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Purpose: Allergic diseases have escalated to epidemic levels worldwide, impacting nearly 30% of the global population. Fungi are
a significant source of allergens responsible for up to 6% of respiratory diseases in the general population. However, the specific cause
of respiratory allergies often remains unidentified. This study aimed to investigate the potential of two common rust fungi,
Tranzschelia pruni-spinosae and Phragmidium rubi-idaei, to trigger a proinflammatory response in vitro models representing the
upper and lower respiratory tract.

Materials and Methods: The BEAS-2B and A549 cell lines simulated upper and lower respiratory endothelial cells. The
cytotoxicity of fungal extracts was evaluated using MTT and flow cytometry assays. Cell reactive oxygen species (ROS) production
was measured via flow cytometry, while ELISA tests quantified the production of proinflammatory cytokines. Immunofluorescence
techniques were employed to assess cell integrity markers.

Results: Extracts from 7. pruni-spinosae and P. rubi-idaei significantly stimulated the production of proinflammatory cytokines IL-1
and GM-CSF in both cell lines, all of which are associated with the development of allergic responses. The increase in these cytokines
and the elevated ROS production were linked to the disruption of epithelial cell junctions.

Conclusion: The findings suggest the potential of 7. pruni-spinosae and P. rubi-idaei extracts to collectively disrupt the epithelial
barrier in the upper and lower respiratory tract by inducing proinflammatory cytokines and the production of reactive oxygen species
and metalloproteinases. Although none of the above parameters was spectacularly high, all of them together could cause a decrease in
the presence of tight junction proteins, such as E-cadherin and occludin, in epithelial cells.

Plain Language Summary: Phytopathogenic microfungi, commonly found in human surroundings, act as plant parasites. They
adversely affect crop yields, lower the quality of agricultural products, and diminish the aesthetic value of ornamental plants.
Furthermore, these fungi pose a potential health risk to humans, as they are major sources of allergens. The most notable allergenic
fungi include Alternaria, Aspergillus, Cladosporium, Penicillium, and Fusarium. However, even widely distributed fungi like 7. pruni-
spinosae and P. rubi-idaei, which infect plums and raspberries, can trigger allergic reactions. These fungi heavily infest plants,
releasing vast amounts of spores, particularly in the spring, summer, and fall. This increases the risk of human exposure to allergens as
the plants and their parasitic fungi spread. Since standard skin or blood tests do not always pinpoint the root causes of allergies,
identifying new fungal allergens is critical for more precise hypersensitivity diagnoses. Our research indicates that parasitic microfungi
exhibit pro-inflammatory solid properties, which is the basis of allergenic reactions in in vitro upper and lower respiratory tract
models.
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Introduction

The prevalence of allergic diseases is rapidly increasing worldwide and according to estimates by the World Allergy
Organization (WAO), it varies from 10% to 40%, depending on the country. In most developed countries, allergy affects
more than 20% of the population.'* While allergy was considered a rare disease at the beginning of the 20th century, the
last few decades have dramatically increased its prevalence. According to research by the European Academy of Allergy
& Clinical Immunology (EAACI), more than 150 million Europeans currently suffer from chronic allergic diseases, and
20% of them struggle with severe and debilitating forms of allergies. It is estimated that one in two Europeans will suffer
from allergies by 2025. These figures are believed to be underestimated, as many patients do not report their symptoms or
are misdiagnosed.’

The World Health Organization and the International Union of Immunological Societies (WHO/IUIS) currently
indicate the existence of 750 allergens, including fungal allergens.* Despite the extensive knowledge of the participation
of fungi in the pathophysiology of allergic diseases, they still need to be sufficiently considered as allergens in basic
research and clinical practice. However, this problem is confirmed by the fact that the incidence of respiratory allergies to
fungi is estimated at 20-30% among atopic subjects and up to 6% in the general population.” Another argument is that
fungi are a more common cause of allergic reactions in the lower respiratory tract than pollen.®

Phytopathogenic microfungi, which are plant parasites, are commonly present in environments inhabited by humans.
These fungi lead to widespread plant infestations, resulting in reduced crop yields, diminished quality of plant products,
and loss of the aesthetic value of ornamental plants. The physiology and distribution of plants and fungi as well as the
production of pollen and spores are influenced by such factors as geographical location, air quality, human activities, and
local vegetation sources. Climate-related elements like temperature, humidity, and extreme weather also play a significant
role.”®

Conversely, phytopathogenic microfungi may pose a risk to human health since they are well-known and significant
sources of allergens. Traditional skin or blood tests do not always successfully identify the specific allergen responsible
for an allergy. The most significant allergenic fungi are typically found in the genera Alfernaria, Aspergillus,
Cladosporium, Penicillium, and Fusarium.®’ However, it is possible that the highly prevalent native and invasive
phytopathogenic microfungi responsible for widespread plant infestations could also act as sources of allergens. We
propose that common phytopathogenic microfungi, which can be inhaled by humans, might be a potential trigger for
allergic reactions.

In this study, we have presented the genetic identification and proinflammatory properties of two common rust species
(Pucciniales): T. pruni-spinosae, which parasitizes Prunus domestica, and P. rubi-idaei, which infests Rubus idaeus. By
using two cell model lines representing the upper (BEAS-2B) and lower (A549) respiratory tract cells, we demonstrate
the proinflammatory activity of these microfungi and their ability to disrupt the epithelial barrier function in lung and
bronchial cells. These processes are fundamental to the development of allergies and asthma. Thus, our research
significantly enhances the understanding of new potential fungal allergens.

Materials and Methods

Plant Material and Morphological Identification
The fungi selected for the study are biotrophic organisms that cannot be grown on artificial substrates in the laboratory.
Therefore, the research material was obtained from the natural environment. Plant organs affected by rust species
(Pucciniales) were collected in Rymanoéw (Poland): 7. pruni-spinosae on Prunus domestica L. on 11-12 Sept 2021 and 1
—2 Oct 2021 (LBL M—033122, leg. U. Swiderska) and P. rubi-idaei on Rubus idaeus L. on 11-12 Sept 2021 and 1-2
Oct 2021 (LBL M-033123, leg. U. Swiderska). The host plants are commonly found in forests and thickets (Rubus
idaeus L.) and cultivated by breeders (Rubus idaeus L., Prunus domestica L). They are not under any species protection
and do not occur in protected areas.

The collected material, which included leaves and infecting fungi, was air-dried and stored in the herbarium at Maria
Curie-Sktodowska University in Lublin (LBL). Initially, the morphological characteristics of the specimens were
examined by mycologist U.Swiderska through microscopic preparations stained with Lactophenol Cotton Blue dye.
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They were observed with an Olympus BX53 light microscope at magnifications of 40x, 100x, 400x, and 600x.
Microphotographs of fungal diagnostic structures were captured using an Olympus digital camera SC180 attached to
the microscope and an Olympus SZ10 stereoscopic microscope with an Olympus camera XC50. Further, the structures
were coated with gold using an Emitech K550X Sputter Coater and visualized with a TESCAN Vega 3 LMU scanning
electron microscope (from Brno, Czech Republic). Specimens containing the morphological features of the fungus, such
as teliospores, were then prepared for additional laboratory analyses under the supervision of an Olympus SZ61
stereoscopic microscope. The samples were placed in test tubes and subsequently subjected to liquid nitrogen vapor
for 24 hours before being ground to a powder using a mortar and pestle. The powdered fungal material was used to
prepare crude extracts.

Genetic ldentification of Fungal Species
DNA Extraction

The DNA isolation from the fungal cells was performed using a DNeasy Plant Mini Kit (Qiagen) according to the
manufacturer’s instruction. The purity and concentration of genomic DNA were checked by NanoDrop™ 2000/2000c
measurements (Thermo Fisher Scientific, USA). The DNA was kept at —20 °C.

