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ARTICLE INFO ABSTRACT

Keywords: Invasive pulmonary aspergillosis (IPA) is a severe life-threatening condition. Diagnosis of fungal disease in
Siderophore general, and especially that caused by Aspergillus fumigatus is problematic. A. fumigatus secretes siderophores to
Immunogen acquire iron during infection, which are also essential for virulence. We describe the chemoacetylation of fer-
Hapte'? . rated fusarinine C to diacetylated fusarinine C (DAFC), followed by protein conjugation, which facilitated tri-
Aspergillus fumigatus

acetylfusarinine C (TAFC)-specific monoclonal antibody production with specific recognition of the ferrated form
of TAFC. A single monoclonal antibody sequence was ultimately elucidated by a combinatorial strategy involving
protein LC-MS/MS, cDNA sequencing and RNAseq. The resultant murine IgG2,; monoclonal antibody was
secreted in, and purified from, mammalian cell culture (5 mg) and demonstrated to be highly specific for TAFC
detection by competitive ELISA (detection limit: 15 nM) and in a lateral flow test system (detection limit: 3 ng),
using gold nanoparticle conjugated- DAFC-bovine serum albumin for competition. Overall, this work reveals for
the first time a recombinant TAFC-specific monoclonal antibody with diagnostic potential for IPA diagnosis in
traditional and emerging patient groups (e.g., COVID-19) and presents a useful strategy for murine Ig sequence
determination, and expression in HEK293 cells, to overcome unexpected limitations associated with aberrant or
deficient murine monoclonal antibody production.
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1. Introduction

Infection with Aspergillus species is termed Aspergillosis and world-
wide there are estimated to be over 300,000 cases of life-threatening
Aspergillosis in humans per year with mortality rates from 30 to 80%
[1-4]. The most devastating manifestation of Aspergillosis is Invasive
Pulmonary Aspergillosis (IPA) and this is largely attributed to Aspergillus
fumigatus [5]. Host status represents the main factor in determining the
pathogenicity of A. fumigatus. When lung function or the immune system
are compromised in some way A. fumigatus can effect various forms of
disease [5-7]. Lack of early diagnostic methods and limited treatment

options are major factors underlying the morbidity of A. fumigatus
related diseases.

Host status in IPA often contraindicates invasive diagnostic proced-
ures for detection of A. fumigatus infection. Two non-invasive diagnostic
assays are approved by the US Food and Drug Administration (FDA)
utilising cell wall components (galactomannan (GM) and 1,3-B-D-
glucan) as biomarkers of A. fumigatus infection [8]. 1,3-p-D-glucan is a
major component of the fungal cell wall and released from actively
growing A. fumigatus, but is also found in the cell walls of other fungal
species and therefore serves more as a pan-fungal biomarker [9-11]. GM
is also found in the fungal cell wall and released from actively growing
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A. fumigatus in vivo. A monoclonal antibody (mAb) reportedly recog-
nising the side residues of GM was implemented in the Platelia™ assay
for the detection of GM in serum or bronchoalveolar lavage (BAL)
samples [9]. Though the assay was reported to be quite specific and
sensitive, GM is also present in the cell walls of other fungi as well as
some drug preparations which can lead to false positives [9]. In 2019 it
was revealed that the mAb used in the Platelia™ assay was not specific
for GM and that it also recognised other carbohydrate moieties [12]. A
lateral flow test (LFT), which uses a mAb (named as JF5 in [13]) to
detect an undefined Aspergillus glycoprotein/mannoprotein of approx-
imate molecular mass 40 kDa which is N-glycosylated, has also been
proposed and validated for diagnosis of IPA (http://olmdiagnostics.
com/wp-content/uploads/2018/04/Mar9-AspLFD-A5-SP.pdf). This
diagnostic is defined in terms of the mAb used for antigen detection,
rather than definition of the precise molecular nature of the fungal an-
tigen upon which diagnosis is made. Together these examples highlight
the difficulty associated with identifying biomarkers, and generating
diagnostically-useful detection reagents with well-defined antigens, for
the specific diagnosis of IA.

During infection, A. fumigatus secretes low molecular mass ferric iron
(Fe3H) chelators, known as siderophores, that are essential for virulence
[14-17]. A. fumigatus produces two extracellular siderophores fusar-
inine C (FsC) and triacetylfusarinine C (TAFC) [18]. Desferri-FsC/TAFC
(FsC F¢/TAFC ) chelate extracellular Fe>" and the resulting
siderophore-iron complexes (FsC * F¢/TAFC * ) are taken back up by
Siderophore Iron Transporters (SITs) [19,20]. A. fumigatus siderophores
can also chelate radioactive metals and using this capacity, their uti-
lisation in vivo by A. fumigatus during infection has been demonstrated
[17,21,22]. In addition to directly demonstrating siderophore-mediated
iron acquisition in vivo, this has been an innovative means of imaging
A. fumigatus infection thereby providing a non-invasive in vivo diag-
nostic strategy, albeit requiring expensive equipment and significant
expertise [23]. Siderophores can also be used to address the current
deficit in non-invasive A. fumigatus infection diagnostics whereby
detection of siderophores in biological samples (such as urine, BAL, or
serum) from patients acts as a biomarker of infection [24]. Detection of
A. fumigatus siderophores in mammalian host samples has been
demonstrated to have diagnostic utility using LC-MS/MS, CE-ESI-MS
and HPLC analyses [23,25-28].

While the above work provides evidence for the use of siderophores
as biomarkers for A. fumigatus infection with highly sensitive detection
systems, these are costly procedures, requiring appropriate facilities and
highly trained operators. Inmunoassays or point-of-care assays offering
rapid results, lower associated cost and relatively easier use have po-
tential for wider implementation. Antibodies form the basis of many
such assays, for example in the GM assay. The prerequisite for this
strategy is the generation of mAbs directed against the small target
molecule, and the subsequent use of those novel antibodies to detect the
small molecule, produced by the infectious agent, at high sensitivity and
specificity. To address this, here we describe the preparation of a semi-
synthetic siderophore immunogen for the generation of an anti-TAFC
IgG, the sequence of which was determined using a proteo-
transcriptomic approach so that it could recombinantly expressed and
used for the development of TAFC-specific ELISA and LFT detection
systems.

