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Introduction: The Sporothrix schenckii cell wall has been widely studied to understand its role in pathogenesis and the infection
process. Previously, a component of the cell wall, the peptidorhamnomannan (PRM), was analyzed, and some proteins with unknown
function were identified. Among them, the protein encoded by the SPSK 06559 gene stood out for its high abundance within PRM.
Methods: In this work, in silico analyses were performed to predict the adhesive properties of the SPSK 06559 protein (renamed as
Pap2) to extracellular matrix (ECM) components, such as fibrinogen, fibronectin, and type-I and type-II collagen. Subsequently,
a recombinant Pap2 (rPap2) version was generated to obtain experimental evidence of its adhesive properties to ECM components.
Finally, the role of Pap2 in pathogenesis was assessed in Galleria mellonella larvae.

Results: Bioinformatic analyses consistently suggested that Pap2 possesses adhesive properties. Prediction was experimental
validated: rPap2 showed strong adhesion to ECM components. Immunization with rPap2 conferred significant protection to
G. mellonella larvae against a lethal dose of S. schenckii. Furthermore, preincubation of fungal cells with anti-rPap2 antibodies
drastically reduced their ability to kill the larvae.

Discussion: These findings demonstrate that the SPSK_06559 protein (Pap2) participates in the initial adhesion to host tissues.
Induction of a protective response through immune priming with rPap2 suggest that Pap2 is a promising immunogenic antigen.
Reduction of lethality upon blocking Pap2 confirms its essential role in pathogenesis, positioning it as a potential target for the
development of new therapies and vaccines against sporotrichosis.
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Introduction
Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa are currently the main etiological agents of
sporotrichosis, an implantation mycosis that affects the skin and subcutaneous tissues.' > The disease is worldwide
distributed, but countries like Japan, China, India, South Africa, Madagascar, Brazil, Peru, and Mexico report most of the
human and animal cases of sporotrichosis.>® It is recognized as a sapronosis and a zoonosis, the latter having domestic
cats as the source of human infection. Epidemic outbreaks of zoonotic sporotrichosis have been recently reported,
particularly in Brazil, Argentina, Chile, Colombia, Mexico, Panama, Paraguay, and Peru.’ Different from S. brasiliensis,
which is currently restricted to Brazil and countries sharing a geographical border with this nation,® S. schenckii and
S. globosa are cosmopolitan species and are found in the Americas, Europe, Africa, Asia, and Oceania.>*

The first case of sporotrichosis was reported in 1896 and was linked with S. schenckii, the only Sporothrix species
known at that time.® It was not until 2007 that other Sporothrix species of medical relevance were identified.”
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Consequently, most of the biological and fundamental aspects of the disease and the causative agent, including
pathogenic aspects, have been studied in S. schenckii.'’

Similar to other fungal pathogens of medical relevance, S. schenckii has a repertoire of virulence factors that
allow it to colonize and damage host cells and tissues. Dimorphism, melanin production, adhesins, secreted
hydrolytic enzymes, biofilm production, extracellular vesicles, and strategies to disguise host immunity are among
the most studied virulence factors in S. schenckii.''*'* Cell adhesion to extracellular matrix (ECM) components, cell
surface, and inert plastic surfaces has been reported in S. schenckii, but little information on the proteins with
adhesive properties is currently available. S. schenckii yeast-like cells’ adhesion to epithelial cells has been
previously reported, and cell wall glycoproteins with a molecular weight ranging from 190 kDa to 80 kDa have
been linked with adhesive properties.'* S. schenckii can also bind to endothelial cells, but with no effect on the host
cellular integrity.'* Biofilm formation, which involves cell adhesion, has been reported on plastic surfaces and feline
claws.'>'® This virulence factor is found in the three clinically relevant Sporothrix species.'® In terms of binding to
ECM components, S. schenckii yeast-like cells showed the ability to bind type-I and type-1I collagen, laminin,
fibronectin, fibrinogen, and elastin.'’ ' Even though proteomic and transcriptomic analyses have been performed in
cells from different Sporothrix species, the search for proteins with adhesive properties has proven to be
a challenging endeavor.”® Currently, there is a handful of adhesins that have been identified in S. schenckii. The
cell wall protein Gp70, a moonlighting protein with enzyme activity of 3-carboxy-cis,cis-muconate cyclase, and
adhesive properties, was the first adhesin recognized in this organism. The protein was linked to adhesion to the
dermis of mouse tails?® and fibronectin.>* Genetic approaches indicated that Gp70 is involved in adhesion to
fibronectin and laminin in both S. schenckii and S. brasiliensis yeast-like cells.”>"*® Papl and Hsp60 are two other
cell wall proteins that have shown adhesion to laminin, elastin, fibrinogen, and fibronectin.?® Papl showed
additional adhesion to type-I and type-II collagen.”’ Recently, the Cbpl protein was identified as an adhesin for
type-I and type-II collagen.?'

Defects in the glycosylation of cell wall proteins have been linked to reduced adhesion to ECM components,
suggesting that proper glycoprotein synthesis is essential for S. schenckii’s adhesive properties.”’ Chitin and p-
glucans are the main components of the S. schenckii inner layer of the cell wall, while glycoproteins are abundant
in the outermost layer.”®?° The heterogeneous complex named peptidorhamnomannan (PRM) is one of the most
abundant cell wall glycoproteins. This is composed of mannose (57%), rhamnose (33.5%), galactose (1%), and
proteins (14.2%).>° The peptidic portion contains 325 proteins, some of them of unknown predicted functions.?’
Since Hsp60, Papl, and Cbpl were identified as adhesins belonging to the cell wall PRM,?’ we hypothesize that
other proteins found in this cell wall complex may have adhesive properties.

Here, we analyzed the protein Spsk_06559, an abundant component of PRM with unknown function.?’ This protein
was here renamed as Pap2 (Peptidorhamnomannan-associated protein 2). To assess its role in S. schenckii pathogenesis,
we generated a recombinant version of Pap2, generated polyclonal antibodies, and used them in blocking experiments

when S. schenckii yeast-like cells were interacting with the host.

