First, Dynabeads MyOne™ Streptavidin T1 beads (Invitrogen:
Cat. no. 65601) were functionalized with MVN-biotin conju-
gate. MVN was conjugated to biotin as above. The streptavidin
beads were washed three times with PBS using a magnetic sep-
aration rack (Invitrogen: Cat. no CS15000). MVN-biotin conju-
gate was added at a ratio of either 60 upg MVN per 100 pL beads
(Bead 1) or 30 pg MVN per 100 pL beads (Bead 2). The result-
ing mixture was incubated for 30 minutes at room tempera-
ture. The beads were then washed three times with PBS and
blocked with excess p-biotin in PBS for 30 minutes. Lastly, the
beads were washed three times with PBS and re-suspended in
PBST (PBS, 0.1% Tween 20).

Solutions (100 pL) of ManLAM or PILAM in 0.1% BSA PBST
or pooled human urine (Innovative Research: Cat. no.
IRHUURE1000ML) were placed in a clear flat-bottom 96-well
plate (Fig. S41). A 100 pL aliquot of 2 pg mL ™" Ab28 conjugated
to HRP in 0.5% BSA PBST was then added to the wells. Lastly,
4 pL MVN-functionalized magnetic Dynabeads were added to
each well and the plate was incubated on a shaker for
30 minutes. The beads were magnetically separated from the
supernatant using a 96-well magnetic separation rack
(EdgeBio: Cat. no. 57624) and washed three times with 200 pL
PBST. A 100 pL aliquot of TMB One (Promega: Cat. no. G7431)
was added to each well containing beads and the plate was
incubated on a shaker for 10 minutes while protected from
light. Lastly, 100 pL 2 M H,SO, was added to each well to stop
the reaction and the signal was measured by absorbance at

This journal is © The Royal Society of Chemistry 2021
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450 nm to the thousandths place on a microplate reader.
When larger volumes of urine were tested, the entire procedure
was scaled accordingly. Informed consent was obtained for
any experimentation with human subjects.

The absorbance values were doubled to account for a 1:1
dilution. For both ManLAM and PILAM, absorbance vs. con-
centration was plotted. The average signal of the blank was
subtracted to correct for background. The limit of detections
was calculated as 3SDpani per slope. Intra-assay variation was
determined by calculating the average relative standard devi-
ation of each triplicate measurement on the same plate.

Antibody-based plate ELISA

Solutions (100 pL) of 4 pg mL™" Ab170 capture antibody were
added to an Immulon 2 HB clear flat-bottomed 96-well plate
(ThermoFisher: Cat. no. 3455) and allowed to incubate for
1 hour at room temperature. Wells were washed three times
with 235 pL PBST (PBS, 0.1% Tween 20). 235 pL of 1.25% BSA
PBST were added to the wells and allowed to incubate for
2 hours, followed by 3 washes with 235 pL PBST. Next, 100 pL
of ManLAM or PILAM spiked into urine were added to the
wells, and the plate was allowed to incubate for 2 hours, fol-
lowed by 4 washes with 235 pL PBST. A solution (100 pL) of
0.5 pg mL ™" detection antibody Ab28 conjugated to HRP (con-
jugation described above) was added to the wells and allowed
to incubate for 1 hour, followed by 5 washes with 235 pL PBST.
A 100 pL aliquot of TMB One was added to each well and the
plate was incubated on a shaker for 10 minutes while pro-
tected from light. Lastly, 100 pL 2 M H,SO, was added to each
well to stop the reaction and the signal was measured by absor-
bance at 450 nm on a microplate reader. For both ManLAM
and PILAM, absorbance vs. concentration was plotted. The
limit of detections was calculated as 3SDp;ank per slope.

Alere LFAs

Alere LFAs were performed according to the manufacturer’s
instructions - 60 pL of ManLAM or PILAM spiked into urine
was applied to the Alere LFAs (Lot no. 170423) in triplicate.
After 25 minutes, the LFAs were read on the Qiagen ESEQuant
LFR - Lateral Flow Reader to determine the test line area and
visible test lines were noted.

