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Abstract

The resistance and the birth of new intrinsic and multidrug-resistant pathogenic species like
C. aurisis creating great concern in the antifungal world. Given the limited drug arsenal and
the lack of effectiveness of the available compounds, there is an urgent need for innovative
approaches. The murine mAb 2G8 was humanized and engineered in silico to develop a sin-
gle-chain fragment variable (hscFv) antibody against p-1,3-glucans which was then
expressed in E. coli. Among the recombinant proteins developed, a soluble candidate with
high stability and affinity was obtained. This selected protein is VL-linker-VH oriented, and it
is characterized by the presence of two ubiquitin monomers at the N-terminus and a His tag
at the C-terminus. This construct, Ub,-hscFv-His, guaranteed stability, solubility, efficient
purification and satisfactory recovery of the recombinant product. HscFv can bind 3-1,3-glu-
cans both as coated antigens and on C. auris and C. albicans cells similarly to its murine
parental and showed long stability and retention of binding ability when stored at 4°, -20° and
-80° C. Furthermore, it was efficient in enhancing the antifungal activity of drugs caspofungin
and amphotericin B against C. auris. The use of biological drugs as antifungals is limited;
here we present a promising hscFv which has the potential to be useful in combination with
currently available antifungal drugs.

Introduction

The use of monoclonal antibodies as therapeutics has met a rapid evolution mainly due to
their computational identification and/or design combined with efficient and rapid screening
methods [1]. In 1986 the FDA approved the first monoclonal antibody, Muromonab-CD3, a
murine antibody anti-CD3 used for the prevention of transplant rejection [2]. Its murine
nature turned out to be a great obstacle as it stimulated the immune system giving severe
immunogenicity reactions [3]. From that moment humanization processes began, and a few
years later Natalizumab, a humanized monoclonal antibody anti-a4B1 integrin for the treat-
ment of multiple sclerosis, reached the market [4]. Almost simultaneously, advances in recom-
binant antibody technologies promoted the manipulation of antibody fragments, allowing
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research, diagnoses, and therapies to benefit from several engineered products [5-10]. The
first chimeric antigen-binding fragment (Fab) anti-GPIIb/IIIa Abciximab was approved by the
FDA in 1994 for the inhibition of platelet aggregation in cardiovascular diseases [11]. Among
the antibody fragments, the single-chain fragment variable (scFv), represents an intriguing for-
mat as it consists of only the variable regions of the heavy and light chains. Their greater pene-
tration and facilitated access to the antigen given by their smaller sizes, together with the lack
of glycosylation, the better pharmacokinetic profile, the lower immunogenicity risk due to the
absence of the Fc domain and the prospect of producing high quantities at low costs are great
advantages. However, the rapid clearance, the low stability, the risk of aggregation and the
decreased binding affinity compared to the parental full-length protein have heavily limited
their entry into the market. Mycograb (Efungumab) is a clear example of these difficulties [7].
Mycograb is a human-derived scFv targeting fungal heat shock protein 90 (HSP90) and a
potential antifungal agent for the treatment of invasive candidiasis that reached clinical trials
[12, 13]. However, it never received marketing authorization mainly because of its tendency
towards aggregation in solution and other safety issues [14]. Despite the difficulties in scFv
development, we aimed to produce an innovative humanized scFv (hscFv) to be used in fungal
infections. Nowadays there is an urgent need for new antifungal drugs able to target well-
known and new pathogenic fungi. Indeed, there is rising concern particularly for intrinsic and
multidrug resistance found for example in C. auris. To develop our hscFv we started from
2G8, a murine monoclonal IgG2b antibody able to selectively bind -1,3-glucans, which are
fundamental components of the fungal cell wall, hence effective targets of several pathogenic
fungi [15-18]. Considering the well-known properties of ubiquitin and ubiquitin-like proteins
(e.g. SUMO) as fast folding soluble polypeptides, and their wide use as fusion partners [19, 20],
anew expression strategy based on the ubiquitin/histidine combinatorial tagging was devel-
oped. In literature ubiquitin proved efficient in improving the solubility and the proper folding
of the fused proteins but also conferred protection from proteolytic degradation 21, 22].
These unique features encouraged its use as fusion partner to increase recombinant protein
solubility in combination with affinity tags (such as the His tag) for subsequent rapid purifica-
tion [23]. In our case, we obtained a soluble, stable, and pure hscFv. In addition, based on our
previous results with H5K1 (the humanized full-length antibody derived from 2G8) [24], we
assessed its binding activity not only on coated antigen laminarin but also on C. auris and C.
albicans cells. Finally, seeing the promising results achieved by combining H5K1 with com-
mercially available antifungal drugs, we tested our hscFv both alone and in drug combinations
against C. auris (selected as fungal model).

Materials and methods
Cell lines

In our studies we used E. coli BL21(DE3) (69450 Sigma-Aldrich), C. auris (DMS 21092) and C.
albicans (ATCC 10231).

Humanization of VH and VL regions of the murine monoclonal antibody
2G8

The amino acid sequence of the murine scFv was analysed by ExPasy [25] to evaluate the insta-
bility index. The murine variable regions (VH and VL) were compared with the murine data-
bases IMGT mouse V genes, IMGT mouse D genes, and IMGT mouse ] genes in IgBlastTool
[26] software and were mutated following the germlines found. The VH and VL regions were
humanized by IgBlastTool launching their nucleotide sequences against the human germline
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databases IMGT human V genes, IMGT human D genes and IMGT human J genes [27, 28].
According to the CDR-grafting technique, two strategies have been examined: the first one
was based on the analysis of the whole murine VH and VL sequences while the second strategy
considered just the single frameworks. In both cases, the germlines with the highest identity
with the initial sequences were selected and non-homologous amino acids were changed only
in framework regions (FRW). The two humanized scFvs (hscFv) were assembled and their
instability indexes were analyzed once again by ExPasy. The chosen variable regions were
checked separately in PDB databases [29] and the output sequences with the closest homology
and with an X-ray crystallographic resolution < 2 A were selected. In order to contain the
reduction of binding affinity and specificity, the amino acids in the Vernier Zone positions
[30] were back-mutated to the original murine ones.

Humanized scFvs (hscFv) in VH-linker-VL and VL-linker-VH orientations:
Construction and cloning in pET22b(+)

The hscFv oriented in VH-linker-VL was synthesized de novo by GenScript and optimized
with the codon usage for the expression in E. coli BL21(DE3) strain. The variable domains,
connected by a 15 amino acid linker (G,4S); were cloned between Ncol and HindIII restriction
sites into the pET22b(+) expression vector with a C-terminal 6-Histidine tag (His tag) for
affinity purification (VH-linker-VL-His, S1 Fig). To obtain the construct in reverse orientation
(VL-linker-VH-His, S1 Fig), the variable regions were amplified separately by endpoint PCR
with specific primers (Table 1) using the high-fidelity thermophilic DNA polymerase Vent
DNA Polymerase (BioLabs). After purification with MiniElute PCR purification Kit (Qiagen),
50 ng of each purified variable region were used to create the new hscFv by SOE-PCR. The
thermal profile of the reaction was: denaturation at 95°C for 3 min, 5 cycles of denaturation at
95°C for 1 min, annealing at 63°C for 1 min and extension at 72°C for 1 min, 5 cycles of dena-
turation at 95°C for 1 min, annealing at 56°C for 30 sec and extension at 72°C for 1 min, 25
cycles of denaturation at 95°C for 30 sec and extension at 72°C for 1 min. The resulting frag-
ment was purified with the MiniElute Gel-extraction purification Kit (Qiagen) and digested
with Ncol and HindIII restriction enzymes, as for the expression vector pET22b(+). The ligase
reaction was performed with Anza Ligase (ThermoFisher) enzyme and competent E. coli BL21
(DE3) cells were transformed. The positive clones were checked by colony PCR and under-
went a miniprep with QiaPrep Spin Miniprep Kit (Qiagen) to be sequenced. T7 promoter and
T7 terminator primers were used for both colony PCR and sequencing.

Cloning of the human ubiquitin coding sequence into the pET45b(+)

The His-tagged ubiquitin-based expression vectors were constructed starting from the pET45b
(+) (Novagen) plasmid backbone. The pET45b(+) was digested with PmlI and BamHI to insert
the coding sequence for one or more ubiquitin (Ub) monomers, in frame with the N-terminal

Table 1. Primers used to amplify VL-linker-VH sequence.

F: forward, R: reverse.

https://doi.org/10.1371/journal.pone.0276786.t001

Sequence (5>3’) F/R
5’ -TTCCTGCCATGGACATTGTGATGACCCAGAC-3’ VL-F
5’ -ACCAGAGCCGCCGCCGCCGCTACCACCACCACCACGTTTGATTTCCACTTTGG-3" VL-R
5’ ~AGCGGCGGCGGCGGCTCTGGTGGTGGTGGTTCCCAGGTTCAACTGGTCCAAAG-3’ VH-F
5’ -GGAAGTTAAGCTTTTAGGAACTAACGGTCACCAGG-3' VH-R
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Table 2. Primers used to amplify the ubiquitin coding sequence.

Sequence (5’>3’) F/R
5’ -CGTCACGTCACGTGATGCAGATCTTCGTGAAGACC-3" F
5’ - ACGTGACGGGATCCACCGCGGAGACGGAGCACCAGGTGC-3" R

F: forward, R: reverse.

https://doi.org/10.1371/journal.pone.0276786.1002

His tag, provided by the vector itself. The wild-type Ub coding sequence was PCR amplified
from HeLa cDNA, obtained from total RNA, purified with the RNeasy Plus Mini kit (Qiagen)
and reverse-transcribed using PrimeScriptTM RT Master Mix (Takara Bio), according to man-
ufacturer s instructions. Amplification of the Ub coding sequence was performed with the
Platinum Pfx DNA polymerase (Invitrogen), according to the protocol, and the degenerate
primers reported in Table 2.

The forward primer was engineered to be cut with PmlI restriction enzyme, while the
reverse primer, carrying a BamHI cutting site, was designed to allow the deletion of the trans-
lation stop codon at the end of the insert. Moreover, the presence of a SaclI cutting site in the
reverse primer which matches with the last Ub codons could be exploited to clone downstream
any coding sequence hence, to obtain a fusion product with Ub at the N-terminus without any
intervening amino acid residue and with an available internal SaclI cleavage site. The PCR
conditions were: 2 min at 94°C; 35 cycles of denaturation at 94°C for 15 s, annealing at 62°C
for 15 s, and extension at 68°C for 1 min. At the end of PCR cycles, the amplified products
were analyzed through agarose gel electrophoresis. Ub is encoded in mammals by different
genes which are transcribed by different mRNAs containing one (UBA52 and RPS27A) or
more Ub CDS in tandem (3 for UBB and 9 for UBC, respectively) sharing a high homology.
This explains the PCR output with the two degenerate primers reported in Table 2, which dis-
played multiple bands corresponding to one or more Ub CDS. The PCR products correspond-
ing to the Ub monomer (Ub,), dimer (Ub,) and trimer (Ub;) were gel-purified with the Gel
Extraction Kit, double-digested with PmlI and BamHI and then inserted into the pET45b(+)
vector cut with the same restriction enzymes (His-Ub;, His-Ub, and His-Ubj; respectively, S1
Fig). Screening and purification of positive clones were performed as above. All pET45b
(+)/Ub constructs were confirmed through DNA sequencing using a PE310 Perkin Elmer cap-
illary sequencer.