Materials and Methods

Strains and Culture Conditions

Strains ATCC MYA-4821 and ATCC MYA-4823 of S. schenckii and S. brasiliensis, respectively, were used in this
study.*'*? YPD broth (2% [w/v] gelatin peptone, 3% [w/v] dextrose, and 1% [w/v] yeast extract), pH 4.5 at 28°C, was
used for conidia and hyphae propagation, while dimorphism to yeast-like cells was induced in the same medium with a pH
of 7.8. Cultures were incubated at 37°C for 4 days.”® Escherichia coli BL21 Star™ (DE3) (Thermo Fisher Scientific,
Waltham, MA, USA) was used for recombinant protein expression. Bacteria were incubated at 37°C in LB broth (1% [w/v]
gelatin peptone, 0.5% [w/] yeast extract, and 0.5% [w/v] NaCl). Culturing media was supplemented with 100 pg mL™'
ampicillin (Sigma-Aldrich, St Louis, MO, USA) during the molecular cloning for transformant selection.
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Expression of Recombinant Spsk_06559

S. schenckii yeast-like cells were harvested by centrifuging and used for the isolation of total RNA, using TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized and purified by adsorption chromatography, as described.**
The open reading frame (ORF) from SPSK 06559 (702 bp) was amplified by PCR using the primer pairs 5
"CTCGAGATGTCTGGCATCCCAGAGCTTCTTTA" and 5" AAGCTTCTACTCTTTTTTTCCGTTCTTCTTGG3" (under-
lined sequences represent additional X%ol and HindIlI to direct cloning in the expression vector). The pJET 1.2/blunt vector
(Thermo Fisher Scientific) was used for isolation and molecular identification of the amplicon, and then this was subcloned
into the X#ol and HindllI sites of the expression vector pCold I (Takara Biolnc, Kusatsu, Shiga, Japan), generating pCold-
PAP2. For heterologous expression, strain BL21 (DE3) was transformed with pCold-PAP2, and cells were incubated in LB
broth supplemented with 100 pg mL™" ampicillin (Sigma-Aldrich) for 20 h at 37°C and orbital shaking at 180 rpm. One mL
of this culture was inoculated in 200 mL of fresh LB broth and incubated at 37°C and orbital shaking at 180 rpm, until
reaching an ODgyy nm, = 0.4. For recombinant gene expression, different isopropyl-p-D-1-thiogalactopyranoside (IPTG)
concentrations were added and incubated for 20 h at 15°C. The tested IPTG concentrations ranged from 0.1 to 5 mM, and
1.0 mM was found to be the best concentration for gene induction. At the end of the induction of gene expression, cells
were collected by centrifuging for 20 min at 1,500 X g at 4°C and kept at —20°C until use.

Recombinant Pap2 Purification

Bacteria were pelleted by centrifuging and resuspended in 5 mL of buffer A (8 M urea, 10 mM Tris-HCI, 100 mM
NaH,PO,4, pH 8.0). Bacteria were mixed with < 106 um size glass beads (Sigma-Aldrich), shaken for 1 min in
a vortex, and rested 1 min on ice. This procedure was repeated 5 times, followed by 3 cycles of freezing at —70°C
and thawing at 35°C. This procedure generated a cell homogenate, which was centrifuged at 9,484 x g at 4°C for
10 min, and the supernatant was saved for protein purification. The supernatant was loaded onto a 10 mL Poly-Prep
column (Bio-Rad, Hercules, CA, USA) with 2 mL of TALON Metal Affinity Resin (Jena Bioscience, Jena,
Germany) as reported.’> The column was washed with 6 mL of each buffer A at pH 8.0, 7.5, and 7.0, and then
protein elution was achieved by passing 10 mL of each buffer A at pH 6.5, 5.4, and 4.5.>° In all cases, 2 mL
fractions were collected. The protein purity was inspected by SDS-PAGE in 12% (w/v) gels and stained with 1 mM
dithiothreitol and 0.25 M KC1.?°° The recombinant protein was sliced out from gels, the polyacrylamide fragments
were suspended in PBS at 4°C, and were shaken at 120 rpm to recover protein for passive diffusion. The protein
purity was assessed with silver nitrate staining, as described.’” The DC Protein Assay kit (Bio-Rad, Hercules, CA,
USA) was used for protein quantification.

Generation of Polyclonal Anti-Pap2 Antibodies

We used a male New Zealand rabbit for polyclonal antibody generation as described.>> A venous blood sample was
withdrawn before the immunization scheme, centrifuged, and the preimmune serum was stored at —20°C and used as
a negative control in all the immunological tests conducted in this study. The intramuscular immunization scheme
consisted of the injection of 150 pg of purified recombinant Pap2 (rPap2) suspended in complete Freund’s adjuvant
(Thermo Fisher Scientific). After 2 weeks, 150 pg of rPap2 suspended in incomplete Freund’s adjuvant (Thermo Fisher
Scientific) were injected, and three additional booster shots were administered with a two-week periodicity. After two
weeks, the animal was bled, the serum was collected, and globulins were precipitated with 76% (w/v) ammonium sulfate
and dialyzed against NaCl 0.15 M.?> Polyclonal antibodies were titrated by indirect ELISA, as described,?” using rPap2
as an immobilized antigen in microplates. The preimmune and immune sera were used in serial dilutions from 1:100 to
1:102,400. The anti-rPap2 antibody titer was 1:6400.