Molecular Phylogeny
The phylogenetic similarity of the studied fungi was assessed through a comparative analysis of the concatenated
sequence of the internal transcribed spacer (ITS) region and large subunit (LSU) sequences of the rRNA gene. These
sequences were amplified using primer pairs ITS5-u/ITS4-u and LROR/LR6 (Vilgalys and Hester 1990; Pfunder et al
2001). The PCR amplifications were performed using the ReadyMix™ Taq PCR Reaction Mix kit (Sigma-Aldrich)
following the manufacturer’s instructions. Each reaction mixture contained 50—100 ng of template DNA and 0.4 mm of
each primer. In accordance with the established protocols, the PCR reactions were conducted in a thermocycler
(TProfessional BASIC 96 Gradient, Biometra GmBH, Géttingen, Germany).10

The obtained amplicons were purified using a Clean-Up purification kit (A&A Biotechnology) and sequenced with
a Terminator Cycle sequencing kit. The sequencing was performed on a 3500 Genetic Analyzer following the
manufacturer’s instructions (Life Technologies). Using the BLAST tool, the resulting sequences were compared with
those in the GenBank database. Sequence alignments were performed using ClustalX2'' and analyzed in the GeneDoc
program.'? A phylogenetic tree was constructed from the generated sequences using the Neighbor-Joining (NJ) method
in the MEGA11 program,'* with the Kimura two-parameter model as the nucleotide substitution model. The best-fitting
evolutionary model for each gene was selected using jModelTest.'* The statistical significance of the tree was assessed
with a bootstrap test (1000 replicates). The phylogenetic tree was visualized using the TreeView program.'’

The GenBank Accession Numbers

The GenBank accession numbers of the analyzed sequences are as follows: LSU: 0Q606766, ITS: 0Q613349 for
Tranzschelia pruni-spinosae and LSU: 0Q606768, ITS: 0Q613354 for Phragmidium rubi-idaei. The accession numbers
of the reference strains are given on the phylograms.

Preparation of Crude Fungal Extracts

The fungal biomass was rinsed with acetone three times and dried for 24 hours at 37°C. The dried material was
suspended in 0.05M Tris-HCI buffer at pH 8.0, at a ratio of 1 mL per 10 mg of dry weight, and subjected to three cycles
of sonication (20 seconds of sonication followed by 2 minutes of cooling) in a room-temperature water bath (Elmasonic
S100H, Elma, Germany). The extraction was performed overnight with shaking at 4°C, after which the extracts were
centrifuged (804 x g, 10 minutes, 4°C). The supernatants were placed in a regenerated cellulose membrane with
a molecular weight cut-off of 6-8 kDa (Spectrum Laboratories, Rancho Dominguez, CA, USA) and dialyzed for
24 hours at 4°C against 0.1M NH4HCOj; buffer at pH 8.4, with the buffer changed three times. The material was then
lyophilized and resuspended in phosphate-buffered saline (PBS, Biomed, Poland). The protein concentration was
determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) with bovine
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serum albumin as a standard.'® The crude fungal extracts prepared in three independent replicates were aliquoted into
100 pL portions and stored at —80°C for future analysis.

Cell Lines and Culture Media

The in vitro experiments used two adherent human airway cell lines: human alveolar epithelial cancer cells (A549,
ATCC# CCL-185) and human normal bronchial epithelial cells (BEAS-2B, ATCC# CRL-9609). The A549 cells were
cultured in a 1:1 (v/v) mixture of RPMI 1640 (Corning Media) and DMEM (Sigma-Aldrich) supplemented with 10% (v/
v) heat-inactivated fetal bovine serum (FBS, EURx Molecular Biology Products) and 1% (v/v) penicillin-streptomycin
(Sigma-Aldrich). The BEAS-2B cells were initially cultured in LHC-8 medium (Gibco) with 10% (v/v) heat-inactivated
FBS and 1% (v/v) penicillin-streptomycin; after 24 hours, the medium was replaced with serum-free LHC-8 to maintain
the characteristic cuboidal, polygonal morphology of respiratory epithelium.'” Both cell lines were incubated in standard
conditions at 37°C, with 5% CO, and 95% humidity. The cells were cultured until confluent and then passaged at a 1:3
ratio using PBS without Ca?" and Mg?" ions and 0.25% trypsin with 0.02% EDTA (Biological Industries).

Cytotoxicity study with the MTT assay

Cell viability was evaluated by assessing mitochondrial activity through the reduction of the yellow tetrazolium salt,
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), into purple formazan crystals. The intensity
of the color, determined by spectrophotometric analysis of dissolved crystals, was indicative of the mitochondrial activity
in living cells.'® In brief, the cells were seeded into 96-well plates (100 pL per well) at a density of 1x10° cells/mL (the
A549 cell line) or 2x10° cells/mL (the BEAS-2B cell line) in a suitable culture medium with 10% FBS (Nunc, Roskilde,
Denmark) and incubated at 37°C for 24 hours. After removing the medium, 100 pL of fungal extracts at varying
concentrations (0.09—400 pg of protein/mL) in the appropriate culture medium (RPMI 1640 + DMEM with 2% FBS for
the A549 cells; serum-free LHC-8 for the BEAS-2B cells) were added to the wells. The cells were then incubated at 37°C
for an additional 24 hours. The controls included untreated cells and the medium alone; blank wells without cells were
prepared as well. The MTT assay was performed as described in previous studies.'® The optical absorbance at 570 nm
was measured using a VICTOR X4 Multilabel Plate Reader (Perkin Elmer, Waltham, MA, USA). The results were
expressed as (i) the percentage of cell viability relative to the control and (ii) IC50, ie the concentration required to
achieve a 50% reduction in cell viability. Each experiment was conducted in triplicate with 4-8 samples per run. The
percentage of viable cells was calculated using the following formula:

A570 of treated cells — A570 of blank

Cell vaiability (%)=
ell vaiability (%) A570 of control cells — A570 of blank x

100

Flow Cytometry

Cytotoxicity Study

The cells were seeded into 24-well plates (1 mL per well) at a density of 1x10° cells/mL (the A549 cell line) or 2x10°
cells/mL (the BEAS-2B cell line) (Nunc, Roskilde, Denmark) in the appropriate culture medium containing 10% FBS
and incubated at 37°C for 24 hours. After removing the medium, fresh medium was added along with the fungal extracts
to be tested, with concentrations determined based on the MTT assay results (RPMI 1640 + DMEM with 2% FBS for the
A549 cells and serum-free LHC-8 for the BEAS-2B cells). Untreated cells were the negative control, while cells treated
with 5% DMSO (Sigma-Aldrich) were the positive control. After 24-hour incubation, supernatants were collected from
each well and placed in cytometry tubes. Then, 150 uL of accutase (Corning Media) was added to each well to detach the
cells. The contents of each well were resuspended in 500 pL of the respective culture medium (RPMI 1640 + DMEM
with 2% FBS for the A549 cells and serum-free LHC-8 for the BEAS-2B cells), transferred to cytometry tubes
containing corresponding supernatants, and centrifuged (314 x g, 5 minutes, at room temperature). The supernatants
were discarded, and the cells were washed with 500 pL of binding buffer (10X Annexin V Binding Buffer, diluted 1:9 in
H,0, BD Biosciences). After another round of centrifugation (314 X g, 5 minutes, room temperature), the cell pellet was
resuspended in 100 pL of binding buffer with 5 uL of annexin V FITC (BD Biosciences) and 5 uL of propidium iodide
(BD Biosciences), gently vortexed, and incubated for 15 minutes at room temperature, protected from light. Finally,
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> apoptosis

Figure | A representative flow cytometry gating strategy for the cytotoxic study.

400 puL of binding buffer was added to each cytometry tube, and the samples were analyzed using a flow cytometer
(FACSCalibur™ Flow Cytometer, BD Biosciences) with Cell Quest Pro software. Each experiment was performed in
triplicate. The results are reported as the percentages of viable, apoptotic (early and late), and necrotic cells among the
total cells analyzed. A representative flow cytometry gating strategy for this analysis is presented below (Figure 1).