Subcloning of the VL-linker-VH oriented-hscFv into the Ub-engineered
pET45b(+) vectors and of the Ub,-hscFv and Ub;-hscFv coding sequences
into pET22b(+)

The VL-linker-VH oriented hscFv was amplified from the pET22b(+) vector with specific
primers and purified with the MinElute PCR Purification Kit. Based on the target cloning vec-
tor, the PCR product was digested with different restriction enzymes: Pmll (Anza) and BamHI
(Anza) to subclone it into the pET45b(+) downstream the 6-His tag and KspI (Roche, isoschi-
zomer of Sacll) and HindIII (Anza) to introduce it into the pET45b(+) as it is (His-hscFv, S1
Fig) or downstream the Ub-trimer/dimer/monomer CDS (His-Ub;-hscFv, His-Ub,-hscFv
and His-Ubs-hscFv respectively, S1 Fig). After purification with the MinElute PCR Purifica-
tion Kit, the digested hscFv insert was ligated with each of the mentioned plasmids already
digested with the corresponding restriction enzymes and treated with Calf-intestinal alkaline
phosphatase (Anza). Competent E. coli BL21(DE3) cells were transformed with the ligase reac-
tions and the colonies were checked by colony PCR. The positive clones were used for plasmid
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miniprep and then sequenced. To obtain the C-terminal His-tagged Ub,- and Ubs-hscFv
fusion products (Ub,-hscFv-His and Ub;-hscFv-His respectively, S1 Fig), the expression cas-
settes Ub,-hscFv and Ubs-hscFv were amplified from the Ub-modified pET45b(+) expression
vector with specific primers containing Ndel and HindIII restriction sites. The amplified DNA
fragments were purified with the Qiagen PCR purification kit and treated with Ndel and Hin-
dIII. The same enzymes were designed to remove the pel B sequence from the pET22b(+) plas-
mid before ligation with the digested inserts. Ligation products were transformed into
competent E. coli BL21(DE3) cells. Bacteria were streaked on agarose plates containing 100 pg/
ml ampicillin (Sigma-Aldrich) and the vectors with the right inserts were selected and used for
expression.

Expression of recombinant proteins

E. coli BL21(DE3) cells transformed with the selected plasmids were inoculated overnight at
30°C in Luria-Bertani (LB) medium (10 g/L Trypton, 5 g/L Yeast Extract, 10 g/L NaCl, pH 7.5)
and supplemented with ampicillin 100 ug/ml (A;q0). The following day, the cell culture was
diluted in fresh LB medium+A 4, to an optical density of 0.1 and left to grow at 25°C until the
ODggonm reached an absorbance of 0.6/ 0.8. An aliquot of the culture was then removed and
used as Not-Induced (NI) control whilst 0.5 mM isopropylthio-B-D-galactopyranoside (IPTG)
(Sigma-Aldrich) was added to the remaining culture volume to induce the expression of the
recombinant protein. The expression was carried out at 25°C for three hours with withdrawals
and ODggon, measurements at every hour (the remaining volume was often used for the puri-
fication processes). The harvested aliquots were pelleted by centrifugation at 4°C for 20 min-
utes at 3,000 rpm, suspended in 0.5 ml of lysis buffer (Na/K phosphate buffer 20 mM, glycerol
10% (v/v), NaCl 0.3 M, B-mercaptoethanol (BME) 3 mM, PMSF 1 mM, pH 7.4) and sonicated
3 times (Ultrasonic Cell Crusher 60 W, 30 sec on ice). Extracts were centrifuged at 4°C for 20
minutes at 12,000 rpm and the supernatants, representing the soluble fractions, were separated
from the pellets. The latter were resuspended in 0.5 ml of denaturing buffer (Na/K phosphate
buffer 20 mM, urea 8 M, glycerol 10% (v/v), NaCl 0.3 M, BME 10 mM, pH 8.0). After one
cycle of sonication, the suspensions were rotated for one hour and then centrifuged for 20
minutes at RT at 12,-000 rpm. The supernatants obtained represented the insoluble fraction
(inclusion bodies (IBs)). Protein concentration of soluble and insoluble fractions was mea-
sured by the Bradford assay (Bio-Rad), using bovine albumin as reference standard, and pro-
teins were analyzed by SDS-PAGE.

Purification of recombinant proteins by IMAC

The E. coli pellet was suspended in lysis buffer (Na/K phosphate buffer 20 mM, glycerol 10%
(v/v), NaCl 0.3 M, BME 3 mM, PMSF 1 mM, pH 7.4), and cell disruption was obtained by
using a French pressure cell press (Avastin, Emulsiflex B15) operating at pressures between
10,000 and 13,000 Psi. The cell extract was then centrifuged at 12,000 rpm for 30 min. at 4°C
to separate the soluble and insoluble fractions (IBs). Proteins were purified by Immobilized
metal ion affinity chromatography (IMAC) using an AKTA purifier chromatography system
(GE Healthcare). The soluble fraction was directly loaded onto a 5 ml-HisTrap HP column
(GE Healthcare, Bucks, UK) equilibrated with 5 CV (column volume) of loading buffer (Na/K
phosphate buffer 20 mM, glycerol 10% (v/v), NaCl 0.3 M, BME 3 mM, pH 7.4). The column
was washed with 20 CV of loading buffer and the elution was performed with 5 CV of the
same buffer supplemented with 50, 250 and 500 mM of imidazole in sequence (Sigma-
Aldrich).
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The insoluble fraction was suspended in denaturing buffer (Na/K phosphate buffer 20 mM,
urea 8 M, glycerol 10% (v/v), NaCl 0.3 M, BME 10 mM and 30 mM of imidazole, pH 8.0) and
incubated at RT for 60 min. The sample was centrifuged at 12,000 rpm for 30 min and, the
urea supernatant collected and loaded onto the HisTrap HP-column equilibrated with 5 CV
loading buffer (Na/K phosphate buffer 20 mM, urea 8 M, NaCl 0.3 M, glycerol 10% (v/v),
BME 10 mM, imidazole 30 mM, pH 8.0). After sample loading, the column was washed with
20 CV of loading buffer and the protein was refolded on column by a urea linear gradient of
30 CV from 8 M to 0.5 M. The protein was eluted with 5 CV of 50, 250 and 500 mM of imidaz-
ole in 20 mM of phosphate buffer, 0.5 M urea, 0.3 M NaCl, 10% (v/v) glycerol, 3 mM BME, pH
8.0.

Optimization of the purification protocol for the isolation of the Ub,-
hscFv-His protein from the soluble fraction

The first optimization step involved the shift of the pH to a more basic value, i.e. 8.5 to improve
protein binding to the Ni** ligand. To achieve this, the phosphate buffer was replaced with 20
mM Tris-HCI pH 8.5 in all buffer solutions used for the purification step. The E. coli pellet was
suspended in 25 ml of Tris lysis buffer, disrupted by French Press and centrifugated. The solu-
ble fraction was loaded into a 30 ml bed volume of Ni** Sepharose HP (GE Healthcare, Bucks,
UK). The second step of optimization was developed with the aim of reaching a higher level of
purity. Therefore, after sample loading and column equilibration, 5 CV of loading buffer con-
taining 100 mM imidazole were applied to the column before elution. To further improve the
hscFv purity, the third step of optimization required the addition of a negative passage into Q
Sepharose FF column (GE Healthcare, Bucks, UK) before IMAC. After cell lysis, the soluble
fraction was loaded onto a Q Sepharose FF column previously equilibrated with 5 CV of Tris-
HCl loading buffer. The column was then washed with 20 CV of loading buffer. The flow-
through fractions containing the protein were combined, concentrated and, pH and NaCl
were adjusted to 8.5 and 0.3M respectively, before loading onto the Ni** Sepharose HP col-
umn. The Ub,- hscFv-His protein was eluted from the column after application of an imidaz-
ole gradient from 100 to 250 mM (5CV). The elution fractions were analyzed by SDS-PAGE
and the fractions containing the Ub,-hscFv-His protein (thereafter referred as to hscFv) were
combined, concentrated, dialyzed to remove imidazole, and used to perform different
analyses.

SDS-PAGE and western immunoblotting analysis

Samples were diluted in SDS sample buffer supplemented with 4% (v/v) BME, vortexed and
heated at 100°C for 3 min. Proteins were resolved onto SDS-PAGE polyacrylamide gels and
visualized by gel staining with Brilliant Blue Coomassie R-250. For immunodetection the gels
were electroblotted onto a nitrocellulose membrane (0.2 mm pore size) (Bio-Rad) for 1 h at
100 V. The membranes were then blocked with 3% BSA (Bovine Serum Albumin, Sigma-
Aldrich) in Tris buffer saline (TBS) + Tween 20 (Sigma-Aldrich) 0.1% for 1 h at RT and
stained with an anti-6X His tag polyclonal antibody (OriGene). Detection was performed with
horseradish peroxidase (HRP)-conjugated secondary antibody (Bio-Rad) and the enhanced
chemiluminescence detection kit WesternBright ECL (Advansta) in a ChemiDoc MP Imaging
System (Bio-Rad).

ELISA assay

A 96-well plate was coated with 50 pg/ml Laminarin (Sigma-Aldrich, L9634) in 0.05 M carbon-
ate buffer, pH 9.6 overnight at 4°C. After blocking with BSA, different concentrations of hscFv
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(from 50 pg/ml to 0.003 pg/ml) were dispensed into the wells and incubated for 2 h at 37°C.
Then, 100 uL/well of freshly prepared anti-6X His tag polyclonal antibody (OriGene) diluted
in blocking solution (1:500) were added and the plates were incubated at 37°C for 1 h. Detec-
tion was obtained with goat anti-rabbit HRP secondary antibody and ABTS substrate (Roche
Diagnostics). Absorbance at 405 nm was measured in a microplate reader (Bio-Rad).

Mass spectrometry

Following the method of Zhang et al. [31], 10 pmol/pl of hscFv diluted in a 50/50 solution of
H,O and acetonitrile supplemented with formic acid 0.1% were injected for direct infusion
into the Orbitrap Exploris 240 Mass Spectrometer (Thermo Fisher Scientific) equipped with
electrospray ionization source. The analysis was performed with a resolution of 15,000 at RT
with an elution flow rate of 10 pl/min, in intact protein mode and the source-induced dissocia-
tion (SID) was set at 60 V without fragmenting the hscFv. The resulting spectrum was the aver-
age of all the scans acquired in the mass range from 600 to 1,400 mass-to-charge ratio (m/z)
and deconvoluted with FreeStyle software (Thermo Fisher Scientific). The analysis was per-
formed in-house (University of Urbino Carlo Bo-Department of Biomolecular Sciences—Bio-
chemistry and Biotechnology section).