Western Blotting Assays

Four-day-grown yeast-like cells were pelleted by centrifuging, washed twice with 25 mM Tris, 2 mM DTT, and 5 mM
EDTA, suspended in 425-600 pm size glass beads (Sigma-Aldrich), and disrupted by applying 10 cycles of shaking
I min in a vortex and resting for 30 sec on ice. Cell homogenates were centrifuged for 5 min at 9,485 x g, and the
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proteins were recovered from the supernatant and kept at —20 °C. Aliquots containing 50 pg total protein were separated
by SDS-PAGE in 12% (w/v) polyacrylamide gels at 120 V for 90 min, the separated proteins were electrotransferred onto
a nitrocellulose membrane (Invitrogen) at 120 V for 1 h using the Mini Trans-Blot Cell system (Bio-Rad) and transfer
buffer (25 mM Tris, 192 mM glycine, and 20% [v/v] methanol), and this was verified by staining with 0.5% (w/v)
Ponceau S-Red, 1% (v/) acetic acid.*® The membrane was blocked with 5% (w/v) casein in PBS-0.05% (v/v) Tween 20
overnight at 4°C, then washed 3 times with PBS-0.05% (v/v) Tween 20, and incubated with anti-rPap2 for 2 h at room
temperature at a working dilution of 1:3,200. The membrane was washed again 3 times with PBS-0.05% (v/v) Tween 20
and incubated for 2 h with the goat anti-rabbit IgG-HRP antibody (Sigma-Aldrich) diluted at 1:5,000. After washing
again 3 times with PBS-0.05% (v/) Tween 20, the membrane was incubated with 1 mg mL™' 3, 3'-diaminobenzidine
(Sigma-Aldrich) and 1% (v/v) hydrogen peroxide (Sigma-Aldrich). Image capture was performed with a GeneGenius
(Bio Imaging Systems, Jackson, MI, USA). Controls of the immunoblotting included the use of the preimmune serum as
the primary antibody or the intentional absence of primary antibody during the assay.

Analysis of Pap2 Three-Dimensional Structure

The predicted three-dimensional model of S. schenckii Pap2 (SPSK _06559) was retrieved from the UniProt database
(accessed on May 14, 2025) in “Protein Data Bank” (.PDB) format.*® The retrieved structural files were subsequently
analyzed using PyMOL software (version 3.0) (https://www.pymol.org/), which enabled the visualization of protein three-

dimensional structures. Pap2 was analyzed using CB-Dock (version 2.0),*® which enabled the identification of the most
probable binding cavity for potential interactions with other proteins. Docking analyses were performed using the HDOCK
server (version 1.1).*' This approach enabled the prediction of binding affinities between Pap2 and several ECM proteins,
including thrombospondin-1 (UniProtKB: 1LSL), laminin (UniProtKB: 4YEQ), elastin (UniProtKB: P15502), fibrinogen
(UniProtKB: 3GHG), fibronectin III (UniProtKB: 1FNF), type-I collagen (UniProtKB: 8K4W), and type-II collagen
(UniProtKB: 9J1R). In addition, bovine serum albumin (BSA; UniProtKB: 4F5S), a plasma protein not associated with the
ECM, was included as a negative control. All protein structures were obtained from the UniProt database and downloaded in .
PDB format. Docking scores were used as a comparative metric between different docking complexes, where a more negative
score indicated a more favorable binding model.*' Additionally, confidence scores were considered: values above 0.7
suggested a high likelihood of molecular interaction; scores between 0.5 and 0.7 indicated a possible interaction; and scores
below 0.5 suggested that binding was unlikely.*' The resulting protein—protein complexes were visualized and analyzed using
PyMOL to identify key interacting residues within the predicted binding sites.

Adhesion Assays
Polystyrene microtiter plates (Maxisorp, Nunc, Sigma-Aldrich) were coated with 1 pg per well of each of the following
proteins: recombinant human fibronectin, recombinant human thrombospondin-1, human type-1 collagen, human lami-
nin, human elastin, human fibrinogen, or bovine type-2 collagen (all from Sigma-Aldrich). The proteins were suspended
in 0.2 M bicarbonate buffer, pH 9.4, dispensed in wells, and incubated overnight at 4°C. Then, plates were washed with
PBS-0.05% (v/v) Tween 20 (PBS-Tween), and blocked with 1% (w/v) BSA, pH 7.4, for 2 h at 37°C. Plates were washed
with PBS-Tween, 1x10° yeast-like cells were added per well, incubated for 1 h at 37°C, washed with PBS-Tween, and
100 pL of a rabbit anti-S. schenckii Hsp60 (1:3,000)*° was added to each well, and plates were further incubated for
1 h at 37°C. Then, plates were washed with PBS-Tween, incubated with a goat anti-rabbit IgG-HRP antibody (Catalog
number A0545; Sigma-Aldrich) 1:4000 in PBS-0.05% (v/v) Tween 20 for 2 h at room temperature, washed with PBS-
Tween, and the reaction was developed with 0.5 mg/mL o-phenylenediamine and 0.005% [v/v] H,0,."” Color develop-
ment was stopped after 5 min with 0.2 M H,SO,, and the absorbance at 490 nm was measured with a Varioskan LUX
Multimode Microplate Reader (Thermo Fisher Scientific). In some experiments, yeast-like cells were preincubated with
either anti-rPap2 or preimmune serum at a working dilution of 1:3,000 in PBS-0.05% (v/v) Tween 20 for 1 h at 37°C.
Then, yeast-like cells were washed with PBS-Tween and included in adhesion assays described above.

E. coli cells expressing rPap2 were resuspended in 5 mL PBS, added with 50 mg mL ™" lysozyme (Sigma-Aldrich),
incubated for 1 h at 37°C, 1% (w/v) SDS was added, and cells were incubated for 30 min at 37°C and shaken for 20 min
in a vortex. The cell homogenate was centrifuged at 21,000 x g at 4°C, and 5 nug protein from the supernatant was used in
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adhesion assays as described above, using anti-rPap2 antibody (1:3000) as primary antibody. Assays with the preimmune
serum (1:3000) as primary antibody were included as a negative control. In both assays, wells coated only with BSA
were used as controls.