2. Materials and methods
2.1. Immunogen synthesis strategy for generating TAFC antibodies

An analog strategy was used to develop a TAFC immunogen whereby
conjugation of the TAFC analog (diacetylated fusarinine C; DAFC) to the
carrier protein, keyhole limpet haemocyanin (KLH), was mediated by
heterobifunctional crosslinkers, sulphosuccinimidyl-4-(N-mal-
eimidomethyl)cyclohexane-1-carboxylate (sulpho-SMCC) and N-succi-
nimidyl S-acetylthioacetate (SATA), respectively [29,30]. Importantly,
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TAFC generated by sulphosuccinimidyl NHS-acetate (SNA)-mediated
acetylation shares an LC-MS/MS retention time and fragmentation
pattern with that of native TAFC acetylated by the A. fumigatus acetyl-
transferase, SidG, confirming that it is suitable for generation of an
acetylated TAFC analog (Supplementary Fig. 1). The strategy for
generating the TAFC immunogen is summarised in Fig. 1. In detail,
ferrated FsC (FsC'™) was obtained from A. fumigatus iron-free culture
supernatants via Sep-Pak C;g concentration and RP-HPLC purified (5.8
mM FsC** in 50 mM sodium phosphate pH 7.2) [30]. FsC*Fe was
acetylated via sequential addition of SNA with RP-HPLC monitoring
until maximal DAFC levels were obtained. The acetylated FsC*F reac-
tion mixture was brought to 5.6 mM total siderophore for sulpho-SMCC
derivatisation, whereby 13.4 pmol sulpho-SMCC (268 pL; 50 mM in
DMSO) was added to 15.1 pmol of the acetylated FsC ™ T reaction (2.7
mL; 5.6 mM). The reaction was agitated gently at room temperature in
the dark for 1 h. Deblocked SATA-KLH [29] containing 166 nmol -SH
(2.8 mg mL™!; 2.3 mL in KLH conjugation buffer) was added to 15 pmol
of acetylated FsC*F-SMCC reaction (2.95 mL; 5.1 mM FsC*F® 4.4 mM
sulfo-SMCC). The reaction was incubated at room temperature in the
dark for 30 min followed by rotating at 4 °C overnight. After conjugation
the reaction mixture which should contain DAFC-KLH, was dialysed
against PBS, the siderophore content estimated at 440 nm and protein
content measured by Bradford. SATA-BSA was similarly modified with
DAFC to yield DAFC-BSA.

2.2. Generation of TAFC IgG antibody

The acetylated FsC-KLH immunogen (DAFC-KLH; 50 pg combined
soluble and insoluble) was mixed with adjuvant, Pam3Cys-SKKK (EMC
Micro collections, Germany) in a final volume of 100 pL and intraperi-
toneally administered to BALB/c mice (n = 3; 6-8 weeks old). Immu-
nisations were carried out at the Royal College of Surgeons (RCSI)
Biomedical Research Facility, Beaumont Hospital, Dublin 9, Ireland; all
immunisation protocols were licensed (Licence number: B100/3676) by
the Department of Health and Children, Ireland. Mice received three
additional boosters of the same composition over 3-week intervals. After
the third booster, tail bleeds were taken and sera isolated for polyclonal
antibody analysis [31]. Sera were screened for polyclonal antibodies
with specificity for TAFC, and also against unrelated metabolites or ions
including free iron and bis(methylthio)gliotoxin (BmGT) [32]. Tail
bleed serum was diluted 1 in 80,000 and analysed by competitive ELISA
(n = 2) with a DAFC-BSA coating concentration of 0.12 pg mL ™! in 50
mM sodium carbonate pH 9.6. After immunisations and tail bleed
analysis, a single mouse was selected for the development of anti-TAFC
IgG producing hybridoma cells. A fourth and final booster of the
DAFC-KLH immunogen (50 pg) was mixed with Pam3Cys-SKKK in a
final volume of 100 pL and intraperitoneally administered to BALB/c
mice 3 days prior to the fusion. Cell fusion of the immunised spleen
B-cells with SP/2/0-Ag myeloma cells was carried out using a modifi-
cation of the fusion protocol outlined in [33]. Fused cells were plated out
in 48-well plates containing HAT selection medium and 5% (v/v) Bri-
clone (NICB, DCU, Ireland) and incubated undisturbed for 10-12 days in
a humidified chamber at 37 °C/5% CO». Hybridoma culture supernatant
was screened by competitive ELISA (n = 1) with the same conditions as
for the antisera screening with and without competing TAFC (100 uM
only). Positively identified hybridomas from this screen were
sub-cultured and supernatant screened again by competitive ELISA (n =
1). Isotype of selected hybridomas was determined using the Isostrip™
Mouse Monoclonal Antibody Isotyping Kit (Roche). After process opti-
misation, anti-TAFC IgG was purified from the selected hybridoma cell
line (named 6C6) by Protein A affinity chromatography and subjected to
immunoaffinity analysis and purification using DAFC-sensitised para-
magnetic beads.
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Fig. 1. A. Strategy for the development of a
semi-synthetic TAFC immunogen. 1. KLH
was modified with SATA via NHS ester
linkage to amine groups, introducing pro-
tected thiol groups. 2. Thiol groups of SATA-
KLH were deprotected by hydroxylamine.
Excess SATA and hydroxylamine are
removed by gel filtration. 3. Acetylated FsC
was modified with sulpho-SMCC to intro-
duce a thiol-reactive maleimide group and
generate MAFC-(SMCC); and DAFC-
(SMCCQC);. 4. When combined, the thiol group
of SATA-KLH could form a stable thioether
bond with the maleimide group of MAFC-
SMCC or DAFC-SMCC. Excess unconjugated
siderophore and crosslinker were removed
by dialysis prior to murine immunisation. B.
Overview of the strategy used to isolate,
sequence and express the TAFC monoclonal
antibody produced by the unstable and
impure hybridoma population.
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2.3. Coating of paramagnetic beads with DAFC and immunoaffinity
purification of IgG

Acetylated FsC™F® was prepared similarly to that described for the
immunogen synthesis, however the FsC*™ was not RP-HPLC purified
and acetylation was carried out in 0.1 M NaHCOj3 pH 8.5, followed by
organic extraction with chloroform. N-hydroxysuccinimide-activated
paramagnetic beads (300 pL; Pierce™) were equilibrated to room tem-
perature and washed with ice-cold 1 mM HCI (1 mL). The acetylated FsC
+Fe (300 pL; 5.2 mM siderophore in 0.1 M NaHCO3) was added to beads
followed by incubation for 2 h while rotating at room temperature, with
periodic vortexing. Beads were washed extensively and stored following
manufacturer instructions. For immunoaffinity purification beads were
incubated with blocking solution (1% BSA in Tris Buffered Saline-Tween
(TBST)) for 15 min at room temperature. Protein A-purified anti-TAFC
IgG (4 mL at 0.3 mg mL~! in TBST) was added to beads followed by
incubation for 2 h at room temperature while rotating. After extensive
TBST washing, anti-TAFC IgG was eluted in 0.1 M glycine pH 2 followed
by neutralisation with 1 M Tris pH 9 and analysed by absorbance at 280
nm, ELISA and SDS-PAGE.