Stability test

The purified hscFv was dialyzed to replace BME with 1,4-Dithiothreitol (DTT) as a stronger
and more stable reducing agent, hence preferred for storage. The hscFv solution was divided
in aliquots and stored at different temperatures for different time points (Table 3). The evalua-
tion of the structural stability of the hscFv was performed through SDS-PAGE and western
blot, while ICs, resulting from ELISA tests were compared to assess its activity.

The hscFv stored at different temperatures was evaluated for its stability and activity in
SDS-PAGE, western immunoblotting and ELISA assay after the reported timepoints.

Immunofluorescence and flow cytometry

Candida albicans and Candida auris were inoculated overnight in RPMI+MOPS (0.165 M pH
7, Sigma-Aldrich). In order to investigate C. albicans in both hyphal and yeast form, two inoc-
ula for this specie were prepared, one in RPMI+MOPS (0.165 M pH 7) and the other in RPMI
+MOPS (0.165 M pH 7) supplemented with 10% serum [32]. Inocula were washed and ~10°
CFU/ml were resuspended in PBS with 3% (w/v) BSA + 50 pug/ml of hscFv and left for 1 h at
37°C. Cells were washed and incubated with anti-6X His tag polyclonal antibody (OriGene) in
blocking solution for 1 h at 37°C and then, with goat anti-mouse IgG1 Alexa Fluor 488 (Molec-
ular Probes). After washing, the samples were fixed with paraformaldehyde 4% in PBS for 1 h

Table 3. Schematic representation of the temperatures and time points for the stability test.

Temperatures

Time points

https://doi.org/10.1371/journal.pone.0276786.t003

37°C 4°C -20°C -80°C
3 days 3 days
1 week 1 week
2 weeks 2 weeks
3 weeks 3 weeks
1 month 1 month
2 months 2 months
3 months 3 months 3 months
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at 4°C. After washing again, each sample was resuspended in PBS and divided into two ali-
quots one of which was used for immunofluorescence microscopy. The second aliquot was
analysed by flow cytometer (FACScanto II, BDBioscences, Erembodegem, Belgium) equipped
with three lasers (488 nm, 633 nm, 405 nm) to quantify the fluorescence intensity due to the
conjugation to the hscFv compared to the cells’ autofluorescence. For the negative controls,
the dialysis buffer was used in place of the hscFv, while PBS replaced the other antibodies in
the controls.

Minimum inhibitory concentration (MIC)

The hscFv antifungal activity was assessed alone and in combination with caspofungin (CAS)
(Sigma-Aldrich) and amphotericin B (AMB) (Sigma-Aldrich) against C. auris. The microdilu-
tion method from EUCAST guidelines was adopted. In brief, from an overnight inoculum of
C. auris in RPMI+MOPS (0.165 M pH 7), 1-5x10° CFU/ml were plated in a 96-well plate. The
antifungal drugs concentrations were 10-fold serially diluted starting from 4 pg/ml, while the
concentrations of hscFv tested were 0.25, 2.5 and 25 pg/ml. The plates were incubated at 37°C
for 24 and 48 h. The absorbance was read at 405 nm with a Microplate Reader. As reported in
the guidelines, for caspofungin we considered the concentrations that inhibit 50% of yeast
growth compared to drug-free control (MIC50) while for amphotericin B, the concentrations
that inhibit 90% (MIC90) and 50% (MIC50) of yeast growth compared to the drug-free con-
trol. The dialysis buffer was used as negative control. The assays were performed three times in
triplicate.

Results

Humanization of VH and VL regions of the murine monoclonal antibody
2G8

The murine amino acids sequence of the scFv 2G8 (VH-Linker-VL) was analyzed with ExPasy
and the value of the instability index was 41.64. To decrease this value, the VH and VL regions
were investigated separately through “IgBlastTool”. The murine germlines found to have the
highest homology were IGHV1-9*01 for the VH (96,2%) and IGKV1-133*01 for the VL
(97,7%). The substitution of the non-homologous amino acids (in VH: FRW1 120—L, FRW2
L1—I, FRW3 S30—T, V35—1I; in VL: FRW1 12—V, S7—T, FRW3 F33—V) (Fig 1A), lowered
the instability index to 37.05. These mutated variable regions were used for the humanization
process. The first strategy showed that IGHV1-46¥02 (74.7%) and IGKV2-30*01 (84.0%) were
the human germlines with the highest homology. Regarding the second strategy, the human
germlines found for the VH murine frameworks were: IGHV1-3*02 for FWR1 (87.5%),
IGHV1-38-4*01 for FRW2 (77.1%), IGHV169*06 for FRW?3 (76.3%) while for the VL murine
frameworks: IGKV2-29*02 for FRW1 (84.6%), IGKV2-28*01 for FRW2 (90.7%), IGKV2-
30%01 for FRW3 (86.3%) (Fig 1B). Once the frameworks had been humanized, the two single
chains were assembled and launched again in ExPasy. The best instability index, even if still
too high, was obtained through the second strategy with a value of 41.10. The VH and VL of
the selected hscFv were compared with the murine ones and back-mutations (VH FRW2
S40—R and FRW3 A61—N) were carried out to decrease the instability index to 37.01 (Figs
1ChVHI and 1D hVL1). Through their analysis in PDB, the sequences obtained were: 3HC4
(Identities:80%, X-RAY diffraction: 1.62 A [33]), 4KQ3 (Identities 80%, X-RAY diffraction:
1.92 A [34]), 4]DV (Identities 72%, X-RAY diffraction: 1.65 A [35]) for VH and 4DTG (Identi-
ties:84%, X-RAY diffraction: 1.80 A [36]), 4LKX (Identities 82%, X-RAY diffraction: 1.92 A
[37], 4LRI (Identities 78%, X-RAY diffraction: 1.65 A [38]) for VL. After the analysis of amino
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Fig 1. Steps of the humanization of the variable regions of the murine mAb 2G8 and scFv construction. A—first strategy: Substitution of non-homologs
amino acids in VH and VL sequences; B-second strategy: Substitution of non-homologs amino acids in VH and VL frameworks; C-back mutations and
mutations in the frameworks of the VH of the hscFv obtained from the second strategy; D-back mutations and mutations in the frameworks of the VL of the
hscFv obtained from the second strategy; E-back-mutations in the Vernier Zones.

https://doi.org/10.1371/journal.pone.0276786.9001

acid sequences, non-homologous amino acids in the frameworks were changed (Fig 1C hVH2
and 1D hVL2). According to several studies [30, 39] about the critical role of Vernier Zones in
protein shaping, it was found that some amino acids were back-mutated at these residues.

For this reason, we did the same. The variable regions obtained were used to build the hscFv
(Fig 1E).

VL-linker-VH orientation ameliorates hscFv solubility, but it is insufficient
in significantly increasing the amount of soluble protein

The recombinant hscFv cloned into the pET22b(+) vector with a VH-linker-VL orientation
(VH-linker-VL-His, S1 Fig) was successfully expressed in E. coli BL21(DE3) but it was mainly
found in inclusion bodies at the expected molecular weight of about 27 kDa (S2 Fig). Despite
the majority of scFvs being built as VH-linker-VL, some studies have shown that the VL-
linker-VH orientation ameliorates both the stability and the expression (34-37). Based on this
evidence, a new expression strategy was designed to express the hscFv with this orientation
(VL-linker-VH-His, S1 Fig). Unfortunately, although this approach slightly improved hscFv
solubility, most of the expressed protein still precipitated in the insoluble fraction. For this rea-
son, a preliminary purification from inclusion bodies was attempted. The protein was refolded
on column and kept in 0.5 M urea; however, after isolation and concentration, it precipitated
even with the addition of a surfactant (Tween 80) in the solution.
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The expression of hscFv as fusion protein with Ub increases the amount of
soluble protein but impairs His tag binding to IMAC

To improve the solubility of the hscFv, the protein was expressed as a fusion protein with Ub
monomer or polymers consisting of two and three head-to-tail Ub units as fusion partners
(His-Ub;-hscFv, His-Ub,-hscFv and His-Ubs-hscFv, S1 Fig). As shown in S3 Fig, SDS-PAGE
analysis and Commassie staining clearly demonstrated that the amount of the recombinant
product significantly increased in the soluble faction of bacterial lysates as the number of
attached ubiquitin units increases. It should be noted that while His-hscFv and His-Ub,-hscFv
proteins showed an electrophoretic mobility which is in accordance with their expected molecu-
lar weight (~27 kDa and ~35 kDa respectively) (S3A and S3B Fig), the His-Ub,-hscFv and His-
Ub;-hscFv fusion products migrated at a molecular weight lower than expected (~44 kDa and
~52 kDa respectively) (S3C and S3D Fig). Based on these results, His-Ub,-hscFv and His-Ubs-
hscFv recombinant proteins were selected to be purified from the soluble fraction by IMAC.
SDS-PAGE analysis of the purification process showed that the protein did not bind to the col-
umn, being completely recovered from the flow-through (S4A and S4B Fig). To evaluate if the
His tag could be insufficiently exposed when the protein is in native conditions due to steric
hindrance, the His-Ubs-hscFv protein was extracted from inclusion bodies and affinity-purified
under denaturing conditions. In this case, part of the recombinant antibody was indeed cap-
tured on Ni*" Sepharose matrix as demonstrated by SDS-PAGE analysis (S5 Fig). Considering
these results, we hypothesized that the N-terminal His tag might be potentially masked, and for
this reason, we decided to move the His tag from the N-terminus to the C-terminus.

His tagging at the C-terminus and optimization of the purification
protocol allow efficient capture of Ub,-hscFv on the IMAC matrix

To produce the Ub,-hscFv and Ub;-hscFv with a His tag at the C-terminus (Ub,-hscFv-His and
Ub;-hscFv-His. S1 Fig), the coding cassettes were amplified from pET45b(+) and cloned into
pET22b(+) without pel B sequence (as for pET45b(+) vector). The expression pattern followed
essentially the trend seen for the N-terminal His tagged counterparts (S6A and S6B Fig). Results
of the purification step revealed that the new His tag position improved protein binding to the
column even though part of the protein could be still found in the flow-through (S7A and S7B
Fig). Since the fusion partner can affect protein activity, the purified products were next tested
in ELISA. Ub,-hscFv-His performed better than Ubs-hscFv-His in terms of their ICs. ICs is
defined as the concentration of antibody required to bind 50% of the immobilized antigen.
Ub,-hscFv-His ICsy was 0.76 pg/ml while Ubs-hscFv-His ICs was 0.89 pg/ml meaning a higher
binding affinity of the former compared to the latter (Fig 2). From these results we decided to
optimize the purification process and perform a preliminary characterization of only the Ub,-
hscFv-His protein that, for simplicity, will be called just hscFv in the following paragraphs.