Results and discussion

New approaches for TB control and care are urgently needed.
As accurate diagnosis is one of the cornerstones of TB control,
POC diagnostic tests serve as the most practical tests to enable
well-timed diagnosis, guide the appropriate treatment, and
curb the transmission and unacceptably high number of
deaths due to this otherwise curable disease."*® Conventional
direct smear, bacterial culture and nucleic acid amplification
tests, such as GeneXpert MTB/RIF, require biohazardous M. th-
infected sputum samples to yield a positive diagnosis of TB.*
Yet, it is difficult for many active TB patients to produce
sputum samples, including those co-infected with HIV, dia-
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betes patients, and children.*® Alternatively, urine analysis
obviates the biohazards associated with sputum handling and
can be easily collected from all patients.”'* LAM is a particu-
larly advantageous biomarker to detect in urine because it is
heat stable and does not readily degrade over time.” The sensi-
tivity and specificity shortcomings associated with current
urine-based LAM tests are the consequence of several para-
meters including the characteristics of the capture/detection
reagents, condition of the urine sample, immune status of the
patient, and the variable concentration of excreted LAM that is
dependent on the manifestations of co-infected disease.'® Of
these factors, the selection of the test-capture reagents is the
only one that researchers can improve upon to enhance the
detection rate of TB-positive patients.

Current LAM detection tests employ either polyclonal or
monoclonal antibodies. Polyclonal antibodies raised against
LAM are more likely to recognize multiple antigenic epitopes
compared to monoclonal antibodies but carry the risk of
batch-to-batch variation and cross-reactivity.”” Although mono-
clonal antibodies (mAbs) target a single epitope, the majority
of mAbs generated against LAM target the conserved
p-arabinan branches and p-mannan polysaccharide backbone
of the antigen.”® As previously mentioned, M. tb, as well as
other slow-growing, pathogenic mycobacteria species, express
ManLAM, whereas non-pathogenic mycobacteria, such as
M. smegmatis and M. chelonae, express PILAM and AralAM,
respectively.'® Therefore, targeting the mannose caps that
make ManLAM distinct would enhance the specificity of the
diagnostic test. Recently, antibodies that exclusively target the
unique Mano-(1,2)-Man and 5-methylthio-n-xylose (MTX)
capping residues of ManLAM have been produced.'’'*?*"??
However, the MTX capping residue is present in low abun-
dance on M. tb ManLAM, typically only one MTX residue per
ManLAM molecule, and may be a suboptimal moiety to target
on M. th ManLAM for diagnostic purposes.>’

The discovery of MVN, a highly specific Mana-(1,2)-Man
binding lectin, was reported in 2006 by Kehr et al.>® Since then,
it has been investigated for anti-HIV-1 activity and as a neutra-
lizing agent for hepatitis C viral infections.*****' To evaluate
the feasibility of MVN to selectively capture ManLAM for use in
next generation TB diagnostic tests, MVN was subjected to bio-
layer interferometry (BLI) experiments with procurable LAM var-
iants. LAM antibodies procured from the BEI repository and
FIND were also evaluated employing the same design of experi-
ments. When comparing the quantitative binding data between
MVN and commercially available anti-LAM antibodies, MVN
exhibited the highest binding affinity with markedly improved
specificity as it did not bind to PILAM (Table 1). No appreciable
binding was found for either of the anti-LAM polyclonal anti-
body matrices. This could be caused by the immobilization of
non-specific antibodies on the biosensor which would skew the
global binding data. This observation further substantiates the
argument that polyclonal antibodies are not ideal for employ-
ment in quality-controlled diagnostic tests.