Determination of Reactive Oxygen Species Production

Cells from both cell lines were suspended in PBS without Ca®" and Mg*" ions, supplemented with 1% FBS, at a density
of 2x10° cells/mL. One milliliter of the cell suspension was placed in a cytometric tube, and 1 pL of dihydrorhodamine
123 (DHR 123, Thermo Fisher Scientific) (final concentration of 5 mm/mL in PBS without Ca*" and Mg®") was added.
The mixture was then incubated for 15 minutes at 37°C. The fungal extracts were added to cytometric tubes at doses
determined by the MTT assay results. Untreated cells served as a negative control, while cells treated with 5 pL of tert-
butyl hydroperoxide (tBHP, Sigma-Aldrich) (final concentration of 50 uM in PBS) were used as a positive control. After
1-hour incubation at 37°C, the tubes were centrifuged (314 X g, 5 minutes, room temperature), and the supernatant was
discarded. The cell pellet was resuspended in 500 pL of PBS with 1% FBS, and flow cytometric analysis was performed
(FACSCalibur™ Flow Cytometer, BD Biosciences; Cell Quest Pro software). Based on three independent experiment
replications, the results were expressed as the percentage of cells producing reactive oxygen species versus those that did
not produce ROS. A representative flow cytometry gating strategy for this analysis is shown below (Figure 2).

Determination of Cytokine Production

In our experiments, we evaluated the ability of the fungal extract to stimulate the production of IL-1B, IL-6, TNF-a,
TGF-B, and GM-CSF in both A549 and BEAS-2B cells. Specifically, cells at a density of 1x10° cells/mL (the A549 cell
line) or 2x10° cells/mL (the BEAS-2B cell line) were seeded into 24-well plates (1 mL/well) (Nunc, Roskilde, Denmark)
in appropriate culture medium containing 10% FBS and incubated at 37°C for 24 hours. After removing the old medium,
fresh medium was added along with the fungal extracts: RPMI 1640 + DMEM with 2% FBS for the A549 cells and
serum-free LHC-8 for the BEAS-2B cells. The concentration of the fungal extracts was selected based on the MTT assay
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Figure 2 A representative flow cytometry gating strategy for the determination of reactive oxygen species production. Ml —ROS non-producing cells, M2 — ROS producing
cells.
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results: (i) a concentration equivalent to 50% of the IC50 value and (ii) a concentration where cell viability was within
the 80-90% range. Untreated cells served as a negative control. Each experiment was performed in triplicate. After
24 hours of incubation at 37°C, culture supernatants were collected and centrifuged (314 x g, 5 minutes, room
temperature). The samples were then stored at —70°C for subsequent analysis. Enzyme-linked immunosorbent assays
(ELISA, Shanghai Coon Koon Biotech Co.) were conducted according to the manufacturer’s instructions. The sensitivity
of the ELISA tests for each cytokine was as follows: IL-1$ 10.0 pg/mL, IL-6 1.0 pg/mL, TNF-a 10.0 pg/mL, TGF-$ 10.0
pg/mL, and GM-CSF 10.0 pg/mL.

Determination of the Presence of E-Cadherin and Occludin With Fluorescence

Microscopy
The cells were seeded at a density of 3x10* cells/mL (the A549 cell line) and 6x10* cells/mL (the BEAS-2B cell line) in
appropriate culture medium into 8-chamber slides (0.5 mL per chamber) (Thermo Fisher Scientific) and incubated at
37°C for 24 hours. Afterward, the medium containing 10% FBS was replaced with fresh medium containing the fungal
extracts at the same concentration range as that used for the cytokine analysis: RPMI 1640 + DMEM with 2% FBS for
the A549 cells and serum-free LHC-8 for the BEAS-2B cells. Following another 24-hour incubation at 37°C, the
supernatant was removed, and the chambers were rinsed three times with PBS containing Ca®" and Mg*" ions (500 pL
per chamber). The cells were then fixed with 4% paraformaldehyde (400 pL per chamber, BD Biosciences) for
15 minutes at 37°C, followed by three washes with 500 pL. of PBS. To permeabilize the cell membranes, 400 uL of
0.1% Triton X-100 (Sigma-Aldrich) in PBS was added to each chamber and incubated for 15 minutes at room
temperature. After another three washes with PBS, 500 uL of 2% bovine serum albumin (BSA, Sigma-Aldrich) in
PBS was added to each chamber to block non-specific antibody-binding sites. The chambers were incubated for
60 minutes at room temperature before the supernatant was removed, and 100 uL per well of primary antibody (occludin
- 5 pg/mL in 2% BSA; E-cadherin - 2 ug/mL in 2% BSA) was added (Thermo Fisher Scientific). Following overnight
incubation at 4°C, the chambers were rinsed three times with 500 pL of PBS, and 100 pL per well of Alexa Fluor™ 488-
conjugated secondary antibody (2 pg/mL in 2% BSA) was added (Thermo Fisher Scientific). The slides were incubated
for 45 minutes at room temperature in the dark. After removing the supernatant, 200 pL. of DAPI (2 pg/mL in PBS)
(Sigma-Aldrich) was added to each chamber and incubated in the dark for 5 minutes at room temperature. The chamber
walls were removed, the slides were rinsed with PBS, and a few drops of a glycerol/water solution (1:1, v/v) were
applied. The slides were covered with coverslips, and images were captured using a DM4000B epifluorescence
microscope (Leica, Wetzlar, Germany) equipped with Leica EL6000 filters, a Leica DFC 500 camera, and LAS V3.1
Leica image analysis software.

Additional control samples were prepared with cells not treated with fungal extracts: (i) cells without primary
antibodies and (ii) cells stained only with secondary antibodies conjugated to a fluorescent dye to ensure the specificity
of the fluorescent staining.

Statistical Analysis

Continuous variables with a normal distribution were expressed as mean + SD, derived from at least three independent
experiments. Statistical significance between groups was determined using the Mann—Whitney U-test or one-way
ANOVA, followed by Tukey’s post-hoc multiple comparison test. Statistical analysis was conducted using
STATISTICA version 12 (StatSoft, Inc., Tulsa, OK, USA), with a P value of <0.05 considered significant. The IC50
(inhibitory concentration) was calculated using GraphPad Prism version 6 (GraphPad Software Inc., La Jolla, CA, USA).

Results

Plant Material and Morphological Identification of Microfungi

T. pruni-spinosae was identified based on the morphological characteristics of the species. Dark brown teliospores of
T. pruni-spinosae develop on the lower side of Prunus domestica leaves (Figure 3a), with corresponding brown spots
identified on the upper side (Figure 3b). Teliospores with dimensions of approximately 3040 x 17-23 um are structures
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Figure 3 T pruni-spinosae on Prunus domestica. (a) — disease symptom on infected leaves; (b) — telia with teliospores on the lower part of the leaf (SM); (c and d) —
teliospores (LM); (e) — teliospores (SEM). Scale: b — | mm; ¢ — 50 ym; d — 20 pm; e — 10 pm.

Figure 4 P. rubi-idaei on Rubus idaeus. (a and b) — disease symptom on infected leaves; (c) — telia with teliospores on the lower part of the leaf (SM); (d and e) — teliospores
(LM); (f) — teliospores (SEM). Scale: ¢ — | mm; d — 200 pm; e, f — 50 pm.
Abbreviations: SM, stereoscopic microscope; LM, light microscope; SEM, scanning electron microscope.

consisting of two identical cells whose yellow-brown cell wall is covered with papillae regularly distributed over the
entire surface (Figure 3c—e). Dark chestnut brown teliospores of P. rubi-idaei are located on the lower surface of Rubus
idaeus leaves (Figure 4a and b). They consist of 5-9 cells with 2-3 germ pores in each cell. The upper part of the
teliospores, whose brown cell wall is verrucose, has a yellow, sharp outgrowth up to 11 pm long (Figure 4c). Their
dimensions are most often 70—120%27-33 pum. The teliospores are mounted on pedicels that thicken downwards
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(Figure 4d—f). The morphological features of 7. pruni-spinosae and P. rubi-idaei were consistent with the description of
the species.?’

Genetic Identification of Microfungal Species and Molecular Phylogeny

Currently, when determining the taxonomic position of fungi, in addition to morphological analysis, information obtained
from molecular analyses is also considered.”’ One of the barcodes commonly used to determine phylogenetic relation-
ships and the taxonomic position is the ITS regions (ITS1 and ITS2). Increasingly, analysis based on several genetic
markers is used to determine the taxonomic position of fungal isolates more precisely, such as the LSU sequence, the
gene encoding beta-tubulin, or calmodulin.**

The analysis aimed to establish phylogenetic relationships and determine the taxonomic position of the isolate
parasitizing on Prunus domestica (domestic plum). Based on the Neighbor-Joining (NJ) method, a phylogram was
constructed for the tested sequence (combined sequences of two ribosomal markers: LSU and ITS), showing similarity
between the obtained sequences and the reference sequences from the GenBank database (Figure 5a). The analysis
showed that the species parasitizing on Prunus domestica represents the genus Tranzschelia. The degree of similarity of
the LSU + ITS sequences to members of this genus ranged from 87% to 99%. The tested isolate showed the highest
sequence similarity to strains representing the species 7. pruni-spinosae, forming a common group with a support rate of
98% (Figure 5a). The results of the morphological analysis combined with the data obtained from the molecular analysis
made it possible to assign the tested strain to the species 7. pruni-spinosae.