The purification process underwent sequential optimization steps: i) changing the pH from
7.4 to 8.5 (one pH unit above the isoelectric point of the hscFv) to improve binding; ii) intro-
ducing a 100 mM imidazole wash followed by a linear gradient elution in Ni** Sepharose HP
column to improve purity (S8A and S8C Fig) and, iii) a negative passage on Q Sepharose FF
before IMAC with the aim to remove as many contaminants as possible (S8B Fig). As shown
in S8A Fig, the protein was mainly retained by the column while most of the contaminants
were removed during the washes, including the 100 mM wash. The protein eluted at around
165 mM imidazole as a single band, denoting a good level of purity. From 1L of bacterial cul-
ture, the yield was ~ 40 mg. The introduction of the first passage on the Q column resulted in
the removal of a large number of contaminants with the majority of the hscFv passing in the
flow-through fractions (S8B Fig) and in a cleaner recombinant product obtained after IMAC
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Fig 2. ELISA assay. Comparison of the binding activity of Ub,-hscFv-His and Ub,-hscFv-His to laminarin antigen. The ICs, value was calculated through
GraphPad Prism 8 software using a nonlinear regression and a dose-response-inhibition equation. Data are reported as ICso+ SEM.

https://doi.org/10.1371/journal.pone.0276786.9002

fractionation (S8C Fig). The contribution of each purification step is summarized in Fig 3
where the first lane contains the starting material (i.e. the soluble fraction of the bacterial cell
lysate), the second is the protein after Q Sepharose fractionation and, the third is the protein
after Q Sepharose and IMAC. The third band is cleaner from contaminants compared to the
others even if it shows some products of degradation and traces of aggregates, as revealed by
immunoblotting analysis. The yield obtained was 38 mg per L of bacterial culture which is
very similar to the yield found with a single step of IMAC purification, highlighting that there
was no significant loss of product.

Mass spectrometry confirmed the purity of hscFv

Fig 4A represents the average ESI mass spectrum with mass-to-charge (m/z) ranging between
600 and 1,400. The hscFv was analyzed in its intact form and each peak of the resulting Gauss-
ian distribution represents a different protonated level of the proteins present in the sample.
The distribution proceeds from the most protonated to the least protonated species in a
charged state ranging from 36+ to 63+. The corresponding deconvoluted mass spectrum (Fig
4B) shows that the most abundant peak belongs to the hscFv and represents almost 100% of
the total proteins in the sample. The molecular mass is 44,519.89 Da; the other two most abun-
dant species are cationized adducts of the hscFv with respectively A mass due to 1 (44,497.35
Da) and 4 (44,611.05 Da) Na/H cation exchange. The remaining peaks are probably hscFv deg-
radation products and residual contaminants of the purification.

The hscFv can bind $-1,3-glucans showing an improved 1Cs,

The hscFv derived from the optimized purification protocol was concentrated, dialyzed, and
then tested in ELISA assay to assess its binding capacity to the B-1,3-glucan laminarin. The
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Fig 3. Contribution of each step of purification. Sequence of the steps of the purification process and progressive
higher level of purity of the hscFv. MRK: Protein marker (kDa); 1: Starting material-soluble fraction of the bacterial
cell lysate; 2: Product of the negative passage in Q Sepharose; 3: Final result of the double step (Q Sepharose + IMAC)
purification.

https://doi.org/10.1371/journal.pone.0276786.9003

resulting ICs is 0.403 + 0.029 pg/ml (Fig 5A). This value was even lower than the ICsq previ-
ously calculated (Fig 2) providing further proof of the purity of the sample. From ELISA the
interpolated ROC curve was extrapolated and the relative area under the curve (AUC) calcu-
lated as predictive indicators of the test performance. As shown in Fig 5B, the ROC curve of
the hscFv is above the random classifier threshold and the AUC score is 0.59, which is satisfac-
tory for specificity and sensitivity.

The hscFv showed long-time stability and retention of binding ability when
stored at 4°, -20° and, -80°C

Equal amounts of the same stock solution containing the purified, concentrated, and dialyzed
hscFv were split into separate tubes and stored at different temperatures for different time-
spans. Binding ability was evaluated calculating the IC5, through ELISA assay, while protein
stability/integrity was determined by SDS-PAGE followed by Coomassie staining and western
immunoblotting. Already after 3 days at 37°C, the hscFv started losing its binding ability (Fig
6A) and stability (S9B Fig) as demonstrated by the gradual disappearance of the monomeric
band in favor of aggregate formation (S9C-S9E Fig). At 4°C the binding capacity of the hscFv
was preserved for several weeks, with ICs, values not significantly different to the initial value
(Fig 6B). Only after one month the ICs, progressively increased and the aggregates intensify
compared to the aliquots left at -20° and -80°C (S9F-S9H Fig). Moreover, the hscFv stored at
-20° and -80°C retained a binding capacity similar to the values exhibited at the beginning of
the stability test (Fig 6C and 6D) and remained mainly in the monomeric form, preserving it
from aggregate formation, in contrast to the 4°C sample (S9F-S9H Fig).
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Fig 4. Mass spectrometry analysis. A. Positive ESI Orbitrap mass spectrum of the intact hscFv. m/z ranging from 600 to 1,400 and charge ranging
from 36+ to 63+. B. Deconvoluted mass spectrum showing the prevalence of the hscFv and of its cationized adducts.

https://doi.org/10.1371/journal.pone.0276786.9004

The hscFv can bind $-1,3-glucans of C. auris and C. albicans cell wall

Until now the binding of hscFv to -1,3-glucans was evaluated only by ELISA assays and using
laminarin as antigen. Here we demonstrated its ability in recognizing and binding B-1,3-glu-
cans on the cell wall of C. auris and C. albicans both in hyphal and yeast form through immu-
nofluorescence and flow cytometry (Fig 7 and S10 Fig respectively). Through flow cytometry

analysis the fold-increase between the fluorescence of treated samples and the basal cell
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Fig 5. ELISA assay of the hscFv after purification with the optimized protocol. A. Evaluation of the binding of the hscFv to laminarin
and calculation of the ICs, value. Data were plotted in GraphPad Prism 8 software and the IC5, was calculated with a nonlinear regression
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https://doi.org/10.1371/journal.pone.0276786.9006
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Fig 7. Inmunofluorescence analysis of C. auris and C. albicans labelled with the hscFv. Green fluorescence and bright-field images.

https://doi.org/10.1371/journal.pone.0276786.g007

autofluorescence was calculated. For C. auris the fold-increase is ~50 while for C. albicans is
~30.5. By considering only the events at higher forward scatter (FSC) and side scatter (SSC)
(blue events), these values increase considerably: for C. auris the value becomes 120 and for C.
albicans 54. The subpopulations considered correspond to the budded cells for C. auris and to

the hyphae for C. albicans and represent respectively the 13% and the 66% of the entire sam-
ples (S10 Fig).

The hscFv increases the activity of caspofungin and amphotericin B against
C. auris

Confident about the results obtained with the humanized full-length antibody H5K1 [24], the
hscFv was also tested in combination with caspofungin (CAS) (Sigma-Aldrich) and amphoter-
icin B (AMB) (Sigma-Aldrich) against C. auris. EUCAST guidelines for the microdilution
method were followed. We considered MIC50 as the lowest concentration that inhibits 50% of
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Table 4. Percentage of growth inhibition + SD.

% C. auris growth inhibition

Drug pg/ml CAS Combination CAS-hscFv (ug/ml) CAS Combination CAS-hscFv (ug/ml)
0.25 2.5 25 0.25 2.5 25

93.0+2.0 94.3+4.9 96.3+2.8 90.6+2.1 77.2+0.9 78.5+2.6 78.8+2.6 77.6+4.2

2 98.6x1.2 98.9+2.7 98.6+1.9 94.7+2.4 91.9£1.0 91.7+1.1 93.9+2.2 90.2+2.5

1 99.1+0.8 98.8+0.7 98.7+1.9 95.1+1.7 94.7+0.9 93.2+1.2 95.6x1.7 92.7£2.0

0.5 99.0+0.4 98.840.9 100+1.8 96.2+1.6 91.6£2.0 91.4+1.1 95.6+1.3 94.1+1.1

0.25 97.0£3.2 98.0+1.3 100+2.1 96.3%1.1 56.3+10.5" 55.4+7.8" 88.4+2.8 93.310.6

0.125 59.2+17.0" 68.2+9.9* 85.0+4.1* 95.8+1.2 6.518.2 10.7+4.1 53.4+7.4* 91.1+0.6
0.0625 9.1+13.4 24.7%£19.5 29.8+4.9 91.4%1.9 0.7£3.5 2.8+4.1 5.4+6.7 71.2+10.6"

0.03125 0+12.2 6.7£15.3 11.9+4.3 61.5+11.5" 52%3.2 6.3+3.2 3.4%2.6 26.6%5.2

0.156 0£13.5 2.4+19.8 16.2+7.8 15.1+£8.8 6.9+4.6 9.5+3.4 11.6+5.9 20.1+8.8

0.0078 0+16.0 2.4%15.0 12.8+5.0 9.849.3 3.9+3.3 6.9+3.6 7.7£2.8 12.0+3.1

24h 48h

C. auris cells were treated with caspofungin (CAS) alone and in combination with hscFv. Absorbance was read at 405 nm after 24 hours and 48 hours of incubation.

Data are reported as mean + SD of the percentage of inhibition of the fungal growth obtained from three experiments performed in triplicate. MIC50 breakpoints are

marked with *.

https://doi.org/10.1371/journal.pone.0276786.t1004

the growth compared to drug-free control and MIC90 as the lowest concentration that inhibits
90% of the growth compared to drug-free control. For caspofungin, positive results were visi-
ble already at 24 hours with the gradual loss of efficacy of CAS from 0.125 pg/ml and the reten-
tion of activity when combined with hscFv (S11A Fig). In particular, the combination with

25 ug/ml of hscFv resulted in a 2-fold shift of the MIC50 dilution, from 0.125 ug/ml of caspo-
fungin to 0.03125 ug/ml (Table 4). At 48 hours the effect remains (S11B Fig): the MIC50 2-fold
shift is maintained for the combination with 25 pg/ml of hscFv (from 0.25 to 0.0625 pg/ml of
caspofungin) and is 1-fold with 2.5 pug/ml of hscFv (from 0.25 to 0.125 pg/ml) (Table 4). Never-
theless, the best results were obtained with amphotericin B for which we considered both
MIC90 and MIC50 (S12A and S12B Fig). At 24 hours both the combination with 2.5 ug/ml
and with 25 pg/ml of hscFv caused a 1- and 2-fold shift respectively, for both MIC90 and
MIC50 (MIC90 decreased from 0.25 pug/ml to 0.125 pg/ml with 2.5 pg/ml of hscFv and to
0.0625 pg/ml with 25 pg/ml of hscFv, whereas MIC50 decreased from 0.125 pg/ml to

0.0625 pg/ml when AMB is combined with 2.5 pg/ml of hscFv and to 0.03125 pg/ml when
combined with 25 pug/ml of hscFv) (Table 5). The MIC50 shift is also observable using 0.25 pg/
ml of hscFv at 48 hours. While the fold-shifts for the combinations with 2.5 and 25 pg/ml of
hscFv remained constant for MIC90, they increased 1-fold for MIC50 (MIC90 decreased from
0.5 pg/ml to 0.25 with the addition of 2.5 pug/ml of hscFv and to 0.125 pg/ml with 25 pug/ml of
hscFv while MIC50 decreased from 0.5 pg/ml to 0.25 pg/ml with 0.25 pg/ml of hscFv, to

0.125 pg/ml with 2.5 ug/ml of hscFv and to 0.0625 pg/ml with 25 pg/ml of hscFv) (Table 5).
Table 6 confirmed the data obtained in the MIC experiments showing the ICs, values calcu-
lated from the resulting growths. ICs is defined as the concentration of the agent/s required to
inhibit the 50% of the fungal growth. A progressive lowering of the IC5, was found when CAS
and AMB were used in combination with increasing concentrations of hscFv, further demon-
strating the enhancing capacity of hscFv towards these drugs. When combined with CAS,

25 ug/ml of hscFv decreased the IC5, concentration more than 3 times at 24 hours and almost
5 times at 48 hours compared to the control. At 24 hours 2.5 pg/ml of hscFv is unable to reduce
the CAS’ ICsy significantly however, at 48 hours it reduces the value by almost a half. With
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Table 5. Percentage of growth inhibition + SD.