Alternatively, HeLa cells (ATCC) growing as monolayer in Eagle’s Minimum Essential Medium (Sigma-Aldrich) at
37°C and 5% CO, (v/v) were incubated with 0.25% (w/v) trypsin and 0.53 mM EDTA (Sigma—Aldrich),20 cells were
washed twice with PBS, concentration adjusted at 5x10° cells mL ™', 200 pL were placed in microtiter plates, and
incubated for 24 h at 37°C and 5% (v/v) CO,. Plates were blocked and used in adhesion assays as mentioned above.

Ethical Statement

The use of Galleria mellonella larvae in this study was approved by the Ethics Committee of the University of
Guanajuato (CEPIUG-P105-2023); while the use of one male New Zealand rabbit was approved under the reference
code CEPIUG-P69-2023. Animal euthanasia was conducted as recommended by the American Veterinary Medical
Association and the National guideline for laboratory animals (NOM-062-Z0O0-1999). For rabbit euthanasia, we
followed the recommended method of cervical dislocation, whilst G. mellonella larvae were cooled at 4°C until
movement ceased before decapitation (point S2.4.3.2 and S7.2.2.3, respectively, of the American Veterinary Medical
Association guidelines for euthanasia of animals: 2020 edition).

Virulence Assays in Galleria mellonella Larvae
Larvae were from a colony previously established in our laboratory** and were fed and hydrated ad libitum with
a standard diet. Only larvae with a length between 1.2 and 1.5 cm, active and vigorous movements, and no body
melanization were included in the study.*? Control and experimental groups contained 30 larvae each. Injections were
performed in the last left pro-leg, as reported.** The control group was injected with 10 uL PBS, while the experimental
group was injected with 10 pL of 1x107 yeast-like cells mL '.** Larvae were housed at 37°C and were under daily
observation for two weeks. Larvae with rigid and extensive body melanization, along with a lack of response to external
stimuli, were considered dead. To quantify fungal colony-forming units (CFUs), dead larvae or those alive at the end of
the experiment were decapitated, hemolymph collected, serially diluted, and incubated on YPD plates, as described.*
For quantification of immunological and cytotoxic parameters, groups of 10 larvae were inoculated as described
above and incubated at 37°C for 24 h. Then, larvae were decapitated, hemolymph collected, anticoagulated, and used for
hemocyte counting, cytotoxicity, melanin levels, and phenol oxidase activity.** Melanin was measured by spectro-
photometry at 405 nm,** whilst cytotoxicity and phenoloxidase activity were measured in cell-free hemolymph, using
the Pierce LDH Cytotoxicity Assay (Thermo Fisher Scientific), and 20 mM 3,4-dihydroxyDL-phenylalanine (Sigma-
Aldrich), respectively.*

Bioinformatics Analyses

Disorder and signal peptide prediction were analyzed using the following sites: IUPred2A (https://iupred2a.clte.hu/;
accessed on May 14, 2025)* and Protter (https://wlab.ethz.ch/protter/start/; accessed on May 14, 2025).*
Hydrophobicity analysis Kyte-Doolittle and GRAVY were analyzed in the following sites: ProtScale (https://web.

expasy.org/protscale/; accessed on May 14, 2025),*” and ProtParam (https://web.expasy.org/protparam/; accessed on

May 14, 2025),*" respectively. Homologous search annotated as moonlighting proteins was performed using the
MoonProt database (https://www.moonlightingproteins.org/search/; accessed on May 14, 2025).4

The conserved domain analyses and taxonomic distribution based on hidden Markov models were conducted on
http://hmmer.org/ (accessed on May 14, 2025) using BLAST.* Sequence alignments in taxonomic distribution were
performed with Clustal Omega (https://www.ebi.ac.uk/jdispatcher/msa/clustalo; accessed on May 14, 2025),>* and their

visualization using the https://alignmentviewer.org/ site; accessed on May 14, 2025. The conserved regions in structural

comparisons were obtained utilizing the .pdb files retrieved from US-align with Chimera (Version 1.17.1) using the
“Clustal Omega Alignment” plugin and choosing the option “select by conservation”.
The phylogenetic reconstruction was generated with data retrieved from the NCBI database (https://ncbi.nlm.nih.gov/;

accessed on May 14, 2025) and generated with MEGA (Version 11). Sequences retrieved from BLAST analysis were
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aligned with ClustalW using default parameters. The analysis was performed using the maximum likelihood statistical
method; bootstrap method and the number of bootstrap replications of 500 for the phylogeny test; JTT matrix-based
model (Jones, Taylor, Thornton) for substitution of uniform rates for rates and patterns; use of all sites for data subset to
use; for tree inference, the following options were applied: Nearest-Neighbor-Interchange (NNI) ML heuristic method,
Neighbor-Joining initial tree for ML, and branch swap filter strong; and finally, number or threads of 1 for system

resource usage.

Statistical Analysis

The GraphPad Prism 8 software was used to establish statistical significance. Data were assessed for normality using the
Shapiro—Wilk test. Since the adhesion assays showed a normal distribution, these were analyzed with the 7-test. Kaplan-
Meier plots were used to show experiments in G. mellonella larvae, and these were analyzed with the Log rank test.
Colony-forming units, hemocyte counting, melanin levels, cytotoxicity, and phenoloxidase activity were analyzed with
the Mann—Whitney U-test, as their results did not show normality. In all cases, statistical significance was set at P < 0.05.
All data are represented with mean and standard deviation.