Traditional methods used to determine the taxonomic position of the genus Phragmidium species are based on
teliospore morphology. However, due to the difficulty in distinguishing species solely based on spore morphology, DNA
sequence analysis is increasingly included in taxonomic identification and research.”*?> To determine the taxonomic
position of the isolate from Rubus idaeus (raspberry), a phylogenetic analysis was performed based on two loci (LSU and
ITS). Comparative analysis of the LSU and ITS region sequences to the corresponding sequences deposited in the
GenBank database showed that the isolate represents the genus Phragmidium. The degree of similarity of the LSU
sequence to the sequence of reference strains of this genus ranged from 88% to 99%, and in the case of ITS, from 69% to
99%. The phylogenetic relationships and the taxonomic position were analyzed using combined LSU and ITS rDNA-
based sequence datasets (Figure 5b). The analysis included 23 strains, of which 22 represented the genus Phragmidium
and one represented the genus Aecidium. In the phylogenetic tree, the Rubus idaeus isolate formed a common group with
the species P. violaceum, P. rubi-oldhami, P. octoloculare, P. cibanum, P. barnardeii, and P. griseum (with a similarity
coefficient of 100%).

Characteristics of Biological Properties of Tranzschelia Pruni-Spinosae and

Phragmidium Rubi-ldaei

Cytotoxicity Study (MTT Assay and Flow Cytometry)

The experiment showed significant cytotoxic activity of the 7. pruni-spinosae extract only in the highest concentration
range of 100-400 pg protein/mL for the A549 cells and 400 pg protein/mL for the BEAS-2B cells (Figure 6a). The level
of viable cells after the contact with the extract at the abovementioned concentration was reduced by approximately
19-41% (A549) and 32% (BEAS-2B), compared to the control. A significantly lower percentage of metabolically active
alveolar epithelial cells, compared to BEAS-2B, was observed only at the concentration of 200 pg protein/mL
(Figure 6a). The IC50 value for the alveolar and bronchial epithelial cells exceeded 400 pg protein/mL. The results of
the MTT test showed a toxic effect of the P. rubi-idaei extract on the A549 line cells in the concentration range of
50-400 pg of protein/mL - the level of metabolically active cells was lower by approximately 20-50%, compared to that
observed in the control (Figure 6d). Moreover, a statistically significant decrease in the viability of the BEAS-2B cells
(by approximately 18—44%) was observed after incubation with the tested extract in the concentration range of
100400 pg of protein/mL (Figure 6d). The IC50 value was 398+0.7 pg protein/mL for the alveolar epithelial cells
and >400 pg protein/mL for the bronchial epithelial cells. While the A549 cells were similarly sensitive to both fungal
extracts, the BEAS-2B cells were more sensitive to the P. rubi-ideai extract than the A549 cells.
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Tranzschelia fusca JGHU00S-2 (DQ425041, DQ425041)

Tranzschelia fuscaJGPI071-1 (DQ425054, DQA25054)

Tranzschelia pruni-spinosoe var. americona JGSL015-1 (DQ425050, DQ425050)
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Figure 5 Phylogenetic tree showing the phylogenetic relationships of the Prunus domestica (a) and Rubus idaeus (b) isolates and reference strains from the GenBank database,
based on sequence similarity of the LSU + ITS regions. Bootstrap values (250) are shown on the branches. The scale in the lower left corner indicates the branch length
corresponding to 0.02 nucleotide substitutions per base of the compared sequences.

Based on the results obtained with the MTT method, only the concentration range of 400-100 ug protein/mL of the
T. pruni-spinosae extract and 400-25 pg protein/mL of the P. rubi-ideai extract were selected for the cytometric analysis of the
BEAS-2B cells. The flow cytometric analysis of the A549 cells after the contact with the 7. pruni-spinosae extract in the
concentration range of 12.5-400 ug of protein/mL confirmed the results obtained using the MTT test and did not show
significant changes in the subpopulation of viable, early-apoptotic, late-apoptotic, and necrotic cells — their percentage
fluctuated within the limits of the negative control value. The stimulation with the highest tested concentration of the fungal
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Figure 6 Assessment of the viability of A549 and BEAS-2B cells after 24-hour incubation with T. pruni-spinosae and P. rubi-idaei fungal extracts (a and d — MTT method, (b, ¢,
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extract resulted in a more effective increase in the late apoptotic subpopulation of the BEAS-2B cells than A549 (Figure 6b
and c). In the case of the P. rubi-ideai extract, the cytometric analysis showed a significant reduction in the percentage of viable
(by approximately 16-24%) and an increase in the percentage of early apoptotic (by approximately 9%) alveolar epithelial
cells, compared to the control, after the stimulation with the extract at the two highest concentrations, ie, 200 pg of protein/mL
and 400 pg protein/mL. Moreover, the percentage of cells that died by necrosis significantly increased from 4.7+0.5% to 18.9
+1.2% (100 pg protein/mL), to 12.9+1.2% (200 pg protein/mL), and up to 23.9+1.1% (400 pg protein/mL). The percentage of
late apoptotic cell subpopulations in the range of the extract concentrations tested (12.5-400 pg protein/mL) was at the level of
the negative control. In response to the P. rubi-idaei extract at the 50400 pg protein/mL concentration, the percentage of both
apoptotic and necrotic A549 cells was significantly lower than that of BEAS-2B (Figure 6e and f). The comparison of the toxic
effects of the two tested extracts in the concentration range of 200 and 100 pg of protein/mL revealed that the P. rubi-idaei
extract was significantly more toxic than 7. pruni-spinosae to the A549 and BEAS-2b cells (Figure 6a—d).
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Determination of Reactive Oxygen Species Production (Flow Cytometry)

To determine whether reactive oxygen species (ROS) may be the probable cause of the cytotoxic effect of the fungal
extract, a cytometric analysis was performed using dihydrorhodamine 123 dye. The percentage of A549 cells generating
ROS increased in comparison to the control (3.7+0.2%). It remained at 11.1+1.0% only in response to the highest tested
concentration of the fungal extract, ie 400 pg protein/mL (Figure 7a). A similar but statistically significant (approxi-
mately 20%) increase in the percentage of cells producing ROS was observed in the case of the BEAS-2B cells treated
with the 7. pruni-spinosae extract at the concentration of 400 pg protein/mL (Figure 7b). Additionally, the ROS level was
significantly higher than when the same concentration of the P. rubi-idaei extract was used. The experiment showed the
inability of the P. rubi-idaei extract to induce ROS production in the A549 and BEAS-2B cell lines, regardless of the
concentration used (Figure 7c and d).

Determination of Cytokine Production

Proinflammatory cytokines with high importance in developing allergic reactions: IL-1B, IL-6, TNF-a, TGF-, and GM-
CSF were selected for the study. Based on the results of cytotoxicity and reactive oxygen production, two concentrations
of the T. pruni-spinosae extract were used here: 200 and 12.5 pg protein/mL for the A549 line and 200 and 100 pg
protein/mL for the BEAS-2B line. In the case of P. rubi-idaei, two extract concentrations were chosen: 200 and 6.25 pg
protein/mL for the A549 line and 200 and 25 pg protein/mL for the BEAS-2B cells. The level of cytokines was
determined after 24-h incubation of the cells with the selected concentrations of the fungal extract.