2.4. LC-MS/MS analysis of affinity and immunoaffinity-purified TAFC
IgG

To obtain the complete sequence of the anti-TAFC IgG (Fig. 1B),
initially a solely proteomic strategy was implemented whereby LC-MS/
MS was utilised in an attempt to derive the full sequence associated with
the immunoaffinity purified anti-TAFC IgG. Firstly, Protein A and
immunoaffinity-purified TAFC IgG were subjected to SDS-PAGE [29].
All observed heavy and light chain bands were excised in three pieces
each and digested with trypsin, Asp-N, or Glu-C [34]. An in-solution
digestion with trypsin, Asp-N, or Glu-C of immunoaffinity purified IgG
was also carried out in parallel. All peptides were analysed by Q-Exac-
tive LC-MS/MS [35,36]. Mass spectra from the analysis of antibody
heavy and light chains before and after immunoaffinity purification
(following in-gel digestion) were analysed using PEAKS Studio (version
8.0) following the ALPS pipeline developed for peptide identification
and protein sequence assembly using the associated assembler tool [37].
Briefly, raw files for the same band digested with three different en-
zymes were imported together and treated as a single sample. Generally,
an error tolerance of 10 ppm and 0.02 Da was permitted for the pre-
cursor and fragmentations, respectively. Modifications included: car-
bamidomethylation (fixed), oxidation of methionines (variable), and
deamidation of asparagine/glutamine (variable). At most, three modi-
fications were permitted per peptide. Local confidence scores of peptides
identified by de novo sequencing were accepted if above 50%. For
database searching, initially a database of murine antibody sequences
(from [37]) was used. Following isotyping, a modified database sup-
plemented with additional murine IgGg, k antibody sequences from the
online database, abYsis (www.abysis.org) was used [38]. Three lists of
peptides were generated for each sample corresponding to: (i) de novo
sequencing results, (ii) standard database search results paired with
remaining unmatched over de novo sequencing results, (iii) SPIDER
database search results paired with remaining unmatched over de novo
sequencing results. After exporting peptide lists, determination of the
full-length antibody sequence was attempted using all identified pep-
tides with the ALPS assembler tool. Peptides generated from the
assembler and peptides manually extracted from database matches were
collected, refined to reduce redundancy and remove contaminants. Pu-
tative sequences were derived by aligning the sequences with several
template antibody sequences. Alignments were visualised using Clustal
Omega or MUSCLE in R using bioconductor package, msa or online.

2.5. RNA isolation and RNAseq analysis of 6C6 hybridoma RNA

cDNA was obtained by use of TRIzol reagent (Thermo Fisher
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Scientific) to isolate hybridoma RNA, followed by cDNA synthesis using
cDNA synthesis kit (Thermo Fisher Scientific). Total 6C6 hybridoma
RNA was isolated using Trizol reagent according to the manufacturer’s
instructions. Following analysis using an Agilent 2100 Bioanalyzer, this
material consisted of high quality RNA and exhibited a RIN value = 8.4
and 28S/18S = 1.2, and was then subjected to [llumina sequencing using
an Illumina HiSeq™4000 (BGI, Hong Kong, China).

2.6. Bioinformatic pipeline for RNAseq interrogation and TAFC-specific
IgG production

Reads were first trimmed and low quality reads were removed using
Trimmomatic [39]. Overall sequencing quality was extremely high as
assessed using FASTQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/). Total reads were de novo assembled using Trinity
[40]. We used igfinder [41] to extract the Igh and Igl/Igk CDSs by
retaining contigs that contained 20-30 bp of unique sequences of the Igh
and Igl/Igk constant region and were of appropriate length (Igh > 1200
bp, Igl/Igk > 600 bp). Constituent IgG nucleotide sequences from
RNAseq analysis (n = 43) were translated into the three possible reading
frames (using the standard genetic code with http://www.bioinform
atics.org/sms2/translate.html) to generate a list of translated amino
acid sequences (n = 129) [42]. The resultant sequences were appended
to the previous database comprised of sequences of murine antibodies
from [37], additional antibody sequences (IgGs, and k antibody chains)
from abYsis (www.abysis.org) and common contaminants. Mass spectra
from the analysis of antibody heavy and light chains before and after
anti-TAFC IgG immunoaffinity purification (following both in-gel and
in-solution digestion) were searched against this database using Max-
Quant (v1.6.1.0). Samples were analysed according to the enzyme used
for protein digestion and spectra of the same protein digested with the
three enzymes were grouped together. Search parameters were as above.
After MaxQuant analysis, protein groups were exported and processed in
Perseus (v1.5.5.0) for data filtering. Once a sequence had been identi-
fied, the anti-TAFC recombinant antibody was produced by commercial
arrangement (Genscript) by transient infection of a HEK293 cell line,
secretion, purification and storage at —25 °C until required.

2.7. TAFC competitive ELISA

For analysis of murine antisera, hybridoma culture supernatant and
Protein-A or immunoaffinity purified hybridoma-produced IgG, com-
petitors (50 pL) were added to DAFC-BSA-coated (0.12 pg mL 1) ELISA
plate wells immediately before addition of antibody (50 pL). For
recombinantly produced anti-TAFC IgG, IgG (3 ng mL™!) was co-
incubated with TAFC standards (0-1 pM TAFC) for 30 min at room
temperature prior to addition (100 pL/well, in duplicate) to DAFC-BSA-
coated (0.12 pg mL™1) ELISA plate wells. After 60 min incubation at
37 °C, wells were washed with PBST (300 pL/well; 4x) followed by anti-
mouse IgG-HRP conjugate addition (100 pL/well) for 40-60 min at
37 °C. Wells were again washed with PBST followed by the addition of
Teramethylbenzidine substrate (100 pL; Moss Inc) for 10 min and Stop
solution (100 pL/well; 1 N sulphuric acid) and absorbance determined at
450/620 nm.

2.8. Single-pot DAFC-BSA preparation for lateral flow test

Sulpho-SMCC (28 pL; 6.4 mg 300 pL~! dimethylformamide (DMF))
was added to 150 pL FsC*™€ (1.1 mg 150 pL.~! PBS- 1 mM EDTA pH 7.8),
mixed by brief vortexing and incubated at room temperature (RT) for 1
h. SNA (10 pL; 1.4 mg 20 pL~! DMF) was then added to the FsC'F¢/
sulpho-SMCC reaction mixture and incubated at RT for a further 1 h.
Simultaneously with FsG*F¢ activation, 0.5 mL 0.5 M hydroxylamine
was added to 5 mL SATA-BSA (1 mg mL~! in PBS-1 mM EDTA pH 6.8)
[29], mixed gently and incubated at RT for 1 h to expose thiols. Then the
SNA/FsCF¢/sulpho-SMCC reaction mixture was added to the treated
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SATA-BSA, mixed to ensure homogeneity and incubated at RT for 2 h,
and then 4 °C overnight, with gentle shaking. After conjugation was
completed, 2 x 50 pL 100 mM N-ethylmaleimide, was added to the
conjugation mixture for 20 min to deactivate any residual free thiol
groups. The conjugate was then dialysed versus PBS- 1 mM EDTA, 2 x 50
vol, 3 h each, stirring 4 °C and stored at —20 °C.