% C. auris growth inhibition
Drug pug/ml AMB Combination AMB-hscFv (ug/ml) AMB Combination AMB-hscFv (ug/ml)
0.25 2.5 25 0.25 2.5 25

100+2.9 100£1.5 100+2.7 100+2.9 100+0.7 100+0.7 100+1.1 100+1.1

2 100+2.4 100+2.1 100+2.8 100+2.6 100£1.0 100+0.9 100+£1.1 100+1.0

1 100+3.2 100+1.3 100£2.9 100£1.9 100+1.4 100+0.5 100£1.0 100+0.6

0.5 100£2.0 100£1.0 100£1.2 98.9+1.9 100£1.0* ¥ 100+0.4+ 100+0.9 100+0.7

0.25 95.6+3.2F 99.0+1.8F 100£2.0 98.2%1.1 36.1+8.9 50.0+22.4* 96.0+4.6F 100+0.4
0.125 70.2£19.3* 80.1+16.0" 100£1.6F 98.4+1.5 18.6+4.6 15.9+6.7 50.1+10.1* 94.9+4.3F
0.0625 14.7+19.0 31.8+26.2 75.1+4.1% 91.3+7.9% 3.1+£3.2 5.9+2.8 15.9+2.8 50.4+17.8"
0.03125 0+9.9 8.9+14.8 31.8+14.6 71.0+14.8" 2.3£2.9 0+2.3 6.1+4.2 29.4+8.0

0.156 0+11.6 9.3+16.3 22.246.3 47.3+18.8 1.3+2.8 4.2+2.4 6.2+6.1 18.8+8.1
0.0078 0+9.4 7.6+£14.7 14.4+9.6 21.5%17.1 0+4.6 3.5£5.0 2.6%+3.5 13.3+12.7

24h 48h

C. auris cells were treated with different concentrations of amphotericin B (AMB) alone and in combination with different concentrations of hscFv. Absorbance was

read at 405 nm after 24 hours and 48 hours of incubation. Data are reported as mean + SD of the percentage of inhibition of the fungal growth obtained from three

experiments performed in triplicate. MIC50 breakpoints are marked with

* while MIC90 breakpoints with 7.

https://doi.org/10.1371/journal.pone.0276786.t005

AMB, both at 24 and 48 hours, the ICs is reduced by at least a half with of 2.5 pug/ml of hscFv
and at least by 4 times with 25 pg/ml of hscFv.

Discussion

Considering the increasing interest of pharmaceutical companies and research laboratories in
antibody-based treatments, the development of a humanized scFv is an intriguing challenge
(6, 40, 41]. The IgG2b antibody 2G8 was an optimal candidate for this kind of study as it not
only binds B-1,3-glucans (which are fundamental components of the fungal cell wall) but also
demonstrated its efficacy in the inhibition of growth, adhesion and infection progression,
against several pathogenic fungi both in vitro and in vivo [15-17]. The first result of a

Table 6. ICso (ug/ml) + SEM value determined at 24 hours and 48 hours.

24h 48h
1Cs (ug/ml) SEM ICs (ug/ml) SEM
CAS 0.104 0.005 0.225 0.055
CAS + 0.25 pg/ml hscFv 0.095 0.006 0.230 0.053
CAS + 2.5 pug/ml hscFv 0.086 0.002 0.104 0.025
CAS + 25 pg/ml hscFv 0.028 0.001 0.022 0.006
AMB 0.102 0.005 0.288 0.008
AMB + 0.25 pug/ml hscFv 0.089 0.006 0.254 0.016
AMB + 2.5 pg/ml hscFv 0.050 0.002 0.133 0.004
AMB + 25 pg/ml hscFv 0.025 0.006 0.064 0.003

C. auris cells were treated with caspofungin (CAS) or amphotericin B (AMB) alone or in combination with different
concentrations of hscFv. The ICs, value of CAS and AMB was calculated from a dose-response-inhibition equation
in nonlinear regression using the GraphPad Prism 8 software. Data are reported as mean + SEM of the values

obtained from three experiments performed in triplicate.

https://doi.org/10.1371/journal.pone.0276786.1006
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humanization of 2G8 was the full-length antibody H5K1 [24] but our manuscript shows for
the first time the use of 2G8 for the development of a humanized antibody fragment. Herein
we report the development and the initial characterization of Ub,-hscFv-His (hscFv), which is
the result of a humanization process followed by a detailed study aimed to express in E. coli
and purify a considerable amount of clean product.

The production of engineered proteins in bacteria has several advantages, including the
possibility to obtain large amounts of product at low cost and the ability to easily scale-up the
system. However, formation of aggregates in large-scale bacterial scFv expressions [40, 42] is
clearly problematic especially in terms of therapeutic applicability. Therefore, solubility is cru-
cial for the development of an efficient scFv. The VL-VH orientation was preferred because it
provided a slightly more soluble product than the VH-VL, but the real contribution in terms
of solubility was given by the introduction of ubiquitin as a fusion partner at the N-terminus.
Ubiquitin (Ub) is a small, stable and highly conserved protein expressed in all eukaryotic cells.
It has long been used as a tag to enhance fusion expression by increasing the solubility and sta-
bility of the expressed partner peptides and protecting them from proteolytic degradation in
prokaryotic hosts [20, 23, 43-46]. In our case, for hscFv expression, the solubility increased
with the number of ubiquitin monomers added to the sequence, but at the same time, the steric
hindrance made the His tag-based purification difficult for both the His-Ub,- and His-Ub;-
hscFv. The transfer of the His tag at the C-terminus consistently improved the purification
profile although the hscFvs were still largely found in the flow-through. We believed that pro-
tein folding could still mask the C-terminal His tag interfering with the binding to the column.
The pH modification from the standard 7.4 to 8.5 led to total protein binding, thus suggesting
that a temporary and reversible conformational change occurred under basic conditions
resulting in a more favorable exposure of the His tag. Moreover, the addition of a negative pas-
sage in Q Sepharose FF before IMAC, and of a 100 mM imidazole wash in IMAC, further
improved the fraction purity without excessively affecting the overall yield of ~38 mg. The
mass spectra confirmed the high purity of the collected fractions since almost 100% of the total
proteins in the sample was represented by the hscFv which has a molecular mass of 44,519.89
Da, and by its cationized adducts. Finally, the hscFv was able to recognize and bind B-1,3-glu-
cans in ELISA with an IC5, of 0.403 + 0.029 pg/ml. The lower value of IC5, compared to the
evaluation performed before the optimized purification protocol is a further demonstration of
the improved purity of the hscFv. Indeed, it has been demonstrated that contaminants can
negatively affect the binding in ELISA tests [47].

Extracted proteins may not remain soluble and therefore active when stored for extended
period of time hence, it is important to find the optimal storage conditions and monitor the
structural integrity and the binding efficiency overtime. Due to these limits and complications
that often affect scFv development, our hscFv was analysed to assess its solubility and activity
after storage at different temperatures and for different timepoints. The observation of the
binding whilst also monitoring aggregate formation comes from evidence in the literature of
scFvs that maintain their binding capacity and activity even in presence of small oligomers or
soluble aggregates [48]. In our case the formation of many aggregates and the total loss of the
binding occurred within 3 weeks at 37°C while at 4°C, the hscFv maintained the binding
capacity for longer with a slight decrease only after one month. At 4°C aggregates also
increased, especially when compared to the samples stored at -20° and -80°C which, on the
contrary, better preserved both the binding ability and the monomeric form.

Nowadays, the rapid diffusion of resistance to the commercially available antifungal drugs
among pathogenic fungi is threatening the public health. In addition, new species intrinsically
and multidrug resistant like C. auris are rapidly spreading worldwide [49, 50]. Cryptococcus,
Aspergillus and Candida spp. are responsible every year for the majority of fungal infections
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and the highest mortality rate [51, 52], but the latter has become the most frequent type of hos-
pital acquired infection especially in patients with critical or chronic illness [53]. New strate-
gies to fight the fungal burden are urgently needed and the use of biological compounds is an
exquisite approach. In the past few years Mycograb, a scFv targeting HSP90, reached clinical
trials but never achieved marketing authorization especially for solubility issues and aggregate
formation [14, 54]. Given the positive results of our hscFv in terms of stability and activity, we
evaluated the binding also on C. auris and C. albicans cells, the latter both in hyphal and yeast
form. The fold-increase of the mean fluorescence intensity in C. auris and C. albicans were
respectively 50 and 30.5, but they considerably increased to 120 and 54 considering the sub-
populations composed by budded cells for C. auris and cells in hyphal form for C. albicans.
These subpopulations represented respectively 13% and 66% of the entire samples and were
also the cells with the highest positivity for the hscFv. This was consistent with the information
reported in the literature showing a higher B-1,3-glucan exposition in bud scars and in hyphae
[55, 56]. Finally, considering the great concern generated by Candida auris for its intrinsic
lower susceptibility to commercially available antifungal drugs [50, 57, 58], we were interested
in evaluating the effectiveness of the hscFv in affecting its growth, hence we used it as fungal
model. Its activity against C. auris was assessed through MIC assays in combination with cas-
pofungin and amphotericin B. The hscFv alone did not affect the fungal growth but it contrib-
uted substantially to the activity of both caspofungin and amphotericin B especially at
concentrations at which they are less efficacious. MIC50 of caspofungin shifted 2-fold with

25 ug/ml of hscFv at 24 and 48 hours and 1-fold with 2.5 pg/ml at 48 hours. With amphotericin
B, the hscFv reached its greatest potential with a decrease of MIC50 and MIC90 concentration
by 1-fold with 2.5 ug/ml of hscFv, and by 2 folds with 25 pg/ml at 24 hours. At 48 hours, the
MIC90 shift trend remained the same with 2.5 and 25 pug/ml of hscFv while, MIC50 concentra-
tion shifted 1-fold with 0.25 pug/ml of hscFv, by 2 fold with 2.5 pg/ml and by 3 fold with 25 pg/
ml. The enhancing effect of the hscFv toward caspofungin and amphotericin B obtained in the
MIC assays was consistent with the data obtained calculating the ICsq. 25 pg/ml of hscFv was
able to reduce the IC5, by more than 3 times at 24 hours, almost 5 times at 48 hours when com-
bined with CAS, and by at least 4 times both at 24 and 48 hours with AMB. On the other hand,
2.5 ug/ml of hscFv combined with CAS decreased the ICs, almost by a half compared to the
drug alone at 48 hours. When combined with AMB it lowered it at least by a half both at 24
and at 48 hours. The antifungal activity of the hscFv used in combination with caspofungin
and amphotericin B was strongly comparable with that of the humanized full-length H5K1
with which it shares the same murine counterpart [24]. Moreover, the effective concentrations
used in this work were even lower and this finding adds even more value to our product since
formulations with high protein concentrations often led to heavy aggregate formation when
tested in vivo. Additionally, the rationale behind the choice to produce a scFv comes from the
idea to develop an hscFv-targeted delivery system carrying an antifungal drug able to exert
additive or synergic effects with the hscFv. This approach should allow to reduce the dosage
and the posology of the antifungal drugs currently employed in clinics, thus limiting their
severe side effects.