The selective capture of ManLAM with MVN affords the
ability to discriminate between pathogenic and non-patho-
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Table 1 Equilibrium binding affinity (as measured by dissociation constant) of LAM recognition elements to different LAM variants

Dissociation constant (Kp) to antigens

H37Rv M. th ManLAM

M. leprae ManLAM

M. smegmatis PILAM

MVN <1+9pM
MVN-biotin 1850 + 13 pM
FIND Ab25 1320 + 16 pM
FIND Ab28 16.5 + 0.4 nM
FIND Ab170 636 £ 11 pM
CS35 mAb <1+110 pM
CS40 mAb 8740 + 60 pM
Anti-LAM polyclonal (rabbit) N.B.
Anti-LAM polyclonal (guinea pig) N.B.

74.4 + 0.5 nM N.B.

78.6 £ 0.5 nM N.B.

967 + 11 pM 817 + 18 pM
10.7 £ 0.14 nM 5.76 £ 0.11 nM
118 + 2 pM <1+2pM
<1.0 + 60 pM <1+ 80 pM
Not tested 113 £ 0.8 nM
N.B. N.B.

N.B. N.B.

N.B. - no binding observed.

genic mycobacteria, which is crucial to avoid subjecting non-
TB infected individuals to long durations of anti-TB therapy
that can cause a host of potential side effects. However, in
addition to M. tb, other pathogenic mycobacterial species that
express ManLAM, such as M. bovis and M. leprae, would also
be detected by MVN.' Coupling symptomatic investigation
with a MVN-based diagnostic would allow medical staff to
differentiate between pathogenic mycobacterial infections as
most ManLAM-presenting pathogenic bacteria either cause
cutaneous infection or pulmonary TB (lung infection)."
Mycobacteria that cause cutaneous infections, such as
M. leprae, induce illness that can be differentiated from M. tb
empirically based on signature skin sores or lesions; therefore,
they can be readily diagnosed without the need for LAM
tests."® Additionally, it is unnecessary to differentiate between
pulmonary TB causing species, such as M. bovis, because they
have the same or very similar treatment strategies to M. tb
infection.>® Hence, screening tests do not need to further
differentiate between pathogenic mycobacteria infections to
permit proper treatment.

After confirming the high affinity and specificity of MVN to
ManLAM, the greater utility of this capture reagent in a diagnos-
tic assay was explored. MVN has several advantageous biophysi-
cal properties; it was expressed with a N-terminal hexa-histidine
affinity tag and has a single intrinsic lysine residue which lends
itself to facile bioconjugation techniques. Conjugating biotin to
this residue enables the immobilization of MVN to any strepta-
vidin coated substrate.*?® A PyMOL rendering of the
MVN : Mano-(1,2)-Man crystal structure shows the location of
the lysine residue and N-terminal hexa-histidine tag in proxi-
mity to the Mana-(1,2)-Man binding site (Fig. 2A).>°

Stability is an important parameter to the utility of protein-
based capture reagents, especially when employed in POC
diagnostic tests. As a measure of stability, the binding affinity
(Kp) of MVN conjugates, stored at room temp and at 4 °C, was
examined against H37Rv M. th ManLAM over time. MVN
remained stable at 4 °C for over 100 days (Fig. 2B), moreover
MVN that was stored at room temperature (RT) for two weeks
showed no evidence of degradation during the course of the
experiment (Fig. 2C). Importantly, the thermal stability of
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4 °C. (C) MVN stability study performed for 2 weeks on MVN stored at
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MVN at room temperature will limit the need for cold-chain
transportation of MVN-based POC tests to remote clinic sites
in developing countries, further improving the accessibility of
MVN-based POC diagnostic tests. Another practical advantage
to using MVN is that, like in vitro mAb production, MVN can

This journal is © The Royal Society of Chemistry 2021
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be produced via vector-based expression in E. coli, which can
be readily scaled up in industrial bacterial bioreactors and is
resistant to batch-to-batch variation. Furthermore, the stable
expression of MVN in E. coli, a bacterium that multiplies every
20 minutes, and easily tolerates incubation and protein
expression at lower temperatures, e.g. 18 °C, means that MVN
can be produced in large quantities at a significantly lower
cost than recombinant proteins that have to be expressed in
mammalian cells. In turn, the lower cost of production of
MVN will translate to a lower cost per test, which is crucial to
ensuring the successful rollout of POC diagnostic tests in
developing countries.