2.9. DAFC-BSA conjugation to AuNP and lateral flow test development

DAFC-BSA (10 mL; 20 pg mL™1) was prepared in 2 mM sodium
borate pH 8.0 and added to 10 ml AuNP (20 nm diameter) mixed
rapidly, followed by incubation at RT for 30 min with rotating. BSA
(10%(w/v); 1 mL in 25 mM sodium borate pH 8.0) was then added to
stabilize the conjugate, and incubated for 30 min with rotating followed
by centrifugation at 3600 g for 30 min. The pellet was collected and
resuspended in 1 mL 1%(w/v) BSA in 25 mM sodium borate pH 8.0, and
the As2onm determined. This reagent was termed DAFC-AuNP conjugate.
40 pL 1%(w/v) NaN3 was added to the resuspended pellet and the su-
pernatant and mixed gently. TAFC-specific IgG (300 pg mL~! in PBS)
was sprayed onto test membranes (Millipore Hi-Flow plus 180 mem-
brane cards 60 mm x 301 mm) using an Isoflow™ Dispenser at a rate of
0.10 pL mm~!. Membranes were air dried for 30 min, sample and
wicking pads applied, and then cut into 4.20 mm width strips using a
Kinematic Automation Matrix 2360 cutter. Buffer (0.05%(v/v) Tween-
20 in PBS), DAFC-AuNP conjugate (10-100 pL) and TAFC at various
concentrations were added to a final volume of 200 pL in microwells, to
which test strips were then placed and test strips allowed to develop for
30 min.

3. Results
3.1. Conjugation of acetylated FsC © T&-SMCC to SATA-KLH

Activation of acetylated FsC*F® with sulpho-SMCC was demonstrated
whereby generation of mono(M)AFC-(SMCC); and DAFC-(SMCC); were

confirmed by LC-MS/MS and RP-HPLC analysis (Fig. 2A-D and Sup-
plementary Fig. 2). FsC™'® was RP-HPLC purified and acetylated via
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sequential addition of SNA. This was analysed by RP-HPLC to estimate
relative levels of FsC, MAFC, DAFC, and TAFC (Supplementary Fig. 2).
Subsequently, the acetylated FsC was derivatised by the addition of
sulpho-SMCC equimolar to the relative moles of FsC, MAFC, and DAFC.
An aliquot of the reaction was quenched and analysed by RP-HPLC,
which indicated that 14% and 10% of the total siderophore was con-
verted to MAFC-(SMCC); and DAFC-(SMCC);, respectively (Supple-
mentary Fig. 2). The acetylated FsC-SMCC reaction mixture was
immediately added to demasked SATA-KLH with at least 10X molar
excess of MAFC-(SMCC); and DAFC-(SMCC); to total thiol groups. For
comparative analytical purposes, a small scale of the sample and a
negative control (using acetylated FsC*F¢ without sulpho-SMCC modi-
fication) were conducted in parallel. Following the conjugation reaction,
the small-scale sample and negative control were purified by PD10
separation and the OD449 of each protein-containing fraction was
measured to determine the OD44 mg™' protein. Protein-containing
fractions from the small-scale sample showed an average OD44 of
0.22 mg ! protein while the negative control showed an OD449 of 0.09
mg~! protein (Supplementary Fig. 2). This indicated successful conju-
gation, whereby without sulpho-SMCC in the reaction, free unconju-
gated siderophore was removed following size exclusion separation. The
ODy440 and Bradford assay were used to determine the siderophore and
protein content to be 181 pM and 1.4 mg mL ! respectively, confirming
conjugation of 129 nmol siderophore mg ™! KLH.

3.2. Anti-TAFC specific polyclonal antibodies are present in mouse sera

ELISA analysis indicated the presence of competitive anti-TAFC an-
tibodies in DAFC-KLH-immunised murine serum with no competition for
free iron or BmGT at the same concentration (Fig. 3A). This indicates
that the polyclonal antibodies were specific for TAFC. A pre-
immunisation serum taken from one of three mice prior to DAFC-KLH
immunisation was also diluted 1 in 100,000, analysed by ELISA and
showed no binding to DAFC-BSA ELISA plates (Fig. 3A).

Fig. 2. LC-MS/MS identification of MAFC-(SMCC);. A. Peak associated with MAFC-(SMCC); (peak 5. in Supplementary Fig. 2) was analysed by LC-MS/MS. MS
(extracted ion chromatogram for m/z 518-524) spectrum shows the detection of MAFC-(SMCC); as a doubly charged ion (M: 1040.4, [M+2H]?*": observed m/z
521.1; expected m/z 521.2). MS2 spectrum shows the fragmentation of precursor ion. B. Increments of approx. +0.5 in observed m/z are indicative of C;3 isotope
incorporation in a doubly charged ion. C. LC-MS/MS identification of DAFC-(SMCC);. Peak associated with DAFC-(SMCC); (peak 6. in Supplementary Fig. 2) was
analysed by LC-MS/MS. MS (extracted ion chromatogram for m/z 1081-1085) spectrum shows the detection of DAFC-(SMCC); as a singly charged ion (M: 1082.4,
[M+H]": observed m/z 1083.4; expected m/z 1083.4). MS2 spectrum shows the fragmentation of precursor ion. D. Increments of approximately +1.0 in observed m/

z are indicative of Cy3 isotope incorporation in a singly charged ion.
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Fig. 3. A. Competitive ELISA analysis to establish specificity of anti-TAFC polyclonal antibodies. Tail bleeds from the selected mouse were analysed by competitive
ELISA with competitors; TAFC, iron, and BmGT. Only addition of competing TAFC resulted in a decreased OD (450/620 nm) with increasing competitor concen-
tration. Pre-immunisation serum was also analysed and showed no affinity for DAFC-BSA coated ELISA plates. B. Indirect competitive ELISA screening of candidate
hybridomas; 1D1, 3B6, 3C7, and 6C6. Hybridoma supernatant was screened by competitive TAFC ELISA, by addition to ELISA plates wells with and without 100 pM
TAFC. Cells which produced IgG with affinity for plate coated DAFC-BSA that showed inhibition upon the addition of competing TAFC were regarded as positive and
moved to 6 well plates. All hybridoma supernatants showed some degree of competition for free TAFC.