Results
Production of Recombinant Pap2 and Immunodetection of Native and Recombinant

Protein

To analyze the function of Pap2 during the pathogen-host interaction, we generated the recombinant version using E. coli
BL21 cells and the plasmid pCold-PAP2. Several conditions for gene induction were tested (data not shown), and the best
were using 1 mM isopropyl-pB-D-1-thiogalactopyranoside and 20 h of incubation. Under these induction conditions,
a 28.7 kDa protein band was observed in the cell homogenates of bacteria transformed with pCold-P4P2, corresponding
to recombinant Pap2 (rPap2) (Figure 1A). The predicted Pap2 molecular weight is 25.3 kDa, and, likely, the discrepancy
between experimental and predicted molecular weight may be due to the molecular tags added by the pCold I vector for
protein purification. As a control, protein homogenates from untransformed E. coli BL21 cells and E. coli BL21 cells
transformed with the empty pCold I vector were analyzed by SDS-PAGE (Figure 1A). None of the control homogenates
showed overexpression of the protein (Figure 1A). Since 6X His is one of the molecular tags added by the plasmid to the
recombinant protein, we purified the rPap2 by affinity chromatography. At the end of the purification protocol, only the
rPap2 protein band was observed in the purified preparations (Figure 1B and C).

A B C D E
M C EV Pap2 M rPap2 M rPap2 M rPap2 Ss Sb M rPap2 Ss Sb
kD kDa W kD kDa kDa
a a a 37» R 37
50> e 505 :
50 » e 2 25 » . !
— 37> - 37> ; 25>
T "
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—— — -4 25> - '
25» o a3 - . 25> . ; ’
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Figure | Expression of recombinant Pap2 expressed in Escherichia coli and immunodetection of native and recombinant Pap2. In (A) E. coli BL21 (DE3) cells were cultured
under induction conditions. Cell homogenates were obtained, separated by denaturing SDS-PAGE on 12% (w/v) gels, and stained with Coomassie blue. M, molecular weight
marker; C, untransformed E. coli BL21 (DE3) cells; EV, E. coli BL2| (DE3) transformed with the empty pCold | vector; Pap2, E. coli BL21 (DE3) transformed with pCold
I-PAP2. In (B), the cell homogenates were subjected to protein purification using TALON Metal Affinity Resin. The fractions were evaluated by SDS-PAGE on 12% (w/v) gels
and stained with Coomassie blue. M, molecular weight marker; rPap2, purified recombinant Pap2. In (C), the same sample as in panel (B) was used, but silver-stained. M,
molecular weight marker; rPap2, purified recombinant Pap2. In (D) protein preparations were separated by SDS-PAGE on 12% (w/v) gels, transferred to a nitrocellulose
membrane, and used in a Western blot assay using anti-rPap2 antibody as the primary antibody. M, molecular weight marker; rPap2, purified recombinant Pap2; Ss, Sporothrix
schenckii yeast-like homogenate; Sb, Sporothrix brasiliensis yeast-like homogenate; In (E), same legend as in panel (D), but the Western blot was performed with preimmune
serum as the primary antibody.
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The purified recombinant protein was used to generate polyclonal antibodies in a rabbit. Once the antibodies were
titrated, they were used to detect both native and recombinant Pap2 (Figure 1D). Immunoblotting assays with protein
homogenates of S. schenckii and S. brasiliensis yeast-like cells showed a 37 kDa protein detected in both samples,
suggesting that the native protein contains postranslational modifications that increase its molecular weight (Figure 1D).
As a control, immunoblotting with the preimmune serum as primary antibody gave no detectable signal (Figure 1E).

Sporothrix schenckii Pap2 Has Adhesive Properties
The PRM is a heterogeneous complex of cell wall glycoproteins, and some of them have been characterized as
adhesins.?® So, it is feasible to conceive that Pap2 may also participate in adhesion to host components. We first used
a bioinformatics approach to explore potential adhesive properties of Pap2. The putative three-dimensional structure of
Pap?2 is a barrel-like structure of beta-sheets with three small alpha helices surrounding the beta-sheets (Figure 2A). The
analysis of this structure with the CB-Dock tool identified a putative superficial groove that might be involved in
adhesion to other molecules (Figure 2A). Docking simulations using the HDOCK server showed that the Pap2 protein
had theoretical values compatible with adhesion to laminin, fibrinogen, fibronectin, and type-I and type-II collagen
(Table 1). It is known that S. schenckii does not bind to BSA or thrombospondin I.'"'? Here, our bioinformatic approach
showed low ability of Pap2 to interact with these proteins, stressing the usefulness of this approach (Figure 2B).
A positive putative interaction between Pap2 and fibronectin is shown in Figure 2C. Therefore, the bioinformatic
analysis indicates Pap2 may have adhesive properties.

Next, we performed an ELISA-based adhesion assay, using plates coated with different ECM components and
S. schenckii yeast-like cells. The results were similar to previous adhesion profiles reported for S. schenckii,'”'**° ie,
high binding to laminin and fibronectin, intermediate binding to elastin, type-I and type-II collagen, and low binding to

d,'”1%2% which validates

fibrinogen (Figure 3A). The cells did not bind to thrombospondin-1, a result previously observe
our assay. We also included wells coated with HeLa cells to assess the ability of yeast-like cells to bind a whole epithelial

cell, and the results showed a robust ability of fungal cells to bind this human cell line (Figure 3A). When assays were

Figure 2 In silico analysis of adhesive properties of Sporothrix schenckii Pap2. In (A), Pap2 putative three-dimensional structure. The cloudy area indicates a putative
superficial groove. Amino acids likely to be involved in adhesion to other molecules are highlighted in magenta. In (B) putative docking analysis of Pap2 (green) binding to
bovine serum albumin (blue). In (C) putative docking analysis of Pap2 (green) binding to Fibronectin (Orange). In (B) and (C), red indicates the putative amino acids involved
in binding, and a white cloud indicates the position of the superficial groove. The three panels were generated with PyMol.