The highest IL-1p level of 28.7+2.2 pg/mL was recorded in the BEAS-2B cells in the treatment with 200 pg protein/
mL of the T. pruni-spinosae extract (Figure 8a). In the presence of a twice lower extract concentration, the same cells
produced IL-1 at a significantly higher concentration (9.8+2.1 pg/mL) than the control cells. A similar relationship was
observed in the A549 cells - the concentration of IL-1f in cells stimulated with 200 pg of protein/mL of the extract was
significantly higher than its level in cells after the contact with the extract concentration of 12.5 pg of protein/mL (20.5
+1.1 pg/mL and 5.5+0.5 pg/mL, respectively) (Figure 8a). The 7. pruni-spinosae extract also significantly stimulated the
production of GM-CSF in the cells of both tested lines, but only when the highest concentration of the extract (200 pg of
protein/mL) was used (17.1+0.5 pg/mL in the A549 cells and 19 0.9+1.1 pg/mL in the BEAS-2B cells) (Figure 8b). The
P. rubi-idaei extract induced significant production of IL1-B and GM-CSF in the A549 and BEAS-2 cell lines only at the
lower concentration — 25 pg of protein/mL (Figure 8c and d). During the experiment, no IL-6, TNF-a, or TGF-f were
released by the A549 and BEAS-2B cells after the stimulation with the tested concentrations of both fungal extracts.

Determination of Metalloproteinase 2 and 9 Levels
This study used the same concentrations of 7. pruni-spinosae and P. rubi-idaei extracts to induce proinflammatory
cytokines. The level of metalloproteinases was determined after 24 hours of incubation of the cells with the selected
concentrations of the fungal extracts.

Both the T. pruni-spinosae and P. rubi-idaei extracts slightly increased MMP-9 production by the A549 and BEAS-
2B cells only at their lower concentrations; however, the differences were not statistically significant. The level of MMP-
2 remained practically unchanged, regardless of the fungal species used and the extract concentration (Figure 9a and b).

Evaluation of Epithelial Cell Integrity
To determine the presence of intercellular junction proteins E-cadherin and occludin, the same concentrations of the
T pruni-spinosae and P. rubi-idaei extracts were used to determine cytokine production.

The microscopic observations confirmed the ability of the 7. pruni-spinosae extract to reduce the fluorescence of
E-cadherin and occludin in the A549 cell cultures, which was especially visible at the higher concentration (200 pg
protein/mL) (Figure 10a). This may suggest a reduced level of these proteins, weakening cell-cell adhesion. The
treatment of the BEAS-2B line cells with the extract resulted in a significant difference in the E-cadherin fluorescence
intensity, compared to control cells, with the higher concentration of 7. pruni-spinosae (200 pg protein/mL) appearing to
reduce the level of E-cadherin much more. Similar microscopic observations were noted for occludin (Figure 10b).

After the incubation with the P. rubi-idaei extracts at the concentration of 6.25 pg protein/mL, the intensity of
E-cadherin fluorescence observed in the culture of the control and A549 cells was similar. However, the exposure of the
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A549 cells to the higher extract concentration (200 pg protein/mL) reduced the presence of E-cadherin, as evidenced by
the lower intensity of green fluorescence than that of the control cells. A similar observation was made in the case of
occludin (Figure 10a). Compared to the control cells, the experiment showed a significant inhibiting effect of the P. rubi-
idaei extract concentrations on the presence of the studied integrity markers in the BEAS-2B cells. The higher
concentration of the P. rubi-idaei extract (200 pg protein/mL) led to virtually complete disappearance of E-cadherin
and occludin fluorescence, which may suggest the absence of both proteins (Figure 10b).

Discussion

Currently, allergies are being considered an epidemic of the 21st century with a continuously rising incidence. According
to the 2013 White Book on Allergy by the World Allergy Organization (WAO), the allergy prevalence ranges between
10% and 40%, depending on the country. Approximately 200-250 million people suffer from food allergies, one-tenth of
the population has allergic reactions to medications, and the burden of asthma and allergic rhinitis is estimated at 300 and
400 million people, respectively.?® Fungi are known as the most prominent source of allergens. So far, 174 allergens in
the phylum Ascomycota and 30 in the phylum Basidiomycota have been described, with the essential allergenic fungi
belonging to the genera Alternaria, Aspergillus, Cladosporium, Penicillium, and Fusarium.*

For the first time, we present two phytopathogenic microfungi belonging to the Pucciniales order: 7. pruni-spinosae
and P. rubi-idaei. These microfungi exhibit proinflammatory and, thus, allergenic potential. Additionally, to support the
microscopic identification of the studied fungal species, we describe their identification at the molecular level.

Based on LSU + ITS sequences, the genetic analyses revealed 69-99% similarity of the microfungal isolates from
Prunus domestica and Rubus idaeus to T. pruni-spinosae and P. rubi-idaei species.
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Due to the small size of fungal spores, which usually does not exceed 10 um, they can easily penetrate the respiratory
tract, including the lungs.?” Although the size of T. pruni-spinosae and P. rubi-idaei teliospores exceeds 10 pm, their
penetration into bronchi and alveoli in humans is also probable since even larger fungal hyphae are inhalable.?®

Like other allergic diseases, asthma is based on inflammatory reactions characterized by the aberrant immune
response affecting epithelial cells, fibroblasts, vascular cells, and airway smooth muscle cells, which, in addition to
immune cells, also become a crucial source of inflammatory mediators. Some studies have emphasized the importance of
epithelial-derived cytokines in promoting Th2 immune responses.”’ Several studies have identified an essential role of
airway epithelial-derived cytokines in asthma pathogenesis, eg proinflammatory IL-1f and IL-6, GM-CSF (recruitment
of granulocytes and monocytes), TNF-a (responsible for epithelial integrity), and TGFp (airway remodeling).**>' In our
in vitro experiments, we validated the ability of epithelial airway cells to produce proinflammatory cytokines under
T. pruni-spinosae and P. rubi-idaei extract exposure. To determine the proinflammatory and allergenic potential of
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Figure 10 Effect of the T. pruni-spinosae and P. rubi-idaei extracts on the presence of E-cadherin and occludin in the A549 (a) and BEAS-2B (b) cells (representative photos
from three independent replicates). Control (-) - fungal extract-untreated cells incubated with secondary antibody only; Control (+) - fungal extract-untreated cells
incubated with primary and secondary antibody. Cell nuclei stained with DAPI (blue). Bars: 50 um.
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T. pruni-spinosae and P. rubi-idaei in the context of airway cells, we used two cell models acceptable in such studies:
human normal bronchial epithelial cells (BEAS-2B)*? and human lung carcinoma epithelial cells (A549).>23% While the
P. rubi-idaei extract was an inducer of IL-1p and GM-CSF only in the bronchial epithelial cells (BEAS-2B line),
T. pruni-spinosae induced these cytokines in both A549 and BEAS-2B cell lines, especially at the higher extract
concentrations. In similar experiments conducted with Erysiphe convolvuli and E. palczewskii, ie microfungi parasitizing
common plants Convolvulus arvensis and Caragana arborescens, we observed their ability to induce proinflammatory
cytokines (IL-1pB, IL-6, and TNF-0) in bronchial (BEAS-2B line) and alveolar human epithelial cells (A549 line).>
However, other authors showed that, in the same BEAS-2B cell line, hyphal fragments of A. fumigatus and
P chrysogenum increased the expression of IL-1a and TNF-a, but did not induce their release,*® whereas A549 cells
responded to stimulation with conidia or mycelial fragments of A. fumigatus by increased TNF-a and GM-CSF
production.*’=*® This may indicate a fungal species-dependent and a cell-dependent inflammatory response.

Airway epithelial cells are the first line of defense against exposure of the airway and lungs to inflammatory stimuli
and antigens, and epithelial disruption is one of the characteristics of asthma because it allows inhaled substances to pass
more easily into the airway wall to interact with immune and inflammatory cells.*® The respiratory tract is often exposed
to contact with infectious agents, such as viruses and bacteria, and plant and fungal spores in the atmosphere. All of them
may damage the continuity of the respiratory barrier, contributing to the initiation and development of diseases. Tight
junctions (TJ) of airway epithelium comprise such proteins as E-cadherin and occludin helping to form the airway’s
continuous mechanic barrier. The indirect action of many allergens (mites, pollen, cat, dog, fungal) may lead to decreased

levels of these proteins in asthma due to their protease activity?**

41,42

or ability to induce harmful reactive oxygen
species.