3.3. Generation of hybridoma cells producing anti-TAFC antibodies and development. Hybridoma supernatant containing putative IgG with af-
screening of hybridoma cells following fusion finity for microwell-immobilised DAFC-BSA, that showed reduced
binding upon addition of competing ferrated TAFC (TAFC'T®), were
Following the fusion of the splenocytes from the selected mouse with regarded as positive. In total, hybridoma supernatants from 74 wells
SP/2/0-Ag 14 myeloma cells, a 66.2% fusion efficiency was observed were screened this way and 26 of these were transferred to 6 well plates
with 247 out of 342 wells on 48 well plates showing hybridoma for further sub-culturing, screening and cryopreservation. Fig. 3B shows
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Fig. 4. A. Optimisation of IgG concentration (ug mL™') for ELISA analysis. IgG was titred (0.16-10 pg mL~') and added to DAFC-BSA coated ELISA plates to
determine the optimal concentration of IgG to use for further ELISA analysis. An IgG concentration of 2.5 pg mL ™" was selected for further ELISA analysis. B.
Competitive ELISA analysis of anti-TAFC IgG indicates high specificity for TAFC. Purified IgG was analysed by competitive ELISA with a titre (1.56-100 pM) of
several competitors; ferri-triacetylfusarinine C (TAFC), ferri-fusarinine C (FsC), bis(methylthio)gliotoxin (BmGT), ferrichrome (FRC), and ferri-ornibactin (ORN) on
acetylated FsC-BSA coated ELISA plates. IgG shows competition with TAFC (mean OD4s0,620 0.99 at 0 pM TAFC and 0.09 at 100 pM TAFC), but not other metabolites.
C. Competitive TAFC ELISA analysis of purified anti-TAFC IgG. IgG purified from 6C6 culture supernatant was analysed by competitive TAFC ELISA using TAFC and
ferrated wild-type supernatant (SN+). IgG showed decreasing OD (450/620 nm) with increasing competing TAFC concentration from (i) TAFC (mean ODy4s¢,620 0.84
at O pM TAFC and 0.06 at 6.25 uM TAFC) and (ii) SN+ (mean OD4s0,620 0.86 at 0 pM TAFC and 0.08 at 6.25 pM TAFC). D. SDS-PAGE analysis of anti-TAFC IgG before
and after immunoaffinity purification loaded with: M: Molecular mass marker. 1: Protein A-purified IgG. 2: Molecular mass marker. 3. Anti-TAFC immunoaffinity
purified IgG. Numbers indicated position of 1. Heavy chain before immunoaffinity purification, 2. Light chain before immunoaffinity purification, 3. Heavy chain
after immunoaffinity purification, 4. Light chain A (LCA) after immunoaffinity purification and 5. Light chain B (LCB) after immunoaffinity purification. These
numbers correspond to identifiers used in MaxQuant analysis in Supplementary Table 6. The higher light chain band present after immunoaffinity purification (light
chain A) was not visible after scanning. E. Isostrip™ analysis of immunoaffinity-purified TAFC IgG indicated it produced an IgG,, heavy chain and kappa light chain.
F. Comparative competitive TAFC ELISA analysis of Protein A purified (2.5 pg mL™!) and immunoaffinity purified (1 pg mL™') anti-TAFC IgG. Despite a lower
concentration, the eluted antibody showed a significantly higher OD (p < 0.0005; unpaired t-test) than the Protein A-purified IgG. Flow-through from the immu-
noaffinity pull-down (F/T) showed no anti-TAFC activity confirming successful removal of anti-TAFC IgG.
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the OD (450/620 nm) readings obtained from this screen for hybridomas
that were ultimately selected and carried forward; named 1D1, 3B6,
3C7, and 6C6.

3.4. 6C6 hybridoma cell line produced anti-TAFC IgG

Protein A-purified IgG (n = 2) from hybridoma 6C6 (Supplementary
Figs. 3A and B) was analysed to determine the optimal concentration of
IgG for ELISA analysis whereby IgG (0.16-10 pg mL™') was added to
ELISA plates coated with DAFC-BSA (0.12 pg mL™) (Fig. 4A) and
revealed a concentration of 2.5 pug mL™! for all further hybridoma-
derived IgG ELISA analysis. To establish the extent of its specificity for
TAFC, the IgG was screened by competitive TAFC ELISA using TAFC
along with several other competitors (FsC, BmGT, ferrichrome, and
ferri-ornibactin). The anti-TAFC IgG exhibited high specificity for
TAFC*Fe, showing competition, but not the other metabolites (Fig. 4B).
Following assessment of the specificity of anti-TAFC IgG (Fig. 4B), it was
apparent that the antibody was capable of detecting competitor TAFCF®
concentrations lower than that previously tested. To assess this, a
revised competitive TAFC ELISA was carried out with competing
TAFC*F® titred from 0.1 to 6.25 pM instead. This revised competitive
TAFC ELISA analysis indicated the antibody was capable of detecting
concentrations of TAFC*™ as low as 0.1 uM (Fig. 4C). The IgG was also
screened against A. fumigatus wild-type culture supernatant obtained
following iron-free growth (which should contain TAFC), as a compet-
itor. The fungal supernatant was ferrated in excess, quantified and added
to the ELISA as a competitor alongside purified TAFC'F®, Anti-TAFC IgG
showed similar competition for TAFC*™® and ferrated wild-type super-
natant at equivalent concentrations (Fig. 4C). However, as a limited
supply of Protein A-purified anti-TAFC IgG from 6C6 culture (Fig. 4D)
remained (slightly in excess of approximately 1200 pug), a strategy was
proposed for the identification and expression of the anti-TAFC IgG
(Fig. 1B).

3.5. Immunoaffinity purification of TAFC IgG

Protein A-purified anti-TAFC IgG was immunoaffinity purified using
acetylated FsC-activated magnetic beads. Though 1200 pg of total pu-
tative TAFC-specific IgG was applied to the beads, and no TAFC-specific
IgG appeared in the flow-through or wash, only 18 pug of TAFC-specific
IgG (1.5% of total IgG applied) was eluted from the beads (Supple-
mentary Figs. 4A and B; Supplementary Tables 1 and 2). Even consid-
ering incomplete elution of IgG from the beads, this amount was
surprisingly low and suggests that the putative 6C6 hybridoma had been
either (i) impure (i.e., contained multiple hybridomas) or (ii) a single or
small number of hybridomas were secreting antibodies with multiple
specificities, only one of which was TAFC-specific. In support of this,
repeat antibody isotype analysis revealed the immunoaffinity-purified
anti-TAFC IgG to actually be an IgGy, (Fig. 4E), in contrast to initial
analysis of the putative 6C6 hybridoma culture supernatant, which had
indicted an IgGs isotype and supports the hypothesis that the anti-TAFC
IgG comprised a sub-set of the total IgG produced by putative 6C6 hy-
bridoma. Protein A-purified IgG (total IgG) (2.5 pg mL™b),
immunoaffinity-purified anti-TAFC IgG (1 pg mL™1), and immu-
noaffinity beads flow-through (diluted to an equivalent of 2.5 pg mL™?
based on input) were analysed by competitive TAFC*F ELISA (Fig. 4F).
The flow-through from immunoaffinity purification contained no anti-
TAFC IgG activity indicating complete binding of all anti-TAFC IgG to
the beads. The elution, though at a lower concentration than Protein A-
purified IgG, resulted in a significantly higher OD than the Protein A
purified IgG (p < 0.0005; unpaired t-test) in ELISA analysis. When
converted to OD (450/620 nm) pg~ ' protein input, Protein A-purified
IgG had an absorbance of 0.23 OD pg ™! and immunoaffinity-purified IgG
had an absorbance of 3.6 OD pg~!, indicating a 15.6x functional
enrichment. Protein A and immunoaffinity purified IgG were then
analysed by SDS-PAGE (Fig. 4D). Two single bands corresponding to the
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heavy and light chains were observed for Protein A-purified IgG, while
three bands corresponding to the heavy chain and two distinct light
chains (light chains A and B; LCA and LCB) were observed for
immunoaffinity-purified IgG. The bands associated with each were
excised in three pieces and digested with trypsin, Asp-N, or Glu-C.
Resultant peptides were analysed by LC-MS/MS with the aim of deter-
mining sufficient sequence information to allow recombinant antibody
expression (Supplementary Tables 3-5).