Infection and Drug Resistance 2025:18 hetps: 6941



Baruch-Martinez et al

Table | In silico Docking Analysis Between Sporothrix schenckii Pap2 and Selected
Extracellular Matrix Proteins

Receptor Ligand (PDB ID) Docking Score® | Confidence Score®
Pap2 Thrombospondin | (ILSL) —169,39 0,4804
Bovine Serum Albumin (4F5S) —186,63 0,4754
Laminin (4YEQ) —229,38 0,8303
Elastin (P15502) —228,52 0,8252
Fibrinogen (3GHG) —286,45 0,9219
Fibronectin IIl (IFNF) —292,19 0,8634
Collagen type | (8K4W) —233,9 0,7887
Collagen type Il (9JIR) -217,7 0,7759

Notes: *A more negative docking score means a more possible binding model. ®A confidence score above 0.7
indicates that the two molecules are likely to interact; a score between 0.5 and 0.7 indicates that the two
molecules might interact; when the confidence score is below 0.5, the two molecules are unlikely to bind.

performed with yeast-like cells preincubated with anti-Pap2 antibody, there was a significant reduction in the ability to
bind to laminin, elastin, fibrinogen, fibronectin, and HeLa cells (Figure 3A). Even though there was a trend of less
binding to type-I and type-II collagen, the results were not significantly different from the untreated yeast-like cells
(Figure 3A). Adhesion assays with fungal cells preincubated with preimmune serum showed a similar adhesion profile to
untreated cells (Figure 3A), confirming that the changes in adhesion of the cells preincubated with anti-Pap2 antibody are
because of the Pap2 blocking (Figure 3A). Control wells with only blocking agent (BSA) gave threshold readings
(Figure 3A). Collectively, these data suggest that Pap2 may have adhesion properties.

To have additional evidence to support the role of Pap2 as an adhesin, we performed adhesion assays using cell
homogenates from E. coli BL21 pCold-PAP2. Total protein extracts from non-transformed E. coli or those transformed
with the empty pCold-I vector did not show binding to the ECM components tested (Figure 3B). Both showed a similar
and modest ability to bind to HeLa cells (Figure 3B). Total protein extracted from cells expressing PAP2 showed
a modest ability to bind type-I and type-II collagen, laminin, and elastin (Figure 3B). However, this protein extract
showed high adhesion to fibrinogen, fibronectin, and HeLa cells (Figure 3B). A control with heat-denatured protein
extract containing rPap2 showed threshold readings similar to control wells where only BSA was included (Figure 3A).
Collectively, these data support the role of Pap2 as an adhesin.

Pap2 Contributes to Sporothrix schenckii Virulence

Since Pap2 showed adhesive properties, we hypothesized that this protein may have a role in fungal virulence. We used
an experimental sporotrichosis model in G. mellonella to assess virulence. Larvae inoculated with yeast-like cells showed
a median survival of 6.0 = 0.5 days and a mortality of 76.6 + 6.5% (Figure 4). However, larvae inoculated with yeast-like
cells preincubated with the anti-Pap2 antibody showed a median survival of more than 15 days and a mortality of 33.3 +
5.8%. Larva inoculated with yeast-like cells preincubated with the preimmune serum showed a mortality of 79.8 + 6.4%
and median survival of 6.0 + 1.0 days (Figure 4). When the fungal burden was analyzed in the hemolymph of inoculated
larvae, we observed lower CFUs in the group infected with yeast-like cells preincubated with anti-rPap2 antibody, when
compared to the groups inoculated with untreated cells or preincubated with preimmune serum (Table 2). In line with this
observation, the animal group inoculated with cells preincubated with anti-rPap2 antibody showed lower cytotoxicity and
levels of hemocytes, phenoloxidase activity, and melanin production (Table 2).

Pap2 Stimulates Immunological Priming in Galleria mellonella

It was previously reported that S. schenckii cell wall proteins, such as Gp70, Hsp60, and Papl, stimulated immunological
priming in G. mellonella, and this rendered the larvae resistant to a lethal infection with S.schenckii cells.”>>" Thus, we
hypothesize whether a similar situation may occur with Pap2. Groups containing 30 larvae were inoculated with different
rPap2 concentrations, and survival was observed daily. After 5 days of inoculation, no mortality was recorded in any of
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Figure 3 Adhesion to immobilized extracellular matrix components and Hela cells. In (A) the extracellular matrix proteins or Hela cells (HeLa) were immobilized onto 96-well
plates and used in ELISA-based assays. Yeast-like cells were added to wells, and the binding to immobilized components was detected with anti-Hsp60 and the anti-rabbit IlgG-HRP
antibodies. No antibody, untreated Sporothrix schenckii yeast-like cells; Anti-rPap2, yeast-like cells preincubated with the anti-rPap2 antibody before interaction with immobilized
compounds; Preimmune serum, yeast-like cells preincubated with the preimmune serum before interaction with immobilized compounds. The results are means + SD of three
independent experiments performed in duplicate. *p < 0.05 when compared to untreated yeast-like cells (No antibody). In (B) Total protein from Escherichia coli was added to 96-
well plates coated with extracellular matrix proteins or Hela cells (HeLa), and the protein-immobilized component interactions were detected with the anti-rPap2 antibody and the
anti-rabbit IgG-HRP antibody. E. coli; protein from untransformed cells; EV, protein from cells transformed with the empty pCold-I vector; rPap2, protein from cells transformed
with pCold-PAP2 grown under induction conditions; Denatured rPap2, protein from cells expressing PAP2 incubated at 100°C for 10 min before the adhesion assay. The results are
means * SD of three independent experiments performed in duplicate. *p < 0.05 when compared to E. coli, EV, and Denatured rPap2 groups.

the groups (data not shown). Then, hemolymph was collected, and hemocyte, melanin, and phenoloxidase levels were
measured (Figure 5). The inoculation of 10 pg rPap2 did not show changes in these immunological parameters. However,
the inoculation of 20-160 pg protein increased hemocyte levels, melanin production, and phenol oxidase activity in
a dose-response way (Figure 5A and B). These data suggested immunological priming.’*>® To assess whether this
immunological priming may provide an advantage to larvae when interacting with S. schenckii yeast-like cells, groups of
30 larvae were inoculated with different concentrations of rPap2, incubated for 5 days, and then challenged with a lethal
inoculum of §. schenckii cells. Similar to the results shown in Figure 4, the larva group inoculated with PBS and then
challenged with fungal cells showed a mortality of 76.6 = 4-5% and median survival of 6.0 + 1.0 days (Figure 6). The
inoculation of 10 pg rPap2 did not show any effect on the mortality curve; however, the injection of 20 pg rPap2 changed
the mortality curve, with mortality of 66.6 + 3.7% and a median survival of 9.0 £ 0.5 days (Figure 6). The inoculation of
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Figure 4 Virulence of Sporothrix schenckii yeast-like cells in Galleria mellonella larvae. Groups of 30 larvae were injected with yeast-like cells or phosphate buffer saline (PBS).
Fungal cells were untreated or preincubated with anti-rPap2 antibody or preimmune serum before being used in the virulence assays. Larvae were observed for two weeks,
and mortality was recorded daily.