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes with several critical physiological roles,
including remodeling the extracellular matrix, facilitating cell migration, and cleaving cytokines. Most MMPs are not
expressed in normal healthy tissues but in inflamed tissues or tissues undergoing repair and remodeling. Pulmonary
epithelial cells may also be a significant source of MMPs, as they express MMP-1, -2, -7, and -9, although their profile
may be stimulus-specific.***° Some evidence indicates the involvement of MMPs in the pathophysiology of fungal
infections. As reported by Saadat et al, 4. fumigatus extract inhibited the production of MMPs by fibrosarcoma cell lines,
which was evidenced by gelatin zymography.*® In contrast to those studies, the T. pruni-spinosae and P. rubi-idaei
extracts in our experiments only slightly increased of MMP-9 levels in both A549 and BEAS-2B cells, as indicated by
ELISA tests.

Many studies have shown that inhalation of different allergens, including fungi, can promote ROS generation.*”*® For
example, Aspergillus protease-associated inflammatory response induces mitochondrial ROS production in A549 cells.*’
Similarly, A. fumigatus conidia generated oxygen species in BEAS-2B cells.>® From our two fungi extracts studied, only
T. pruni-spinosae induced ROS production in both A549 and BEAS-2B cells.

Another cause of the disruption of the epithelial barrier is the exposure to inflammatory cytokines. Petecchia et al
revealed significantly reduced occludin levels in airway cells after contact with TNF-a, IL-4, and IFN-y.>" A similar role
of TNF-a and IFN-y in increasing airway cell permeability by disrupting claudin-mediated junctions in in vitro studies
was described by Capaldo et al.’* In human bronchial epithelial cells (HBEC), TNF-o. caused loss of occludin and
claudins from TJ with redistribution of E-cadherin.>® In a recent paper by Sztandera-Tymoczek, E. palczewskii and
E. convolvuli induced marked release of IL-1 and TNF-a, which could also be related to the reduced visibility of
E-cadherin and occludin in the A549 and BEAS-2B cells.*”

In our in vitro experiments, the lower concentrations of the fungal extracts caused a stronger inflammatory effect in
most cases. A similar relationship was observed in P. chrysogenum, a species whose allergenic properties have been well
documented. Oya et al noted that, after bronchial epithelial cells (BEAS-2B) were exposed to various concentrations of
P chrysogenum hyphae, the release of IL-1B, TNF-a, IL-6, and IL-la occurred slightly more intensively at
a concentration of 50 pg/mL than at 100 pg/mL.*® Kauffman et al observed a similar trend in the A549 cell line. The
IL-6 and IL-8 cytokine levels were higher in response to A. alternata fungal extract at concentrations of 50, 100, or
200 pg/mL than in response to the highest concentration tested, ie 400 ug/mL. Also, in the 4. fumigatus fungal extract,
cytokine production was most intense at the lowest concentration of 50 pg/mL of fungal extract.>*
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Fungal spores have been recognized as one of the most significant inhalant allergens since the 12th century.’
Although the exact incidence of allergy to fungi is not well-defined, it is estimated to range from 3% to 10% of the
general population, depending on the area’s climatic conditions.’® The best-documented allergenic properties have been
reported for common fungal species in the genera Cladosporium, Penicillium, Aspergillus, and Alternaria.’’
Cladosporium herbarum and Alternaria alternata are recognized as the third most common inhalant allergens, following
house dust and grass pollen, confirming the need to evaluate the potential risks associated with fungal spores in the
atmosphere.”® Fungal spores are responsible for IgE-dependent type I hypersensitivity reactions, such as allergic rhinitis
and asthma. Their elevated atmospheric concentrations correlate with increased hospitalizations and deaths due to asthma
and a higher risk of developing rhinitis.”*>® Other respiratory clinical syndromes caused by fungi include bronchopul-
monary mycoses, allergic sinusitis, and hypersensitivity pneumonitis.®>®' However, the cause of a pre-existing allergy
(allergen) is not always identified through commonly used skin or blood tests, suggesting that other allergens are yet to be
discovered. Our research indicates for the first time that microfungi parasitizing common plants such as Prunus
domestica and Rubus idaeus may be a potential source of human allergies, thereby expanding the list of identified
fungal allergens.

Conclusions

In the present in vitro studies, we indicated the potential of 7. pruni-spinosae and P. rubi-idaei extracts to collectively disrupt
the epithelial barrier in the upper and lower respiratory tract by induction of proinflammatory cytokines and production of
reactive oxygen species and metalloproteinases. Although none of the above parameters was spectacularly high, all of them
together could cause a decrease in the levels of TJ proteins, such as E-cadherin and occludin in the epithelial cells.

Hence, it can be speculated that growers may experience allergic reactions when a massive infection of Prunus
domestica by T. pruni-spinosae or Rubus idaeus by P. rubi-idaei occurs. Our research provides knowledge on new
potential respiratory allergens that have yet to be confirmed in in vivo studies.

However, our study has certain limitations. One limitation is that it uses crude microfungal extracts, which require
standardization to identify the most active components, including proteins, fatty acids, or their complexes. Another
limitation is the need to validate our findings in an animal model. Future research should address these limitations to fully
clarify the mechanisms and implications of new fungal allergens in human allergic responses.

Data Sharing Statement
The article contains all the necessary data pertaining to the study. The original findings presented in the research are
included in the article. For additional inquiries, please contact the corresponding author.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis, and interpretation, or in all these areas; took part in drafting, revising, or
critically reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the
article has been submitted; and agree to be accountable for all aspects of the work.

Funding
This work was supported by the National Science Centre (Poland) project OPUS N 2019/35/B/NZ6/00472.

Disclosure
The authors declare that the research was conducted without any commercial or financial relationship that could be
construed as a potential conflict of interest.

References

1. Pawankar R. Allergic diseases and asthma: a global public health concern and a call to action. World Allergy Organ J. 2014;7(1):12. doi:10.1186/
1939-4551-7-12

Journal of Inflammation Research 2025:18 hetps: 1123


https://doi.org/10.1186/1939-4551-7-12
https://doi.org/10.1186/1939-4551-7-12

Sztandera-Tymoczek et al

2.

N N AW

oo

11.

12.

13

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Gutowska-Slesik J, Samolinski B, Krzych-Falta E. The increase in allergic conditions based on a review of literature. Postepy Dermatol Alergol.
2023;40(1):1-7. doi:10.5114/ada.2022.119009

. The European Academy of Allergy and Clinical Immunology (EAACI). 2023.

. Crameri R, Garbani M, Rhyner C, Huitema C. Fungi: the neglected allergenic sources. Allergy. 2014;69(2):176—185. doi:10.1111/all.12325

. Zukiewicz-Sobczak WA. The role of fungi in allergic diseases. Postepy Dermatol Alergol. 2013;30(1):42-45. doi:10.5114/pdia.2013.33377

. Horner WE, Helbling A, Salvaggio JE, Lehrer SB. Fungal allergens. Clin Microbiol Rev. 1995;8(2):161-179. doi:10.1128/CMR.8.2.161

. Cecchi L, D’Amato G, Ayres JG, et al. Projections of the effects of climate change on allergic asthma: the contribution of aerobiology. Allergy.

2010;65(9):1073-1081. doi:10.1111/j.1398-9995.2010.02423 .x

. Sztandera-Tymoczek M, Szuster-Ciesielska A. Fungal aeroallergens-the impact of climate change. J Fungi. 2023;9(5). doi:10.3390/j019050544
. Fukutomi Y, Taniguchi M. Sensitization to fungal allergens: resolved and unresolved issues. Allergol Int. 2015;64(4):321-331. doi:10.1016/].

alit.2015.05.007

. Aime MC. Toward resolving family-level relationships in rust fungi (Uredinales). Mycoscience. 2006;47(3):112—122. doi:10.1007/s10267-006-

0281-0

Thompson JDHDG, Gibson TJ, Gibson TJ. Improving the sensitivity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Research. 1994;22(22):4673-4680. doi:10.1093/nar/22.22.4673

Nicholas KBNHBJ. GeneDoc. Pittsburgh Supercomputing Center: Pittsburgh; 1997.