Conclusion

The use of biological drugs in the fight against pathogenic fungi has been hindered by several
obstacles and limited research. In this work we have developed a new expression strategy to
improve hscFv solubility and purity involving VH-VL orientation, the use of head-to-tail Ub
polymers as fusion partners, the correct positioning of the His tag and optimization of the
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purification scheme with the introduction of an ion exchange chromatographic step of
fractionation.

The produced hscFv proved to be efficient in binding B-1,3-glucans and in labelling C. auris
and C. albicans cells, showing also good stability when stored at temperatures <4°C.

The hscFv was able to increase the potencies of commonly used antifungal drugs, thus
being useful in the treatment of fungal infections as co-drug.

Further experiments will be directed to evaluate the effects of our hscFv in combination
with other antifungals and against other fungal species, including resistant strains. Given the
small size of the hscFv, it may be interesting to determine binding, activity and penetration
within biofilms, as well as its possible use in developing targeted delivery systems.

Supporting information

S1 Fig. Vectors and constructs used in this study. Summarizing list of all the vectors used (A
and D) and constructs elaborated and produced in sequence. The VH-linker-VL and VL-
linker-VH constructs in pET22b(+) vector were created to assess the best orientation (B and
C). The VL-linker-VH orientation was the most soluble, hence it was chosen for the next stud-
ies and was denominated hscFv. The coding sequence for one or more ubiquitin (Ub) mono-
mers was inserted in pET45b(+) (E, F and G) and then the hscFv was subcloned in pET45b(+)
vector empty or already cloned with Ub monomer/s (H, I, ] and K). His-Ub,-hscFv and His-
Ub;-hscFv proteins could not be purified either from soluble fraction or from inclusion bodies
under denaturing conditions. This was probably due to the ubiquitin hindrance that impairs
the binding to the column during affinity chromatography. Therefore, the constructs Ub,-
hscFv and Ubs-hscFv were cloned in pET22b(+) producing the Ub,-hscFv-His and Ubs-
hscFv-His that were properly purified and tested in ELISA (L and M). Ub,-hscFv-His per-
formed better and was used for the in vitro tests.

(PDF)

S2 Fig. SDS-PAGE of hscFvs’ expressions. A. VH-linker-VL orientation, B. VL-linker-VH
orientation. MRK: protein markers (kDa); NI: not induced; 1/2/3h: hours after induction; Sol-
uble: soluble fractions of protein; IBs: inclusion bodies, hence insoluble fractions of proteins.
Arrows indicate the position of the hscFv recombinant proteins.

(PDF)

S3 Fig. SDS-PAGE expression analysis of hscFv proteins in pET45b(+). A. His-hscFv; B.
His-Ub;-hscFv; C. His-Ub,-hscFv; D. His-Ubs-hscFv. Arrows indicate the position of the
hscFv recombinant proteins.

(PDF)

$4 Fig. Purification of Ub fusion hscFv proteins from the soluble fraction. A. His-Ub,-
hscFv; B. His-Ubs-hscFv. MRK:protein marker (kDa); NI: not induced; C. sample loaded into
the column; FT: flow-through. Arrows indicate the position of the hscFv recombinant pro-
teins.

(PDF)

S5 Fig. Purification of His-Ubs-hscFv from inclusion bodies. MRK: protein marker (kDa);
NI: not induced; C: sample loaded into the column; FT: flow-through. Arrow indicates the
position of the hscFv recombinant protein.

(PDF)

S6 Fig. SDS-PAGE analysis of Ub,-hscFv-His (A) and Ub;-hscFv-His (B). MRK: protein
marker (kDa); NI: not induced; 1/2/3h: hours after induction; Soluble: soluble fractions of
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protein; IBs: inclusion bodies, hence insoluble fractions of proteins. Arrows indicate the posi-
tion of the hscFv recombinant protein.
(PDF)

$7 Fig. Purification of Ub,-hscFv-His (A) and Ubs-hscFv-His (B) from the soluble fraction.
MRK: protein marker (kDa); C: sample loaded into the column; FT: flow-through.
(PDF)

S8 Fig. Passages of the optimized purification protocol. A. Single passage purification of
Ub,-hscFv-His at pH 8.5, step at 100 mM of imidazole and gradient to 250 mM of imidazole.
B-C. Double passage purification of Ub,-hscFv-His: negative passage in Q Sepharose FF at pH
7.4, elution with NaCl (B) and positive passage in IMAC at pH 8.5, step at 100 mM of imidaz-
ole and gradient to 250 mM of imidazole (C). MRK: protein marker (kDa); C: sample loaded
onto the column; FT: flow-through.

(PDF)

S9 Fig. Stability test—evaluation of the formation of aggregates after storing the hscFv at
different temperatures and for different timepoints. hscFv was stored at different tempera-
tures; 37°C, 4°C, -20°C, -80°C, and for different timepoints. The solubility and the integrity of
the recombinant protein was evaluated through SDS-PAGE and western immunoblotting.
The samples were loaded in 10% polyacrylamide gels and stained with Brilliant Blue Coomas-
sie R-250 or electroblotted onto a nitrocellulose membrane for protein detection.

(PDF)

$10 Fig. Flow cytometric analysis of MFI of C. auris and C. albicans cells treated with
hscFv. From a FSC vs SSC contour plot (depicting cell physical characteristics) specific gates
surround green and blue events. On the left C. auris cells: in red the entire sample population;
in green the subpopulation of the unbudded cells; in blue the subpopulation of the budded
cells. On the right C. albicans cells: in red the entire sample population; in green the subpopu-
lation of the cells in yeast form; in blue the subpopulation of the cells in hyphal form.

(PDF)

S11 Fig. MIC assay of caspofungin (CAS) alone and in combination with hscFv. Caspofun-
gin was tested alone and in combination with different concentrations of hscFv against C.
auris. The histograms represent the fungal growth as determined by measuring the Abs at 405
nm. The mean + SD of the Abs read after 24 (A) and 48 (B) hours were obtained from three
independent experiments performed in triplicate. The growth of untreated cells was used as
control. With MIC50 we considered the lowest concentrations that inhibit 50% of the fungal
growth compared to the drug-free control (the red line threshold).

(PDF)

$12 Fig. MIC assay of amphotericin B (AMB) alone and in combination with hscFv.
Amphotericin B was tested alone and in combination with different concentrations of hscFv
against C. auris. The histograms represent the fungal growth as determined by measuring the
Abs at 405 nm. The mean + SD of the Abs read after 24 (A) and 48 (B) hours were obtained
from three independent experiments performed in triplicate. The growth of untreated cells
was used as control. With MIC50 we considered the lowest concentrations that inhibit 50% of
the fungal growth compared to the drug-free control (the red line threshold) while with
MIC90 the lowest concentrations that inhibit 90% of the fungal growth compared to the drug-
free control (the green line threshold).

(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0276786 October 31, 2022 21/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276786.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276786.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276786.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276786.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276786.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276786.s012
https://doi.org/10.1371/journal.pone.0276786

PLOS ONE

Development and in vitro characterization of a humanized scFv against fungal infections

S1 Raw images.
(PDF)

Acknowledgments
We gratefully thank Dr Elizabeth Fear for proof-reading the manuscript.

Author Contributions

Conceptualization: Tomas Di Mambro, Tania Vanzolini, Marzia Bianchi, Rita Crinelli,
Mauro Magnani.

Data curation: Tomas Di Mambro, Tania Vanzolini, Marzia Bianchi, Rita Crinelli, Barbara
Canonico, Michele Menotta, Mauro Magnani.

Formal analysis: Tomas Di Mambro, Tania Vanzolini, Marzia Bianchi, Barbara Canonico,
Filippo Tasini, Michele Menotta.

Funding acquisition: Mauro Magnani.
Investigation: Tania Vanzolini.

Methodology: Tomas Di Mambro, Tania Vanzolini, Marzia Bianchi, Rita Crinelli, Filippo
Tasini, Mauro Magnani.

Project administration: Mauro Magnani.
Resources: Mauro Magnani.

Supervision: Mauro Magnani.

Writing - original draft: Tania Vanzolini.

Writing - review & editing: Tania Vanzolini, Marzia Bianchi, Rita Crinelli, Barbara Cano-
nico, Mauro Magnani.