40 pg rPap2 showed greater protection of larvae, as the mortality of the group was 30.0 = 4.8% and a median survival of
more than 15 days (Figure 6). The inoculation of 80 or 160 pg rPap2 showed a similar effect on larvae; the groups
showed a mortality of 6.6 + 3.8% with a median survival of more than 15 days (Figure 6). This dose-response effect
observed in the mortality and median survival was replicated in the CFUs collected from challenged larvae, and the
cytotoxicity, with a significant reduction in both parameters when larvae were inoculated with 20-180 pg rPap2
(Table 3). In the case of hemocytes, melanin, and phenoloxidase activity, these showed a positive dose-response trend,
significantly increasing when groups were inoculated with 20-180 pg rPap2 (Table 3). Collectively, these data indicated

that rPap2 stimulates a protective immunological priming that protects G. mellonella against S. schenckii.

Bioinformatics Analyses of Sporothrix schenckii Pap2

Since Pap2 is predicted to have an unknown function, we performed bioinformatics analyses aiming to predict its putative
function, besides the adhesive properties described above. The analyses indicated that it does not contain a putative transmem-
brane domain or signal peptide; it has two disordered regions (amino acids 112 to 125 and 225 to 233), and a Gravy score of
—0.489, indicating it is a hydrophilic protein. All these features are typical of cytosolic proteins. The analysis in the MoonProt
database gave no relevant hints, suggesting this is not a moonlighting protein already reported in other organisms.

We also searched for functional domains in the Pap2 amino acid sequence using the ScanProsite tool (https://prosite.
expasy.org/scanprosite/) and InterPro (https://www.ebi.ac.uk/interpro/) with no positive results. In the HMMER site
(http://hmmer.org/), there were results indicating that Pap2 may have partial similarity to a NAD(p)-binding oxidor-
eductase from Staphylotrichum logicolle. No other domains could be predicted. Finally, the phylogenetic analysis

indicated that it is a protein widely distributed in Ascomycota, with 517 genera possessing a putative homolog of
S. schenckii Pap2 (data not shown).

Table 2 Colony-Forming Units, Cytotoxicity, Hemocyte Counting, Melanin, and Phenoloxidase Levels in
Galleria mellonella Larvae Infected with Sporothrix schenckii Yeast-Like Cells

Inoculum Colony-Forming | Cytotoxicity | Hemocytes Melanin® | Phenoloxidase®
Units (x10°) * (%)° (x10%) mL™'

PBS 0.0 + 0.0 10.7 £ 6.5 39104 1.6 £04 0303

Untreated cells 4405 928 +58 9.1 0.6 5803 4306

+ anti-rPap2 antibody 2203 33.8 £ 12.5% 4.1 £ 0.8*% 24 + 0.6% 2.2 + 0.4*

+ preimmune serum 46 +08 88.7 + 6.9 87 06 54+07 4.6 +0.8

Notes: * Hemolymph was withdrawn from decapitated larvae and used to quantify fungal colony-forming units by serial dilutions in YPD
medium. Lactate dehydrogenase activity was quantified in cell-free hemolymph. The 100% activity corresponds to data obtained with
lysed hemocytes. © Quantified in the cell-free hemolymph as A4osnm- 9 Phenoloxidase activity defined as the A4o0nm min”"' ug protein -
*P < 0.05 when compared with the values obtained in animals infected with the untreated yeast-like cells, or fungal cells preincubated
with the preimmune serum.
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Figure 5 Immunological activation in Galleria mellonella by recombinant Pap2. Groups containing 30 larvae were injected with phosphate-buffered saline (PBS) or the
indicated amount of rPap2, incubated for 5 days at 37°C, and decapitated for hemolymph collection. None, refers to a larva group that was not manipulated. In (A)
hemolymph was used to quantify the levels of hemocytes. In (B) hemolymph was used to quantify melanin production and phenoloxidase activity. The former was defined as
the absorbance at 405 nm of the cell-free hemolymph, whilst for the latter, enzyme activity was defined as the As90nm min ' ug proteinf'. The results are means + SD of
three independent experiments performed in duplicate. *p < 0.05 when compared to None or PBS groups.
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Figure 6 Effect of recombinant Pap2 on Galleria mellonella challenged with Sporothrix schenckii yeast-like cells. Groups of 30 G. mellonella larvae were inoculated with either
phosphate-buffered saline (S. schenckii) or the indicated amount of rPap2 and incubated for 5 days at 37 °C. Then, a lethal inoculum of 1x10° S. schenckii yeast-like cells was
injected into larvae, kept at 37 °C, and mortality was recorded daily. PBS, control group inoculated and challenged with phosphate-buffered saline.