. Tamura K, Stecher G, Kumar S. MEGAI1l: molecular evolutionary genetics analysis version 11. Mol Biol Evol. 2021;38(7):3022-3027.

doi:10.1093/molbev/msab120

. Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models, new heuristics and parallel computing. Nat Methods. 2012;9(8):772.

doi:10.1038/nmeth.2109

. Page RD. TreeView: an application to display phylogenetic trees on personal computers. Comput Appl Biosci. 1996;12(4):357-358. doi:10.1093/

bioinformatics/12.4.357

. Menezes EA, Gambale W, Macedo MS, Abdalla DS, Paula CR, Croce J. Biochemical, antigenic and allergenic characterization of crude extracts of

Drechslera (Helminthosporium) monoceras. Mycopathologia. 1995;131(2):75-81. doi:10.1007/BF01102882

. Zhao F, Klimecki WT. Culture conditions profoundly impact phenotype in BEAS-2B, a human pulmonary epithelial model. J App! Toxicol. 2015;35

(8):945-951. doi:10.1002/jat.3094

. Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J Immunol Methods.

1983;65(1-2):55-63. doi:10.1016/0022-1759(83)90303-4

. Wojciechowska A, Bregier Jarzebowska R, Komarnicka UK, et al. Isothiocyanate I-argininato copper(II) complexes - Solution structure, DNA

interaction, anticancer and antimicrobial activity. Chem Biol Interact. 2021;348:109636. doi:10.1016/j.cbi.2021.109636

Grzyby TM, PW Naukowe, W Krakow. book. 1977;Tom IX.

Slippers B, Roux J, Wingfield MJ, et al. Confronting the constraints of morphological taxonomy in the Botryosphaeriales. Persoonia. 2014;33
(1):155-168. doi:10.3767/003158514X684780

Ezeonuegbu BA, Abdullahi MD, Whong CMZ, et al. Characterization and phylogeny of fungi isolated from industrial wastewater using multiple
genes. Sci Rep. 2022;12(1):2094. doi:10.1038/s41598-022-05820-9

Wahyuno DKM, Ono Y, Ono Y. Morphological analyses of urediniospores and teliospores in seven Phragmidium species parasitic on ornamental
roses. Mycoscience. 2001;41(6):519-533. doi:10.1007/BF02460950

Zhao PZZF, Hu DM, Tsui KM, Qi XH. Contribution to rust flora in China I, tremendous diversity from natural reserves and parks. Fungal
Diversity. 2021;110(1):1-58. doi:10.1007/s13225-021-00482-w

Sun JEZO, Luo WM, Yang YQ, An HM, Wang Y, Wang Y. Four new phragmidium (phragmidiaceae, pucciniomycetes). species from Rosaceae
plants in Guizhou Province of China. MycoKeys. 2022;93:193-213. doi:10.3897/mycokeys.93.90861
https://www.worldallergy.org/wao-white-book-on-allergy.

Kurup VP, Shen HD, Banerjee B. Respiratory fungal allergy. Microbes Infect. 2000;2(9):1101-1110. doi:10.1016/51286-4579(00)01264-8

Luo Y, Liu F, Deng L. Innate and adaptive immune responses induced by aspergillus fumigatus conidia and hyphae. Curr Microbiol. 2023;80(1).
doi:10.1007/500284-022-03102-1

Georas SN, Rezaee F. Epithelial barrier function: at the front line of asthma immunology and allergic airway inflammation. J Allergy Clin Immunol.
2014;134(3):509-520. doi:10.1016/j.jaci.2014.05.049

Gandhi VD, Vliagoftis H. Airway epithelium interactions with aeroallergens: role of secreted cytokines and chemokines in innate immunity. Front
Immunol. 2015;6:147. doi:10.3389/fimmu.2015.00147

Lambrecht BN, Hammad H, Fahy JV. The cytokines of asthma. Immunity. 2019;50(4):975-991. doi:10.1016/j.immuni.2019.03.018

Verstraelen S, Bloemen K, Nelissen I, Witters H, Schoeters G, Van Den Heuvel R. Cell types involved in allergic asthma and their use in in vitro
models to assess respiratory sensitization. Toxicol In Vitro. 2008;22(6):1419-1431. doi:10.1016/j.tiv.2008.05.008

Blume C, Foerster S, Gilles S, et al. Human epithelial cells of the respiratory tract and the skin differentially internalize grass pollen allergens.
J Invest Dermatol. 2009;129(8):1935-1944. doi:10.1038/jid.2008.459

Crossen AJ, Ward RA, Reedy JL, et al. Human airway epithelium responses to invasive fungal infections: a critical partner in innate immunity.
J Fungi. 2022;9(1). doi:10.3390/j0f9010040

Sztandera-Tymoczek M, Wdowiak-Wrobel S, Swiderska U, Palusinska-Szysz M, Szuster-Ciesielska A. Potential proallergenic activity of phyto-
pathogenic erysiphe palczewskii and erysiphe convolvuli in in vitro studies. J Inflamm Res. 2023;16:5039-5060. doi:10.2147/JIR.S425383

Oya E, Becher R, Ekeren L, Afanou AKJ, Ovrevik J, Holme JA. Pro-inflammatory responses in human bronchial epithelial cells induced by spores
and hyphal fragments of common damp indoor molds. Int J Environ Res Public Health. 2019;16(6):1085. doi:10.3390/ijerph16061085

Osherov N. Interaction of the pathogenic mold Aspergillus fumigatus with lung epithelial cells. Front Microbiol. 2012;3:346. doi:10.3389/
fmicb.2012.00346

Zhang Z, Liu R, Noordhoek JA, Kauffman HF. Interaction of airway epithelial cells (A549) with spores and mycelium of Aspergillus fumigatus.
J Infect. 2005;51(5):375-382. doi:10.1016/j.jinf.2004.12.012

Wang Y, Bai C, Li K, Adler KB, Wang X. Role of airway epithelial cells in development of asthma and allergic rhinitis. Respir Med. 2008;102
(7):949-955. doi:10.1016/j.rmed.2008.01.017

1124 https: Journal of Inflammation Research 2025:18


https://doi.org/10.5114/ada.2022.119009
https://doi.org/10.1111/all.12325
https://doi.org/10.5114/pdia.2013.33377
https://doi.org/10.1128/CMR.8.2.161
https://doi.org/10.1111/j.1398-9995.2010.02423.x
https://doi.org/10.3390/jof9050544
https://doi.org/10.1016/j.alit.2015.05.007
https://doi.org/10.1016/j.alit.2015.05.007
https://doi.org/10.1007/s10267-006-0281-0
https://doi.org/10.1007/s10267-006-0281-0
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1093/bioinformatics/12.4.357
https://doi.org/10.1093/bioinformatics/12.4.357
https://doi.org/10.1007/BF01102882
https://doi.org/10.1002/jat.3094
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/j.cbi.2021.109636
https://doi.org/10.3767/003158514X684780
https://doi.org/10.1038/s41598-022-05820-9
https://doi.org/10.1007/BF02460950
https://doi.org/10.1007/s13225-021-00482-w
https://doi.org/10.3897/mycokeys.93.90861
https://www.worldallergy.org/wao-white-book-on-allergy
https://doi.org/10.1016/s1286-4579(00)01264-8
https://doi.org/10.1007/s00284-022-03102-1
https://doi.org/10.1016/j.jaci.2014.05.049
https://doi.org/10.3389/fimmu.2015.00147
https://doi.org/10.1016/j.immuni.2019.03.018
https://doi.org/10.1016/j.tiv.2008.05.008
https://doi.org/10.1038/jid.2008.459
https://doi.org/10.3390/jof9010040
https://doi.org/10.2147/JIR.S425383
https://doi.org/10.3390/ijerph16061085
https://doi.org/10.3389/fmicb.2012.00346
https://doi.org/10.3389/fmicb.2012.00346
https://doi.org/10.1016/j.jinf.2004.12.012
https://doi.org/10.1016/j.rmed.2008.01.017

Sztandera-Tymoczek et al

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.

5

—

53.

54.

55.

56.

57.

58.

59.

60.

6

—

Matsumura Y. Role of allergen source-derived proteases in sensitization via airway epithelial cells. J Allergy. 2012;2012:903659. doi:10.1155/2012/
903659

Yamaya M, Sekizawa K, Masuda T, Morikawa M, Sawai T, Sasaki H. Oxidants affect permeability and repair of the cultured human tracheal
epithelium. Am J Physiol. 1995;268(2 Pt 1):L.284-93. doi:10.1152/ajplung.1995.268.2.1.284

Zhang Q, Lin JL, Thomas PS. Reactive oxygen species and obstructive lung disease. In: In Li, editor. Systems Biology of Free Radicals and
Antioxidants. Springer; 2014:1.