References

1. Tiller KE, Tessier PM (2015) Advances in Antibody Design. Annu Rev Biomed Eng 17:191-216 https://
doi.org/10.1146/annurev-bioeng-071114-040733 PMID: 26274600

2. Emmons C, Hunsicker LG (1987) Muromonab-CD3 (Orthoclone OKT3): the first monoclonal antibody
approved for therapeutic use. lowa Med J lowa Med Soc 77:78-82 PMID: 3557906

3. Sgro C (1995) Side-effects of a monoclonal antibody, muromonab CD3/orthoclone OKT3: bibliographic
review. Toxicology 105:23-29 hitps://doi.org/10.1016/0300-483x(95)03123-w PMID: 8638282

4. Hutchinson M (2007) Natalizumab: A new treatment for relapsing remitting multiple sclerosis. Ther Clin
Risk Manag 3:259-268 https://doi.org/10.2147/tcrm.2007.3.2.259 PMID: 18360634

5. LuR-M,HwangY-C, Liul-J, Lee C-C, Tsai H-Z, Li H-J, Wu H-C (2020) Development of therapeutic anti-
bodies for the treatment of diseases. J Biomed Sci 27:1 https://doi.org/10.1186/s12929-019-0592-z
PMID: 31894001

6. Ahmad ZA, Yeap SK, Ali AM, Ho WY, Alitheen NBM, Hamid M (2012) scFv antibody: principles and clin-
ical application. Clin Dev Immunol 2012:980250 https://doi.org/10.1155/2012/980250 PMID: 22474489

Nelson AL (2010) Antibody fragments. mAbs 2:77-83

8. ChenW, Yuan, Jiang X (2020) Antibody and antibody fragments for cancer immunotherapy. J Control
Release Off J Control Release Soc 328:395-406 https://doi.org/10.1016/j.jconrel.2020.08.021 PMID:
32853733

9. Fernandes JC (2018) Therapeutic application of antibody fragments in autoimmune diseases: current
state and prospects. Drug Discov Today 23:1996—2002 https://doi.org/10.1016/j.drudis.2018.06.003
PMID: 29890227

PLOS ONE | https://doi.org/10.1371/journal.pone.0276786 October 31, 2022 22/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276786.s013
https://doi.org/10.1146/annurev-bioeng-071114-040733
https://doi.org/10.1146/annurev-bioeng-071114-040733
http://www.ncbi.nlm.nih.gov/pubmed/26274600
http://www.ncbi.nlm.nih.gov/pubmed/3557906
https://doi.org/10.1016/0300-483x%2895%2903123-w
http://www.ncbi.nlm.nih.gov/pubmed/8638282
https://doi.org/10.2147/tcrm.2007.3.2.259
http://www.ncbi.nlm.nih.gov/pubmed/18360634
https://doi.org/10.1186/s12929-019-0592-z
http://www.ncbi.nlm.nih.gov/pubmed/31894001
https://doi.org/10.1155/2012/980250
http://www.ncbi.nlm.nih.gov/pubmed/22474489
https://doi.org/10.1016/j.jconrel.2020.08.021
http://www.ncbi.nlm.nih.gov/pubmed/32853733
https://doi.org/10.1016/j.drudis.2018.06.003
http://www.ncbi.nlm.nih.gov/pubmed/29890227
https://doi.org/10.1371/journal.pone.0276786

PLOS ONE

Development and in vitro characterization of a humanized scFv against fungal infections

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

Xu X, Zhang R, Chen X (2017) Application of a single-chain fragment variable (scFv) antibody for the
confirmatory diagnosis of hydatid disease in non-endemic areas. Electron J Biotechnol 29:57-62

Investigators EPIC (1994) Use of a monoclonal antibody directed against the platelet glycoprotein llb/
Illa receptor in high-risk coronary angioplasty. N Engl J Med 330:956-961 https://doi.org/10.1056/
NEJM199404073301402 PMID: 8121459

Krenova Z, Pavelka Z, Lokaj P, Skotakova J, Kocmanova I, Teyschl O, et al. (2010) Successful treat-
ment of life-threatening Candida peritonitis in a child with abdominal non-Hodgkin lymphoma using
Efungumab and amphotericin B colloid dispersion. J Pediatr Hematol Oncol 32:128—130 https://doi.
org/10.1097/MPH.0b013e3181cb49a8 PMID: 20098335

Sutherland A, Ellis D (2008) Treatment of a critically ill child with disseminated Candida glabrata with a
recombinant human antibody specific for fungal heat shock protein 90 and liposomal amphotericin B,
caspofungin, and voriconazole. Pediatr Crit Care Med J Soc Crit Care Med World Fed Pediatr Intensive
Crit Care Soc 9:€23-25

EMA (2018) Mycograb. In: Eur. Med. Agency. https://www.ema.europa.eu/en/medicines/human/
EPAR/mycograb. Accessed 9 Feb 2022

Torosantucci A, Bromuro C, Chiani P, et al (2005) A novel glyco-conjugate vaccine against fungal path-
ogens. J Exp Med 202:597-606 https://doi.org/10.1084/jem.20050749 PMID: 16147975

Rachini A, Pietrella D, Lupo P, Torosantucci A, Chiani P, Bromuro C, et al. (2007) An anti-beta-glucan
monoclonal antibody inhibits growth and capsule formation of Cryptococcus neoformans in vitro and
exerts therapeutic, anticryptococcal activity in vivo. Infect Immun 75:5085-5094 https://doi.org/10.
1128/1A1.00278-07 PMID: 17606600

Torosantucci A, Chiani P, Bromuro C, et al (2009) Protection by anti-beta-glucan antibodies is associ-
ated with restricted beta-1,3 glucan binding specificity and inhibition of fungal growth and adherence.
PloS One 4:5392 https://doi.org/10.1371/journal.pone.0005392 PMID: 19399183

Vanzolini T, Bruschi M, Rinaldi AC, Magnani M, Fraternale A (2022) Multitalented Synthetic Antimicro-
bial Peptides and Their Antibacterial, Antifungal and Antiviral Mechanisms. Int J Mol Sci 23:545 https://
doi.org/10.3390/ijms23010545 PMID: 35008974

Costa S, Almeida A, Castro A, Domingues L (2014) Fusion tags for protein solubility, purification and
immunogenicity in Escherichia coli: the novel Fh8 system. Front. Microbiol. 5: https://doi.org/10.3389/
fmicb.2014.00063 PMID: 24600443

Asimaki E, Petriukov K, Renz C, Meister C, Ulrich HD (2021) Fast friends—Ubiquitin-like modifiers as
engineered fusion partners. Semin Cell Dev Biol S1084-9521(21)00289-5 https://doi.org/10.1016/j.
semcdb.2021.11.013 PMID: 34840080

Kasi D, Nah HJ, Catherine C, Kim E-S, Han K, Ha J-C, et al. (2017) Enhanced Production of Soluble

Recombinant Proteins With an In Situ-Removable Fusion Partner in a Cell-Free Synthesis System. Bio-
technol J. https://doi.org/10.1002/biot.201700125

Murby M, Uhlean M, Staéhl S (1995) ARTICLE NO. 0018 REVIEW Upstream Strategies to Minimize
Proteolytic Degradation upon Recombinant Production in Escherichia coli

Xu X, JinF, YuX, Ren S, Hu J, Zhang W (2007) High-level expression of the recombinant hybrid peptide
cecropinA(1-8)-magainin2(1-12) with an ubiquitin fusion partner in Escherichia coli. Protein Expr Purif
55:175-182 https://doi.org/10.1016/j.pep.2007.04.018 PMID: 17572103

Di Mambro T, Vanzolini T, Bruscolini P, et al (2021) A new humanized antibody is effective against path-
ogenic fungiin vitro. Sci Rep 11:19500 https://doi.org/10.1038/s41598-021-98659-5 PMID: 34593880

SIB Swiss Institute of Bioinformatics | Expasy. https://www.expasy.org/. Accessed 17 Jan 2021
IgBlast tool. https://www.ncbi.nim.nih.gov/igblast/. Accessed 17 Jan 2021

Villani ME, Morea V, Consalvi V, Chiaraluce R, Desiderio A, Benvenuto E, et al. (2008) Humanization of
a highly stable single-chain antibody by structure-based antigen-binding site grafting. Mol Immunol
45:2474-2485 hitps://doi.org/10.1016/j.molimm.2008.01.016 PMID: 18313757

Mader A, Kunert R (2010) Humanization strategies for an anti-idiotypic antibody mimicking HIV-1 gp41.
Protein Eng Des Sel PEDS 23:947-954 https://doi.org/10.1093/protein/gzq092 PMID: 21037278

Bank RPD RCSB PDB: Homepage. https://www.rcsb.org/. Accessed 12 Jan 2022

Makabe K, Nakanishi T, Tsumoto K, Tanaka Y, Kondo H, Umetsu M, et al. (2008) Thermodynamic con-
sequences of mutations in vernier zone residues of a humanized anti-human epidermal growth factor
receptor murine antibody, 528. J Biol Chem 283:1156—1166 https://doi.org/10.1074/jbc.M706190200
PMID: 17947238

Zhang J, Liu H, Katta V (2010) Structural characterization of intact antibodies by high-resolution LTQ
Orbitrap mass spectrometry. J Mass Spectrom 45:112—120 https://doi.org/10.1002/jms.1700 PMID:
19943324

PLOS ONE | https://doi.org/10.1371/journal.pone.0276786 October 31, 2022 23/25


https://doi.org/10.1056/NEJM199404073301402
https://doi.org/10.1056/NEJM199404073301402
http://www.ncbi.nlm.nih.gov/pubmed/8121459
https://doi.org/10.1097/MPH.0b013e3181cb49a8
https://doi.org/10.1097/MPH.0b013e3181cb49a8
http://www.ncbi.nlm.nih.gov/pubmed/20098335
https://www.ema.europa.eu/en/medicines/human/EPAR/mycograb
https://www.ema.europa.eu/en/medicines/human/EPAR/mycograb
https://doi.org/10.1084/jem.20050749
http://www.ncbi.nlm.nih.gov/pubmed/16147975
https://doi.org/10.1128/IAI.00278-07
https://doi.org/10.1128/IAI.00278-07
http://www.ncbi.nlm.nih.gov/pubmed/17606600
https://doi.org/10.1371/journal.pone.0005392
http://www.ncbi.nlm.nih.gov/pubmed/19399183
https://doi.org/10.3390/ijms23010545
https://doi.org/10.3390/ijms23010545
http://www.ncbi.nlm.nih.gov/pubmed/35008974
https://doi.org/10.3389/fmicb.2014.00063
https://doi.org/10.3389/fmicb.2014.00063
http://www.ncbi.nlm.nih.gov/pubmed/24600443
https://doi.org/10.1016/j.semcdb.2021.11.013
https://doi.org/10.1016/j.semcdb.2021.11.013
http://www.ncbi.nlm.nih.gov/pubmed/34840080
https://doi.org/10.1002/biot.201700125
https://doi.org/10.1016/j.pep.2007.04.018
http://www.ncbi.nlm.nih.gov/pubmed/17572103
https://doi.org/10.1038/s41598-021-98659-5
http://www.ncbi.nlm.nih.gov/pubmed/34593880
https://www.expasy.org/
https://www.ncbi.nlm.nih.gov/igblast/
https://doi.org/10.1016/j.molimm.2008.01.016
http://www.ncbi.nlm.nih.gov/pubmed/18313757
https://doi.org/10.1093/protein/gzq092
http://www.ncbi.nlm.nih.gov/pubmed/21037278
https://www.rcsb.org/
https://doi.org/10.1074/jbc.M706190200
http://www.ncbi.nlm.nih.gov/pubmed/17947238
https://doi.org/10.1002/jms.1700
http://www.ncbi.nlm.nih.gov/pubmed/19943324
https://doi.org/10.1371/journal.pone.0276786

PLOS ONE

Development and in vitro characterization of a humanized scFv against fungal infections

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

LuY, SuC, Wang A, Liu H (2011) Hyphal Development in Candida albicans Requires Two Temporally
Linked Changes in Promoter Chromatin for Initiation and Maintenance. PLOS Biol 9:e1001105 https://
doi.org/10.1371/journal.pbio.1001105 PMID: 21811397

Jordan JL, Arndt JW, Hanf K, et al (2009) Structural understanding of stabilization patterns in engi-
neered bispecific Ig-like antibody molecules. Proteins 77:832-841 https://doi.org/10.1002/prot.22502
PMID: 19626705