3.6. LC-MS/MS analysis of affinity and immunoaffinity-purified TAFC
IgG

Peptides associated with the heavy (n = 1) and light chain (n = 2)
bands from SDS-PAGE LC-MS/MS analysis of immunoaffinity-purified
anti-TAFC IgG were exported from PEAKS and assembled manually
and using the ALPS assembler tool from [37]. For the heavy chain
analysis, any peptides matching conserved IgG3 domains were removed
as they likely represented contaminating IgGs carried over from the
Protein A-purified IgG during immunoaffinity purification. In several
instances, two peptides were identified aligning to the same regions of
the protein. Specifically, peptide conflicts were identified at predicted
residue sites 4-23, 63-65, and 89-90. Using the different combinations
this resulted in a total of 8 partial putative anti-TAFC IgG heavy chain
sequences termed HC1.1-1.4 and HC2.1-2.4, these were grouped in
naming HC1 or HC2 according to two conflicting sequences at the
N-terminus (Supplementary Figs. 5A and 6A). As with the heavy chain,
there were several instances where two peptides were identified aligning
to the same regions of the protein for each of the two light chains.
Specifically, at predicted residue sites 46-94 and 105-123 for light chain
A, and residues 20-40 for light chain B. This resulted in a total of 4
possible anti-TAFC light chain sequences for light chain A and 2 possible
sequences for light chain B (Supplementary Figs. 5B and 6B). Due to the
conflicting peptide identifications, it was not possible to unequivocally
determine the sequence of the full-length anti-TAFC antibody. However,
it was possible to determine the sequences likely associated with the
heavy and light chain N- and C-terminal regions based on the relative
enrichment of peptides in the immunoaffinity-purified IgG. These in
turn, were used to design degenerate primers to amplify the anti-TAFC
IgG from 6C6 hybridoma cDNA (Supplementary Tables 4 and 5). How-
ever, it was not possible to unambiguously identify the k light chain
Vi-CH;, by LC-MS/MS or targeted 6C6 hybridoma c¢DNA, and hence
RNAseq of putative 6C6 hybridoma RNA was attempted.

3.7. RNA isolation and RNAseq analysis of 6C6 hybridoma RNA

Total RNA (192 pg; 55 pL @ 3.5 pg L) was isolated from the 6C6
hybridoma of which 47.95 pg was used for RNAseq analysis and yielded
a total of 48,372,378 reads with an average read length of 100 bp and
Q20(%) = 98.45% and % GC = 48.87%. Upon raw data receipt from
BGI, 24 million paired-end reads were de novo assembled using Trinity
v2.5.1 to yield a total 179,764 murine hybridoma-derived gene tran-
scripts. We located Igh transcripts by determining if contigs contained
20-30-bp unique sequences of the Igh mouse constant region, these
unique sequences have been used previously [41] to determine
individual gene types (Ighgl:GGCCCCTGGATCTGCTGCCCAAA,
Ighg2a:GTGTGTGGAGATACAACTGGCT, Ighg2b: CCAAAACAACACCCC
CATCAG, Ighg2c:CCAAAACAACAGCCCCATCG, Ighg3:CTACAACAA-
CAGCCCCATCTG). Similarly, Igl/Igk transcripts were located using the
unique sequences of the mouse Igl/Igk constant regions (Igll:
GCCAGCCCAAGTCTTCGCCAT, Igl2: GTCAGCCCAAGTC CACTCC-
CACTC, 1Igl3: GTCAGCCCAAGTCCACTCCCACAC, Igl4: GCCAA
CCCAAGGCTACACCCTCAG, Igk: GGGCTGATGCTGCACCAACTG). Ulti-
mately, using the igfinder python script (http://tx.bioreg.kyushu-u.ac.
jp/igfinder/) with a cutoff of 20-30 base pairs of unique sequences of
the constant region and a length cutoff of >1200 and > 600 base pairs
for heavy and light chains respectively, 43 nucleotide sequences of IgG
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chains were identified.

3.8. Interrogation of antibody sequences from RNAseq analysis with mass
spectra of anti-TAFC IgG before and after immunoaffinity purification

To determine the anti-TAFC IgG sequence, a proteo-transcriptomic
strategy was implemented whereby RNAseq analysis of 6C6 hybrid-
oma RNA was used in combination with LC-MS/MS analysis of the anti-
TAFC IgG before and after immunoaffinity purification. Sequences from
the RNAseq analysis (n = 43) were translated into the three possible
reading frames and resultant peptide sequences were appended to the
database for LC-MS/MS analysis. Mass spectra from the analysis of
antibody heavy and light chains before and after anti-TAFC IgG immu-
noaffinity purification following in-gel (Fig. 4D) and in-solution diges-
tion were then searched against this database using MaxQuant. Four of
the identified protein groups contained leading proteins with RNAseq-
derived sequences (Supplementary Table 6). Two of these included
RNAseq derived heavy chain sequences; DN39396|c1|g13|i3195 was
the only RNAseq-derived heavy chain protein exclusively detected after
immunoaffinity purification (Supplementary Table 6). It was detected in
peptides from band 3 that represented the heavy chain after immu-
noaffinity purification (Fig. 4D) as well as an in-solution digest of the
entire anti-TAFC IgG after immunoaffinity purification (termed sample
ID 6, relative to samples 1 to 5 in Fig. 4D). Two identified protein groups
included RNAseq-derived light chain sequences. DN38318|c2|g2|i6177
was the only RNAseq derived light chain protein detected after immu-
noaffinity purification (Supplementary Table 6). Interestingly, it was
also detected in the light chain band (Fig. 4D, band 2) before immu-
noaffinity purification and the heavy chain band after immunoaffinity
purification (Fig. 4D, band 3). However, it was represented with the
highest intensity and protein coverage in the light chain B band after
immunoaffinity purification (Fig. 4D, band 5). Hence, the RNAseq-
derived sequences DN39396|c1|g13|i3195 and DN38318|c2|g2|i6177
(Supplementary Figs. 6 and 7) were determined to correspond to the
anti-TAFC IgG heavy and light chains respectively. The proposed se-
quences for the anti-TAFC IgG heavy and light chains are listed in
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Supplementary Table 7 along with their cognate DNA sequences from
the RNAseq analysis. Both sequences were selected according to stop
codons, but include additional N-termini sequences that were not pre-
dicted by MS and likely represents the signal peptides.