In traditional “sandwich” style in vitro diagnostic tests, like
ELISAs and LFAs, orthogonal binding pairs are employed to
capture and detect biomarkers of interest. Pairing MVN with
an orthogonal, high-affinity LAM capture element is therefore
needed to detect ManLAM in these formats. Non-specific
binding was observed between MVN and CS35, as well as MVN
and CS40; additionally, supply constraints limited the use of
Ab25 and Ab170. Therefore, Ab28 was chosen as the orthog-
onal LAM capture element for the binding pair and confirmed
by bio-layer interferometry (Fig. 2D). MVN was not investigated
as a self-binding pair (i.e. using MVN as both capture and
detection elements) as MVN is known to bind to HIV-1.*?
A MVN self-binding pair could display cross-reactivity with
HIV-1 which would compromise the assay’s specificity and
sensitivity for M. tb ManLAM due to the high co-morbidity of
HIV with TB.* Alternatively, when using MVN in a binding
pair with an anti-LAM capture antibody, the antibody would
provide specificity for LAM thereby eliminating cross-reactivity
with HIV, while MVN would detect only ManLAM molecules
among the captured LAM variants.

The model assay selected to showcase the high-affinity
ManLAM-binding pair was an on-bead ELISA (OB-ELISA). The
sub-picomolar binding affinity of MVN to ManLAM and oppor-
tunistic bioconjugation framework made it an ideal capture
reagent, while the ubiquitous use of antibodies as detection
conjugates in ELISAs prompted the selection of Ab28 as the
detection conjugate.>* The capture bead was generated by
loading streptavidin magnetic Dynabeads with biotinylated
MVN.>' An “all-in-one” OB-ELISA format was employed
because it shortened overall assay time by 30+ minutes when
compared to sequential addition without a significant impact
on the signal-to-noise ratio (Fig. S5A1).>® The concentration of
ADb28-HRP detection antibody was then optimized for the
highest signal-to-noise ratio, where 2 pg mL™' Ab28-HRP
yielded choice results (Fig. S5Bt). In addition, number of
beads used and MVN loading density were investigated. Bead 1
was functionalized with 60 pg MVN per 100 pL beads and Bead
2 was functionalized with 30 pg MVN per 100 pL bead. 40 pg of
Bead 2 was selected as it produced a high signal-to-noise ratio
and low variability (6.5%) over all concentrations tested
(Fig. S5CBf). It is noteworthy that MVN has an approximately
10-fold lower molecular weight than IgG antibodies which
could result in higher overall loading density of MVN. Further,
for an equivalent bead surface loading density, the surface-
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bound MVN molecules would experience less steric hinder-
ance and, hence, lower impairment on ManLAM-binding than
the surface-bound anti-LAM IgG antibodies.

The OB-ELISA was then tested with mock patient samples
consisting of ManLAM or PILAM spiked into pooled human
urine. The urine was pooled from multiple normal doners and
purchased from Innovative Research. A standard curve of
ManLAM spiked into pooled human urine (n = 7) was gener-
ated and the limit of detection was found to be 1.14 ng mL™"
with a variation of 6.18% (Fig. 3A). Importantly, no signal was
observed when mock samples containing PILAM were tested,
which provides strong evidence for the specificity of our MVN-
based assay exclusively toward ManLAM. Lastly, larger urine
sample volumes (250, 500 pL) were used in the OB-ELISA to
show that the signal can be increased through volumetric
enrichment by increasing the sample volume (Fig. 3B). An
increase in signal was observed with increasing sample
volume; albeit, the maximum theoretical enhancement factor
was not met at large sample volumes; when a 250 pL sample
was used, signal was enhanced by a factor of 1.4 compared to a
theoretical enhancement of 2.5 and when a 500 pL sample was
used, the resulting signal showed enhancement by a factor of
2.7 compared to the theoretical enhancement of 5. However,
this finding is important as it shows that increasing sample
volume leads to increased performance of the OB-ELISA.
Large-volume urine samples are easily acquired - unlike other
sample types (i.e. blood, sputum) - therefore, it would be feas-
ible to use larger volumes of urine to improve the LOD of the
OB-ELISA.*’