Teplyakov A, Obmolova G, Malia TJ, Luo J, Gilliland GL (2014) Structural evidence for a constrained
conformation of short CDR-L3 in antibodies. Proteins 82:1679-1683 https://doi.org/10.1002/prot.
24522 PMID: 24470236

Scharf L, West AP, Gao H, Lee T, Scheid JF, Nussenzweig MC, et al. (2013) Structural basis for HIV-1
gp120 recognition by a germ-line version of a broadly neutralizing antibody. Proc Natl Acad SciU S A
110:6049-6054 https://doi.org/10.1073/pnas.1303682110 PMID: 23524883

Hilden |, Lauritzen B, Sgrensen BB, et al (2012) Hemostatic effect of a monoclonal antibody mAb 2021
blocking the interaction between FXa and TFPI in a rabbit hemophilia model. Blood 119:5871-5878
https://doi.org/10.1182/blood-2012-01-401620 PMID: 22563084

Chu H-M, Wright J, Chan Y-H, Lin C-J, Chang TW, Lim C (2014) Two potential therapeutic antibodies
bind to a peptide segment of membrane-bound IgE in different conformations. Nat Commun 5:3139
https://doi.org/10.1038/ncomms4139 PMID: 24457896

Fouts AE, Comps-Agrar L, Stengel KF, Ellerman D, Schoeffler AJ, Warming S, et al. (2014) Mechanism
for neutralizing activity by the anti-CMV gH/gL monoclonal antibody MSL-109. Proc Natl Acad Sci U S A
111:8209-8214 https://doi.org/10.1073/pnas.1404653111 PMID: 24843144

Foote J, Winter G (1992) Antibody framework residues affecting the conformation of the hypervariable
loops. J Mol Biol 224:487-499 https://doi.org/10.1016/0022-2836(92)91010-m PMID: 1560463

Kang TH, Seong BL (2020) Solubility, Stability, and Avidity of Recombinant Antibody Fragments
Expressed in Microorganisms. Front Microbiol 11:1927 https://doi.org/10.3389/fmicb.2020.01927
PMID: 33101218

Roth KDR, Wenzel EV, Ruschig M, et al (2021) Developing Recombinant Antibodies by Phage Display
Against Infectious Diseases and Toxins for Diagnostics and Therapy. Front Cell Infect Microbiol
11:697876 https://doi.org/10.3389/fcimb.2021.697876 PMID: 34307196

Sarker A, Rathore AS, Gupta RD (2019) Evaluation of scFv protein recovery from E. coli by in vitro
refolding and mild solubilization process. Microb Cell Factories 18:5

Varga S, Pathare GR, Baka E, Boicu M, Kriszt B, Székacs A, et al. (2015) Enhancing recombinant pro-
tein solubility with ubiquitin-like small archeal modifying protein fusion partners. J Microbiol Methods
118:113-122 https://doi.org/10.1016/j.mimet.2015.08.017 PMID: 26341610

Butt TR, Jonnalagadda S, Monia BP, Sternberg EJ, Marsh JA, Stadel JM, et al. (1989) Ubiquitin fusion
augments the yield of cloned gene products in Escherichia coli. Proc Natl Acad Sci U S A 86:2540—
2544 https://doi.org/10.1073/pnas.86.8.2540 PMID: 2539593

Baker RT, Smith SA, Marano R, McKee J, Board PG (1994) Protein expression using cotranslational
fusion and cleavage of ubiquitin. Mutagenesis of the glutathione-binding site of human Pi class glutathi-
one S-transferase. J Biol Chem 269:25381-25386 PMID: 7929235

Pilon A, Yost P, Chase TE, Lohnas G, Burkett T, Roberts S, et al. (1997) Ubiquitin fusion technology:
bioprocessing of peptides. Biotechnol Prog 13:374-379 https://doi.org/10.1021/bp970040f PMID:
9265776

Neeley E, Fritch G, Fuller A, Wolfe J, Wright J, Flurkey W (2009) Variations in IC50 Values with Purity of
Mushroom Tyrosinase. Int J Mol Sci 10:3811-3823 https://doi.org/10.3390/ijms10093811 PMID:
19865520

de Aguiar RB, da Silva T de A, Costa BA, Machado MFM, Yamada RY, Braggion C, et al. (2021) Gener-
ation and functional characterization of a single-chain variable fragment (scFv) of the anti-FGF2
3F12E7 monoclonal antibody. Sci Rep 11:1432 https://doi.org/10.1038/s41598-020-80746-8 PMID:
33446839

Friedman DZP, Schwartz IS (2019) Emerging Fungal Infections: New Patients, New Patterns, and New
Pathogens. J Fungi Basel Switz. https://doi.org/10.3390/j0f5030067 PMID: 31330862

Forsberg K, Woodworth K, Walters M, Berkow EL, Jackson B, Chiller T, et al. (2019) Candida auris:
The recent emergence of a multidrug-resistant fungal pathogen. Med Mycol 57:1-12 https://doi.org/10.
1093/mmy/myy054 PMID: 30085270

Brown GD, Denning DW, Gow NAR, Levitz SM, Netea MG, White TC (2012) Hidden Killers: Human
Fungal Infections. Sci Trans| Med 4:165rv13—165rv13 https://doi.org/10.1126/scitransimed.3004404
PMID: 23253612

PLOS ONE | https://doi.org/10.1371/journal.pone.0276786 October 31, 2022 24/25


https://doi.org/10.1371/journal.pbio.1001105
https://doi.org/10.1371/journal.pbio.1001105
http://www.ncbi.nlm.nih.gov/pubmed/21811397
https://doi.org/10.1002/prot.22502
http://www.ncbi.nlm.nih.gov/pubmed/19626705
https://doi.org/10.1002/prot.24522
https://doi.org/10.1002/prot.24522
http://www.ncbi.nlm.nih.gov/pubmed/24470236
https://doi.org/10.1073/pnas.1303682110
http://www.ncbi.nlm.nih.gov/pubmed/23524883
https://doi.org/10.1182/blood-2012-01-401620
http://www.ncbi.nlm.nih.gov/pubmed/22563084
https://doi.org/10.1038/ncomms4139
http://www.ncbi.nlm.nih.gov/pubmed/24457896
https://doi.org/10.1073/pnas.1404653111
http://www.ncbi.nlm.nih.gov/pubmed/24843144
https://doi.org/10.1016/0022-2836%2892%2991010-m
http://www.ncbi.nlm.nih.gov/pubmed/1560463
https://doi.org/10.3389/fmicb.2020.01927
http://www.ncbi.nlm.nih.gov/pubmed/33101218
https://doi.org/10.3389/fcimb.2021.697876
http://www.ncbi.nlm.nih.gov/pubmed/34307196
https://doi.org/10.1016/j.mimet.2015.08.017
http://www.ncbi.nlm.nih.gov/pubmed/26341610
https://doi.org/10.1073/pnas.86.8.2540
http://www.ncbi.nlm.nih.gov/pubmed/2539593
http://www.ncbi.nlm.nih.gov/pubmed/7929235
https://doi.org/10.1021/bp970040f
http://www.ncbi.nlm.nih.gov/pubmed/9265776
https://doi.org/10.3390/ijms10093811
http://www.ncbi.nlm.nih.gov/pubmed/19865520
https://doi.org/10.1038/s41598-020-80746-8
http://www.ncbi.nlm.nih.gov/pubmed/33446839
https://doi.org/10.3390/jof5030067
http://www.ncbi.nlm.nih.gov/pubmed/31330862
https://doi.org/10.1093/mmy/myy054
https://doi.org/10.1093/mmy/myy054
http://www.ncbi.nlm.nih.gov/pubmed/30085270
https://doi.org/10.1126/scitranslmed.3004404
http://www.ncbi.nlm.nih.gov/pubmed/23253612
https://doi.org/10.1371/journal.pone.0276786

PLOS ONE

Development and in vitro characterization of a humanized scFv against fungal infections

52.

53.

54.

55.

56.

57.

58.

Seagle EE, Williams SL, Chiller TM (2021) Recent Trends in the Epidemiology of Fungal Infections.
Infect Dis Clin North Am 35:237—260 https://doi.org/10.1016/}.idc.2021.03.001 PMID: 34016277

Muzaheed null Alshehri BA, Rabaan AA, et al (2022) A 20-year retrospective clinical analysis of Can-
dida infections in tertiary centre: Single-center experience. J Infect Public Health 15:69-74 https://doi.
org/10.1016/}.jiph.2021.11.014 PMID: 34815182

Matthews RC, Rigg G, Hodgetts S, Carter T, Chapman C, Gregory C, et al. (2003) Preclinical assess-
ment of the efficacy of mycograb, a human recombinant antibody against fungal HSP90. Antimicrob
Agents Chemother 47:2208-2216 https://doi.org/10.1128/AAC.47.7.2208-2216.2003 PMID:
12821470

Chen T, Jackson JW, Tams RN, Davis SE, Sparer TE, Reynolds TB (2019) Exposure of Candida albi-
cans [ (1,3)-glucan is promoted by activation of the Cek1 pathway. PLoS Genet 15:e1007892 hitps://
doi.org/10.1371/journal.pgen.1007892 PMID: 30703081

Strijbis K, Tafesse FG, Fairn GD, et al (2013) Bruton’s Tyrosine Kinase (BTK) and Vav1 Contribute to
Dectin1-Dependent Phagocytosis of Candida albicans in Macrophages. PLoS Pathog 9:61003446
https://doi.org/10.1371/journal.ppat.1003446 PMID: 23825946

Ahmad S, Alfouzan W (2021) Candida auris: Epidemiology, Diagnosis, Pathogenesis, Antifungal Sus-
ceptibility, and Infection Control Measures to Combat the Spread of Infections in Healthcare Facilities.
Microorganisms 9:807 https://doi.org/10.3390/microorganisms9040807 PMID: 33920482

Lone SA, Ahmad A (2019) Candida auris—the growing menace to global health. Mycoses 62:620-637
https://doi.org/10.1111/myc.12904 PMID: 30773703

PLOS ONE | https://doi.org/10.1371/journal.pone.0276786 October 31, 2022 25/25


https://doi.org/10.1016/j.idc.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/34016277
https://doi.org/10.1016/j.jiph.2021.11.014
https://doi.org/10.1016/j.jiph.2021.11.014
http://www.ncbi.nlm.nih.gov/pubmed/34815182
https://doi.org/10.1128/AAC.47.7.2208-2216.2003
http://www.ncbi.nlm.nih.gov/pubmed/12821470
https://doi.org/10.1371/journal.pgen.1007892
https://doi.org/10.1371/journal.pgen.1007892
http://www.ncbi.nlm.nih.gov/pubmed/30703081
https://doi.org/10.1371/journal.ppat.1003446
http://www.ncbi.nlm.nih.gov/pubmed/23825946
https://doi.org/10.3390/microorganisms9040807
http://www.ncbi.nlm.nih.gov/pubmed/33920482
https://doi.org/10.1111/myc.12904
http://www.ncbi.nlm.nih.gov/pubmed/30773703
https://doi.org/10.1371/journal.pone.0276786