Discussion

The identification of virulence factors in members of the pathogenic clade of the Sporothrix genus is currently limited,
and most of them are predictions based on other fungal species.''* Adhesion is one of the early stages during
colonization and invasion of host cells and tissues, and it is currently a common feature of fungal pathogens of medical
relevance.”>° So, it is fundamental that S. schenckii has acquired proteins with adhesive properties during its evolu-
tionary history. The results shown here are compatible with proposing Pap2 as a new S. schenckii adhesin, which is added

Table 3 Colony-Forming Units, Cytotoxicity, and Some Immunological Parameters in Galleria mellonella Larvae Pre-
Inoculated with rPap2 and Challenged with Sporothrix schenckii Yeast-Like Cells

Inoculum? Challenge® | Colony-Forming | Cytotoxicity Hemocytes Melanin ¢ | Phenoloxidase ©
Units (x 10°)° (%)° (*10%) mL™'
PBS ¢ PBS 0.0 £ 0.0 112 £35 3.7+05 1.5+0.5 02 £0.1
PBS S. schenckii 47 £ 0.6 93.1 £ 6.5 88 + 0.5 55+06 42+03
10 ug rPap2 S. schenckii 4.6 £0.5 90.9 £ 5.1 89 £ 0.6 5305 40+0.3
(Continued)
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Table 3 (Continued).

Inoculum? Challenge® | Colony-Forming | Cytotoxicity | Hemocytes Melanin ¢ | Phenoloxidase ©
Units (x 10°)° (%)° (x10%) mL™'

20 pg rPap2 S. schenckii 3.2 + 0.5% 532 + 7.7% 10.5 + 0.4* 6.3 £ 0.3* 5.2 + 0.5*

40 g rPap2 S. schenckii 2.3 £ 0.4* 354+ 7.1% 10.8 £ 0.2% 7.0 £ 0.4* 6.6 + 0.7*

80 pg rPap2 S. schenckii 1.4 + 0.5% 13.1 £ 4.5% 10.5 £ 0.5% 74 £ 0.4* 6.4 + 0.3*

160 pg rPap2 | S. schenckii 1.2 + 0.5% 14.1 + 8.8*% 10.7 £ 0.4 7.6 £ 0.2% 6.6 + 0.8*

Notes: ® The indicated inoculum was injected, larvae were incubated for 5 days at 37°C, and the indicated challenge was injected, and larvae were
under observation for |5 days‘b Hemolymph was withdrawn from decapitated larvae and used to quantify fungal colony-forming units by serial dilutions
in YPD medium. © Lactate dehydrogenase activity was quantified in cell-free hemolymph. The 100% activity corresponds to data obtained with lysed
hemocytes. 9 Quantified in the cell-free hemolymph as A4gsnm. © Phenoloxidase activity defined as the A490nm min ! ug protein !, %P < 0.05 when
compared with the values obtained in animals inoculated with PBS and challenged with S. schenckii.

to Gp70, Papl, Hsp60, and Cbpl, currently the known cell wall adhesins in this organism.”**'*> Whether Pap2 acts in
synergy with any of these adhesins, forming a heterogeneous complex or works as a sole component of the PRM in
adhesion to host components, remains to be addressed.

As mentioned, Pap2 belongs to the PRM complex but does not have the typical traits of a secreted protein. The
bioinformatics analysis indicates it lacks a signal peptide, a trait that most of the proteins that enter the endoplasmic
reticulum contain as part of their primary structure.”” However, the bioinformatic predictions indicate that Pap2 contains
3 and 13 putative N-linked and O-linked glycosylation sites, and this observation is in line with the experimental
molecular weight of the native Pap2 and the fact that it belongs to PRM, a complex rich in glycoproteins.?’>° Therefore,
Pap2 should enter the endoplasmic reticulum lumen and transit the secretory pathway. The Pap2 translocation to the
endoplasmic reticulum may be due to signal-peptide-independent mechanisms, such as those that recognize specific
internal sequences within the protein.”® Our bioinformatics strategy failed to propose an additional function to Pap2,
suggesting this may be a protein with a sole function of adhesin. This contrasts with Gp70 and Hsp60, which are
moonlighting proteins with a canonical biological function different from adhesion.’®* For these proteins, adhesive
properties are observed when they are relocated within the cell wall. Thus, Papl and Pap2 are currently the non-
moonlighting adhesins in S. schenckii.*® Since we also detected Pap2 in the S. brasiliensis cell wall, we propose that in
this organism Pap2 is performing similar functions as those described here for S. schenckii. However, this hypothesis
remains to be confirmed.

One interesting observation is the adhesion profile to ECM components. Pap2 showed adhesion to laminin, elastin,
fibrinogen, and fibronectin; while Hsp60 and Papl showed adhesion to these components and to type-I and type-II
collagen.”® Gp70 showed adhesion only to fibronectin and laminin.*® This indicates that adhesion to some ECM
components is redundant for these adhesins, suggesting the organism needs to establish adhesion to these components
during the course of the infection. Laminin, elastin, and cellular fibronectin are abundant proteins in the cutaneous and

39°61 the primary points of contact of S. schenckii cells when interacting with the mammalian host.®

subcutaneous tissues,
One limitation of our study is that we currently cannot establish whether these proteins work independently or as part of
a protein complex with adhesive properties.

The relevance of this protein for the interaction with the host was shown in the killing experiments in G. mellonella
larvae. The protein backbone was capable of inducing immunological priming, suggesting this protein may be
a candidate to explore its properties to generate long-lasting immunological memory that may protect against sporo-
trichosis. Currently, Gp70 is the only S. schenckii protein that has shown the ability to induce protection against
experimental sporotrichosis.’* %

Although rPap2 immunization induced immune priming and conferred protection, conclusions regarding the generation of
a long-term immunological memory in a susceptible mammalian host must be interpreted cautiously, because of the lack of an
adaptive immune system in our model, G. mellonella. Our observations will require future validation in a murine model of
experimental sporotrichosis. On the other hand, the exact proportion of Pap2 exposed on the fungal cell surface during

different life cycle stages and its impact on in vivo adhesion are open questions that remain to be addressed.
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Conclusion

In

conclusion, we presented evidence indicating S. schenckii Pap2, a protein belonging to the cell wall PRM, has

adhesive properties to ECM components and epithelial cells, and is required for the S. schenckii virulence in

G.

mellonella larvae.
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