An antibody-based plate ELISA was also developed to
compare the use of traditional molecular recognition elements
(i.e. antibodies) to MVN (Fig. S671). In this assay, anti-LAM anti-
bodies were used for both capture and detection. As expected
based on BLI results, this assay detects both ManLAM and
PILAM spiked into pooled human urine with LODs of 729 pg
mL ™" and 360 pg mL™", respectively. We hypothesize that this
assay is capable of detecting lower concentrations of PILAM
than ManLAM due to the greater affinity of the anti-LAM anti-
bodies for PILAM versus ManLAM. The antibody-based assay
has a slightly lower LOD than the MVN-based OB-ELISA
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(1.14 ng mL™"). We attribute this to the greater number of
binding sites on the ManLAM arabinan branches for an anti-
LAM antibody compared to the number of Mana-(1,2)-Man di-
mannosyl cap binding sites for MVN. However, the MVN-based
OB-ELISA has markedly improved specificity as no signal is
observed when tested with PILAM.

Lastly, the sensitivity and specificity of the OB-ELISA were
compared to the Alere LFA by testing the LFA with mock
samples consisting of ManLAM or PILAM spiked into pooled
human urine (Fig. S7t). Both ManLAM and PILAM produce
noticeable test line signal indicating that the Alere LFA is
cross-reactive with PILAM, as expected based on the use of
non-specific anti-LAM antibodies. Additionally, more intense
test lines (greater test line area signal) were observed when
LFAs were tested with PILAM which is in agreement with the
results of the antibody-based ELISA. The visual LOD was deter-
mined to be 1.25 ng mL™" ManLAM and 0.625 ng mL~" PILAM
which are similar to the reported values of 500-1000 pg
mL~".***° The LOD of the OB-ELISA (1.14 ng mL™") falls in
this range indicating that our assay is equally sensitive.

Conclusion

POC diagnostic tests for the detection of the TB biomarker
ManLAM in urine play an increasingly important role in HIV +
TB coinfection. We have employed the lectin MVN as the mole-
cular recognition element to selectively detect ManLAM.
Previous reports detail this lectin’s high affinity and specificity
for the Mana-(1,2)-Man di-mannosyl caps, but this is the first
report that exploits this binding for the detection of ManLAM
in TB diagnostic tests. BLI experiments showed that MVN has
sub-picomolar binding affinity against ManLAM and stringent
selectivity as it was shown that MVN does not bind PILAM, a
variant of LAM found on non-pathogenic mycobacteria. In con-
trast, the employment of anti-LAM antibodies that bind to the
arabinan branches of both ManLAM and PILAM leads to cross-
reactivity and false positive results in diagnostic assays.
Consequently, MVN is an ideal molecular recognition element
for the development of POC TB diagnostic tests.

We have developed an OB-ELISA that demonstrates the
utility of MVN to selectively detect ManLAM in urine samples.
As expected based on the BLI results, the assay exhibited a
clear specificity for ManLAM versus PILAM, as well as a LOD of
1.14 ng mL~" ManLAM, which falls between the LODs of an in-
house antibody-based plate ELISA (729 pg mL™") and the Alere
LFA (1.25 ng mL™"). It is important to highlight that the plate
ELISA and Alere LFA lack specificity for ManLAM and detect
all variants of LAM. Further, we have shown that the sample
volume for the on-bead ELISA can be scaled up to increase the
assay signal and, theoretically, decrease the LOD. Ultimately,
the goal is to develop a test that is sensitive enough to detect
low levels of ManLAM in HIV-negative, TB-positive patients.
Future work includes optimizing the assay for use with large-
volume urine samples and testing with clinical TB samples.
We have demonstrated the potential MVN has as a highly-
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selective capture reagent for TB ManLAM in urine, paving the
way for the development of next generation POC diagnostics
that will serve as vital tools for future TB control, particularly
in low-resource settings.
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