Vermeer PD, Denker J, Estin M, et al. MMP9 modulates tight junction integrity and cell viability in human airway epithelia. Am J Physiol Lung
Cell mol Physiol. 2009;296(5):L751-62. doi:10.1152/ajplung.90578.2008

Yao PM, Buhler JM, d’Ortho MP, et al. Expression of matrix metalloproteinase gelatinases A and B by cultured epithelial cells from human
bronchial explants. J Biol Chem. 1996;271(26):15580-15589. doi:10.1074/jbc.271.26.15580

Elkington PT, Friedland JS. Matrix metalloproteinases in destructive pulmonary pathology. Thorax. 2006;61(3):259-266. doi:10.1136/
thx.2005.051979

Saadat F, Zomorodian K, Pezeshki M, Rezaie S, Khorramizadeh MR. Inhibitory effect of Aspergillus fumigatus extract on matrix metalloprotei-
nases expression. Mycopathologia. 2004;158(1):33-37. doi:10.1023/b:myc0.0000038429.46699.ac

Warris A, Ballou ER. Oxidative responses and fungal infection biology. Semin Cell Dev Biol. 2019;89:34—46. doi:10.1016/j.semcdb.2018.03.004
Wang X, Che MZ, Khalil HB, et al. The role of reactive oxygen species in the virulence of wheat leaf rust fungus Puccinia triticina. Environ
Microbiol. 2020;22(7):2956-2967. doi:10.1111/1462-2920.15063

Kim YH, Lee SH. Mitochondrial reactive oxygen species regulate fungal protease-induced inflammatory responses. Toxicology. 2017;378:86-94.
doi:10.1016/j.t0x.2017.01.008

Kastelberg B, Ayubi T, Tubau-Juni N, et al. NIrx1-regulated defense and metabolic responses to aspergillus fumigatus are morphotype and cell type
specific. Front Immunol. 2021;12:749504. doi:10.3389/fimmu.2021.749504

. Petecchia L, Sabatini F, Usai C, Caci E, Varesio L, Rossi GA. Cytokines induce tight junction disassembly in airway cells via an EGFR-dependent

MAPK/ERK 1/2-pathway. Lab Invest. 2012;92(8):1140-1148. doi:10.1038/labinvest.2012.67

. Capaldo CT, Nusrat A. Cytokine regulation of tight junctions. Biochim Biophys Acta Apr. 2009;1788(4):864-871. doi:10.1016/].

bbamem.2008.08.027

Hardyman MA, Wilkinson E, Martin E, et al. TNF-alpha-mediated bronchial barrier disruption and regulation by src-family kinase activation.
J Allergy Clin Immunol. 2013;132(3):665-675e8. doi:10.1016/j.jaci.2013.03.005

Kauffman HF, Tomee JF, van de Riet MA, Timmerman AJ, Borger P. Protease-dependent activation of epithelial cells by fungal allergens leads to
morphologic changes and cytokine production. J Allergy Clin Immunol. 2000;105(6 Pt 1):1185-1193. doi:10.1067/mai.2000.106210

Lin WR, Chen YH, Lee MF, et al. Does spore count matter in fungal allergy?: the role of allergenic fungal species. Allergy Asthma Immunol Res.
2016;8(5):404—411. doi:10.4168/aair.2016.8.5.404

Twaroch TE, Curin M, Valenta R, Swoboda I. Mold allergens in respiratory allergy: from structure to therapy. Allergy Asthma Immunol Res. 2015;7
(3):205-220. doi:10.4168/aair.2015.7.3.205

Patel TY, Buttner M, Rivas D, Cross C, Bazylinski DA, Seggev J. Variation in airborne fungal spore concentrations among five monitoring
locations in a desert urban environment. Environ Monit Assess. 2018;190(11):634. doi:10.1007/s10661-018-7008-5

Abel-Fernandez E, Martinez MJ, Galan T, Pineda F. Going over fungal allergy: Alternaria alternata and Its Allergens. J Fungi. 2023;9(5).
doi:10.3390/j0f9050582

Jaakkola MS, Quansah R, Hugg TT, Heikkinen SA, Jaakkola JJ. Association of indoor dampness and molds with rhinitis risk: a systematic review
and meta-analysis. J Allergy Clin Immunol. 2013;132(5):1099-1110e18. doi:10.1016/j.jaci.2013.07.028

Simon-Nobbe B, Denk U, Poll V, Rid R, Breitenbach M. The spectrum of fungal allergy. Int Arch Allergy Immunol. 2008;145(1):58-86.
doi:10.1159/000107578

. Baxi SN, Portnoy JM, Larenas-Linnemann D, Phipatanakul W, Environmental Allergens W. Exposure and health effects of fungi on humans.

J Allergy Clin Immunol Pract. 2016:4(3):396-404. doi:10.1016/jjaip.2016.01.008

Journal of Inflammation Research DOVepI'eSS
Taylor & Francis Group

Publish your work in this journal

The Journal of Inflammation Research is an international, peer-reviewed open-access journal that welcomes laboratory and clinical findings on
the molecular basis, cell biology and pharmacology of inflammation including original research, reviews, symposium reports, hypothesis
formation and commentaries on: acute/chronic inflammation; mediators of inflammation; cellular processes; molecular mechanisms; pharmacology
and novel anti-inflammatory drugs; clinical conditions involving inflammation. The manuscript management system is completely online and
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/journal-of-inflammation-research-journal

Journal of Inflammation Research 2025:18 [ £] X in a 1125


https://doi.org/10.1155/2012/903659
https://doi.org/10.1155/2012/903659
https://doi.org/10.1152/ajplung.1995.268.2.L284
https://doi.org/10.1152/ajplung.90578.2008
https://doi.org/10.1074/jbc.271.26.15580
https://doi.org/10.1136/thx.2005.051979
https://doi.org/10.1136/thx.2005.051979
https://doi.org/10.1023/b:myco.0000038429.46699.ac
https://doi.org/10.1016/j.semcdb.2018.03.004
https://doi.org/10.1111/1462-2920.15063
https://doi.org/10.1016/j.tox.2017.01.008
https://doi.org/10.3389/fimmu.2021.749504
https://doi.org/10.1038/labinvest.2012.67
https://doi.org/10.1016/j.bbamem.2008.08.027
https://doi.org/10.1016/j.bbamem.2008.08.027
https://doi.org/10.1016/j.jaci.2013.03.005
https://doi.org/10.1067/mai.2000.106210
https://doi.org/10.4168/aair.2016.8.5.404
https://doi.org/10.4168/aair.2015.7.3.205
https://doi.org/10.1007/s10661-018-7008-5
https://doi.org/10.3390/jof9050582
https://doi.org/10.1016/j.jaci.2013.07.028
https://doi.org/10.1159/000107578
https://doi.org/10.1016/j.jaip.2016.01.008
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Materials and Methods
	Plant Material and Morphological Identification
	Genetic Identification of Fungal Species
	DNA Extraction
	Molecular Phylogeny
	The GenBank Accession Numbers
	Preparation of Crude Fungal Extracts
	Cell Lines and Culture Media
	Cytotoxicity study with the MTT assay

	Flow Cytometry
	Cytotoxicity Study
	Determination of Reactive Oxygen Species Production
	Determination of Cytokine Production

	Determination of the Presence of E-Cadherin and Occludin With Fluorescence Microscopy
	Statistical Analysis

	Results
	Plant Material and Morphological Identification of Microfungi
	Genetic Identification of Microfungal Species and Molecular Phylogeny
	Characteristics of Biological Properties of Tranzschelia Pruni-Spinosae and Phragmidium Rubi-Idaei
	Cytotoxicity Study (MTT Assay and Flow Cytometry)
	Determination of Reactive Oxygen Species Production (Flow Cytometry)
	Determination of Cytokine Production
	Determination of Metalloproteinase 2 and 9 Levels
	Evaluation of Epithelial Cell Integrity


	Discussion
	Conclusions
	Data Sharing Statement
	Author Contributions
	Funding
	Disclosure