3.9. Final TAFC IgG heavy and light chain identification and CDR
assignment

TAFC IgG heavy chain: Vy-CH; was assembled from protein LC-MS/
MS, cDNA sequence and RNAseq analysis, allied to manual inspection of
the data. Protein LC-MS/MS analysis provided sequence data for heavy
chain CHy-CHj3 assembly, allied to gap filling using RNAseq data (Sup-
plementary Fig. 7B) and publicly available murine IgGs, sequences.
Although a signal peptide was identified for the heavy chain in the
RNAseq analysis, a synthetic sequence was used for protein expression
(Fig. 5A). Heavy chain CDR regions are shown in Fig. 5B. TAFC IgG light
chain: V;-C;, was assembled from protein LC-MS/MS and RNAseq anal-
ysis, allied to manual inspection of the data. Protein LC-MS/MS analysis
of LCB provided sequence data for light chain C;, assembly, allied to gap
filling using RNAseq data. Although a signal peptide was also identified
for the light chain, an identical synthetic sequence to that deployed for
heavy chain was deployed for protein expression (Fig. 5A). Light chain
CDR regions are shown in Fig. 5B.

3.10. Recombinant antibody expression and specificity determination

Codon-optimised recombinant DNA for the full length heavy and
light chain sequences shown in Fig. 5A was synthesised, cloned and
transiently transfected into HEK293 for recombinant antibody expres-
sion by commercial arrangement. Recombinant antibody was success-
fully secreted, purified by Protein A affinity chromatography, and 5 mg
IgG (0.3 mg mL’l; 17 mL) was obtained and stored at —70 °C (Fig. 5C).
Moreover, the single pot strategy for DAFC-BSA preparation proved
successful as judged with recombinant TAFC immunoreactivity with
resultant DAFC-BSA conjugates (Fig. 5D and E). Recombinant antibody
was subsequently diluted to 1-2 ng mL ! in 0.1% (w/v) BSA in TBST and
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Fig. 5. A. Final TAFC IgG heavy and light chains sequences used for recombinant antibody expression [58-60]. B. Assignment of CDR regions in both HC and LC
according to rules set out in http://www.bioinf.org.uk/abs/(Accessed 15 July 2018). CDR1: Yellow; CDR 2: Green and CDR3: Red in respective antibody chains. C.
SDS-PAGE analysis of Recombinant IgG[anti-TAFC]; D. SDS-PAGE analysis of carrier protein (BSA), activated BSA (BSA*) and 3 batches of putative conjugate
vaccines (CV1-3; 0.5 pg track ™ 1); E. Western blot analysis of carrier protein and conjugates, probed using recombinant IgG [TAFC] (@ 3 ng mL '), confirming TAFC
conjugate vaccine synthesis. F. TAFC Competitive ELISA using recombinant TAFC IgG. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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screened for TAFC recognition by competitive ELISA (DAFC-BSA 0.12
pg mL~! coating concentration) (Fig. 5F). The limit of detection was 15
nM TAFC*™. A competitive LFT format was also developed using
immobilised recombinant anti-TAFC IgG and DAFC-BSA sensitised
AuNP, as schematically shown in Fig. 6A. Here, free TAFCF® competed
with DAFC-BSA-AuNP for binding to immobilised anti-TAFC IgG during
immunochromatography whereby increased amount of TAFG ™ resul-
ted in weaker line intensity. As shown in Fig. 6B, visible line formation,
between DAFC-BSA-AuNP and immobilised anti-TAFC IgG, occurs in the
absence of TAFC'F® but is inhibited by greater than 3 ng TAFC*™. This
confirms detection of 3 ng TAFC ' in this novel immunoassay format.
Moreover, an alternative format involving membrane- and AuNP-
immobilised DAFC-BSA, respectively, plus solution-phase anti-TAFC
IgG, was also developed. Surprisingly, free TAFC' also inhibited line
formation in this system, which infers a binding stoichiometry of 2 mol
TAFC*™ anti-TAFC IgG ! (Fig. 6C).

4. Discussion

Current in vitro diagnostic methods utilised for IPA suffer from
shortcomings such as the possible detection of other mycoses. In
contrast, detecting specific siderophores can provide precise informa-
tion on infecting species. For example, TAFC is only produced by
Aspergillus, Fusarium, and Nectria species [19]. Although TAFC detection
has been proposed as a urinary biomarker for the diagnosis of IPA, no
facile method is available for analyte detection. Here we demonstrate,
for the first time, that acetylated FsC*F€ can be conjugated to KLH using
SMCC/SATA chemistry. The resultant siderophore-protein conjugate
was immunogenic in mice and facilitated generation of a TAFC-specific
antibody. Due to hybridoma instability and impurity issues, it proved
essential to ultimately sequence the TAFC-specific mAb heavy and light
chains using a combined proteo-transcriptomic approach. It is widely
acknowledged that mAbs produced in cultured hybridoma cell lines can
be unstable. Sequencing of mAb variable regions is hence critical in
preserving mAb characteristics and overcoming challenges such as IgG
rearrangements and impacts of hybridoma cell loss and hybridoma
instability caused by mutations, chromosome deletions, or environ-
mental factors [33,43]. Sequencing of the anti-TAFC IgG enabled CDR
identification and subsequent recombinant expression of the
TAFC-specific IgGy, mAb (5 mg) in HEK293 cells. The resultant
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recombinant antibody was then used to develop a TAFC-specific ELISA
(detection limit: 6 ng mL_l) and a LFT for TAFC detection. Moreover,
the antibody was also used to confirm that a single-tube reaction
allowed FsC*™ acetylation, activation via SMCC and conjugation to
SATA-modified BSA (n = 3) in a facile manner which infers the potential
of a conjugate vaccine to attenuate TAFC-mediated iron uptake by
A. fumigatus in infected individuals.

TAFC*F possesses limited functional groups for standard crosslinker
modification, so an analog strategy was used to develop the TAFC
immunogen. Conjugation of the siderophore analog, acetylated FsC*Fe,
to the carrier protein, KLH, was mediated by heterobifunctional cross-
linkers, sulpho-SMCC and SATA, respectively [29,30]. Thus, by acety-
lating two amine groups on FsC*Fe using SNA, to generate DAFC, the
third amine group remained available for further NHS ester modifica-
tion, whereby acetylated FsC*™ was conjugated to the carrier protein,
KLH. Importantly, TAFC generated by SNA acetylation shared an
LC-MS/MS retention time and fragmentation pattern with that of native
TAFC acetylated by the A. fumigatus acetyltransferase, SidG. Further-
more, uptake of fluorescently labelled DAFC by A. fumigatus has recently
been demonstrated [44]. FsC*F® acetylated with limiting SNA actually
generated a heterogeneous mixture of FsC, MAFC, DAFC, and TAFC
(collectively termed acetylated FsC*®). It was decided to not RP-HPLC
purify any acetylated form of FsC'F® from this reaction mixture and to
generate a heterogeneous immunogen predominantly containing
MAFC-KLH and DAFC-KLH. Following hybridoma development,
TAFC* e specific antibody was ultimately selected by competitive ELISA
in the presence of TAFC'T® only.

A strategy for TAFC conjugation to proteins was suggested, although
it was not reduced to practice [45]. We previously attempted TAFC
conjugation to carrier proteins, via a photochemical approach, and
although indicative seroreactivity was subsequently observed to
protein-conjugated TAFC, it proved impossible to unambiguously
confirm reactivity towards free TAFC. Carroll et al. undertook base hy-
drolysis of coprogen to produce dimerum acid and N-acetyl fusarinine
followed by conjugation to BSA for use as antigens for mAb production
[46]. Although seroreactivity was observed against hydrolysed cop-
rogen and TAFC in bleeds from immunised animals, no production of a
TAFC-specific mAb was evident. Overall, this underlines the extreme
technical difficulty associated with TAFC conjugation to proteins. The
strategy presented herein which involved production of an activated
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TAFC-specific 1gG: 6 pg/test strip.

Fig. 6. A. Schematic assay format for TAFC detection by lateral flow test (LFT) technology. Prior to assay, TAFC-specific IgG was sprayed on nitrocellulose
membranes and DAFC-BSA was conjugated to gold nanoparticles (DAFC-BSA-AuNP). In the absence of free TAFC™, the DAFC-BSA-AuNP conjugate is immobilised
on the membrane generating a visible line. In the presence of TAFC*F¢, DAFC-BSA-AuNP immobilisation is inhibited as the amount of free TAFC*F® increases. At high
TAFC '€ no line is visible. B. Free TAFC*F® (3 ng) begins to inhibit signal generation in the LFT which is completely inhibited at 300 ng. C. An alternative LFT format
comprising membrane immobilised DAFC-BSA and AuNP-conjugated DAFC-BSA, along with free TAFC-specific IgG. Free TAFC ¥ prevents line formation indicating
binding stoichiometry of 2 mol TAFC™ mol IgG~. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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TAFC-analog, DAFC, followed by conjugation to a carrier protein
resulted in immunogen synthesis, as confirmed siderophore presence
(A440nm) in immunogen preparations following dialysis. This ‘TAFC
analog strategy’ which then enabled TAFC-specific antibody generation,
overcame the difficulties associated with all previous attempts at
generating TAFC-specific antisera. Moreover, the antibodies raised in
mice recognised DAFC-conjugated to an unrelated protein (i.e., BSA)
and free TAFC™™® specifically inhibited antibody binding to
protein-conjugated DAFC. Related and unrelated A. fumigatus and bac-
terial siderophores/metabolites (i.e., FsC, ornibactin, BmGT or ferri-
chrome) did not inhibit binding indicating the antibody was capable of
recognising TAFC ¥ with a high degree of specificity. It was therefore
unfortunate that although stable hybridoma generation initially
appeared successful, that for unknown reasons instability occurred
resulting in a limited availability of putative TAFC-specific mAb.

The preparation of DAFC-conjugated paramagnetic beads facilitated
immunoaffinity purification of TAFC-specific mAb (18 pg) and LC-MS/
MS, allied to Isostrip™ analysis, confirmed that this was an IgGa,.
This contrasted with analysis of the antibody prior to immunoaffinity
purification, which indicated an IgGs isotype, and suggested the hy-
bridoma population contained single or multiple hybridomas secreting
different antibodies. The issue of lack of monoclonality is widespread
and it has been estimated that upwards of 30% of ‘monoclonal” antibody
preparations are impure with expression of multiple functional heavy
and light chains [47]. It has also been reported that some SP2/0 cell
lines used for cell fusion secrete non-specific Igs which can potentially
represent contaminating transcripts when determining VR heavy and
light chains [48]. Though it proved possible to assemble the majority of
the heavy chain sequence from gel LC-MS/MS analysis of immu-
noaffinity purified anti-TAFC IgG following the ALPS pipeline [37],
determination of CDR regions in the heavy and light chains proved
impossible. This was ultimately resolved by complementary cDNA
sequence analysis and RNAseq of total hybridoma RNA which allowed
assembly of putative TAFC IgG-specific heavy and light chain sequences
by combinatorial, iterative and manual inspection of all data sources.
High throughput sequencing platforms have been used previously to
successfully sequence antibody variable domains [41,49,50]. Although
the native signal sequences for the heavy and light chains were identi-
fied (Supplementary Table 7), it was decided to use a signal sequence
proposed by the commercial provider to facilitate IgG secretion in
mammalian cell culture system.

After sequence determination the full-length anti-TAFC IgG was
recombinantly expressed in HEK293 cells. The recombinant antibody
was first used to confirm the single pot approach for DAFC-BSA syn-
thesis, the significance of which is that DAFC-protein immunogens can
be readily synthesised for both immunoassay, and future immunogen
use for animal or human vaccination studies. For instance, substitution
of BSA with Cross-Reacting Material 197 (CRM197) [51], the latter an
established vaccine carrier protein, could facilitate siderophore-protein
conjugate synthesis for the development of human anti-Aspergillus
vaccines [52,53]. Competitive ELISA analysis indicated the recombi-
nant anti-TAFC antibody was highly sensitive and could detect TAFC*F®
at as low as 15 nM (Fig. 5F). LFT analysis indicated a sensitivity of
detection of 3 ng TAFC'F® (Fig. 6A and B). Early stage sample analysis of
the levels of TAFC in the sera of patients with suspected or proba-
ble/proven Aspergillosis detected mean values of 11.6 ng mL ™! (13 nM)
and 9.7 ng mL™! (11 nM), respectively [25]. Further, analysis of TAFC
levels in urine from a rat model of Aspergillosis indicated a mean value
of 370 ng mL~! (408.5 nM) [26]. The recombinant anti-TAFC IgG is
therefore within the range of clinically relevant levels for the detection
of Aspergillosis. Hence, this antibody has the functional utility for
implementation in an in vitro diagnostic assay. The competitive TAFCF®
—specific LFT has significant potential as a facile method for urinary
siderophore detection, and subject to further development, for deploy-
ment as a useful point-of-care (POC) diagnostic for IPA. Indeed, the
availability of POC assays has been highlighted as complementary
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technologies such as LFTs and image analysers are merged to improve
infectious disease diagnosis and patient care [54]. To our knowledge,
there is no description of a lateral flow test with equivalent sensitivity
for siderophore detection in the literature, even though alternative
technologies such as Raman spectroscopy have been explored for rapid
siderophore detection [55]. Undoubtedly, given the development of
immunoassays to detect Mycobacterial macrolide cytotoxins and side-
rophores like mycolactones and carboxybactin, respectively [56,57] we
are undoubtedly entering a new era of small molecule detection to
enable reliable diagnosis of refractory infectious diseases. As previously
discussed, chelation of TAFC to gallium (®®Ga) as opposed to iron gen-
erates an effective tool for positron-emission tomography (PET)-based
imaging. The TAFC* .specific mAb presented herein may also find
application in the detection and quantification of 68Ga-TAFC for regu-
latory and research purposes.

5. Conclusions

In conclusion, we have generated a recombinant TAFC-specific mAb,
developed facile conjugate immunogen strategies and formulated two
TAFC-specific detection systems (ELISA and LFT). In combination, these
advances readily enable the development of TAFC-detection systems for
clinical use, and potentially the immunotherapeutic use of TAFC im-
munogens to prevent or ameliorate IPA.
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