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ABSTRACT

The homeostasis of the vaginal microenvironment is finely regulated. The bacteria belonging to the
genus Lactobacillus play a key role in retaining the homeostasis; in addition, their
immunomodulatory and anti-inflammatory activity have been described in literature. When this
balance breaks down, dysbiosis occurs and causes the onset of infections by microorganisms and
viruses that normally behave as commensals. Candida albicans (C. albicans), can overgrow and
trigger vulvovaginal candidiasis (VVC). The shifting from commensalism to pathogenicity is due to
the capacity to undergo a dimorphic transition from yeast to hyphal morphology. In such form the
fungus expresses several virulence factors, such as candidalysin (CL) and the hydrolytic enzymes
secreted aspartyl proteases (SAP), and it promotes inflammation and damage to the vaginal mucosa;
the latter are responsible of the clinical symptoms: itching, burning sensation, vaginal discharge and
strangury.

To date, the mechanisms driving host-microrganism and host-virus interactions in the context of the
vaginal environment is incomplete. The increase of drug resistance, and the lack of knowledge on the
pathogenetic mechanisms that lead to vulvovaginal infections, requires to establish novel therapeutic
approaches and advanced in vitro models for the study of such diseases.

For this reason, the experimental approach used for the present Ph.D. project includes the setting up
of vaginal epithelial cells arranged in monolayers or multilayers (RVE) systems to be infected by
microbes and viruses responsible of vaginal infections (specifically, the fungus C. albicans, the
bacteria Gardnerella vaginalis and Escherichia coli and the Herpes simplex 2 virus). These models
have been used to assess the beneficial effects of bioactive molecules and to analyse the molecular
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mechanisms used by the cells to respond to the infectious agents. In addition, an “untargeted”
metabolomic approach has been employed to reveal the production of bioactive metabolites released
by different species of Lactobacillus.

The results indicate that: a) specific bacterial lysates can improve the host cells response against the
pathogens; b) an in vitro RVE model employed in combination with artificial vaginal fluid has
provided a tool that better resembles the human vaginal mucosa, and it is useful to study the
interaction of the infected epithelial cells with microorganisms and viruses; ¢) C. albicans triggers a
rapid activation of epithelial cells mitochondria, which is protective against several virulence traits
of the fungus (release of candidalysin and hyphal formation); d) by using an “untargeted”
metabolomic approach, significant differences in metabolites production by Lacticaseibacillus (L.)
rhamnosus, Lactobacillus (L.) acidophilus, Lactiplantibacillus (L.) plantarum  and

Limosilactobacillus (L.) reuteri could be detected; specifically, inosine (a nucleoside with

antioxidant, anti-inflammatory, antiinfective and neuroprotective properties) was found to be
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overproduced by L. rhamnosus.

In conclusion, by using in vitro models of vaginal infections, this study has contributed to acquire
data concerning the possible interactions between vaginal epithelial cells and microorganisms and
viruses. Such results have been obtained by analysing the mechanisms underlying the cell responses
to the different pathogens. In addition, the possible beneficial effects of novel bioactive molecules in
the treatment of vaginal infections have been proposed. Finally, by this study it has been possible to
highlight how different bacterial species are able to produce several metabolites with possible

beneficial effects for the vaginal mucosa.



RIASSUNTO

Il microambiente vaginale ¢ finemente regolato per mantenere 1'omeostasi. I batteri lattici del genere
Lactobacillus svolgono un ruolo chiave nel preservare questa omeostasi ed ¢ noto il loro effetto
immunomodulante ed antinfiammatorio. L’alterazione di questo equilibrio porta a disbiosi, con
conseguente insorgenza di infezioni sostenute da microrganismi e virus che possono anche far parte
del microbiota vaginale. Per esempio, Candida albicans (C. albicans), un lievito commensale della
mucosa vaginale, pud proliferare eccessivamente e causare candidosi vulvovaginale (VVC). 1l
passaggio da commensale a patogeno di C. albicans nella VVC ¢ legato alla sua transizione
morfologica da lievito a ifa che, insieme alla produzione di fattori di virulenza come la candidalisina
(CL) ed enzimi idrolitici come le proteasi aspartiche (SAP), promuove I’inflammazione e il danno
della mucosa vaginale con sintomi caratteristici quali: prurito, bruciore, perdite vaginali e dolori alla
minzione.

Ad oggi, 1 meccanismi che regolano le interazioni ospite-microrganismo e virus nell’ambiente
vaginale rimangono poco chiari. Alla luce dell'aumento della resistenza ai farmaci e della scarsa
comprensione dei meccanismi patogenetici delle infezioni vulvovaginali, vi ¢ un urgente bisogno di
nuovi approcci terapeutici e di modelli in vitro avanzati per studiare queste patologie.
Per questo, 1'approccio sperimentale utilizzato per questo lavoro di dottorato ha incluso la messa a
punto di sistemi di monostrato o multistrato (RVE) di cellule epiteliali vaginali, successivamente
infettati con microrganismi e virus responsabili di infezioni vulvovaginali (in particolare C. albicans
ma anche Gardnerella vaginalis, Escherichia coli e virus Herpes simplex di tipo 2). Questi modelli
di infezione sono stati utilizzati per saggiare I’effetto benefico di molecole bioattive, nonché per
analizzare i meccanismi molecolari di risposta ai microrganismi e virus dell’epitelio vaginale. Inoltre,
¢ stato utilizzato un approccio di metabolomica “untargeted” per analizzare la produzione di possibili
metaboliti bioattivi rilasciati da differenti specie di lattobacilli.
I risultati ottenuti indicano che: a) specifici lisati batterici possono migliorare la risposta cellulare
contro i patogeni; b) ’utilizzo di un modello RVE in vitro, in presenza di fluido vaginale artificiale,
¢ un modello piu rappresentativo della mucosa vaginale umana e si ¢ rivelato utile per studiare
l'interazione delle cellule epiteliali infettate con microrganismi e virus; c¢) C. albicans induce una
rapida attivazione mitocondriale nelle cellule epiteliali vaginali, che lo utilizzano come meccanismo
protettivo nei confronti di diversi fattori di virulenza del fungo (rilascio di candidalisina e formazione
di ife); d) utilizzando un approccio di metabolomica “untargeted”, abbiamo rilevato differenze
consistenti nei metaboliti prodotti da Lacticaseibacillus (L.) rhamnosus, Lactobacillus (L.)
acidophilus, Lactiplantibacillus (L.) plantarum e Limosilactobacillus (L.) reuteri con una over-

produzione di inosina, nucleoside con proprieta antiossidanti, antinfiammatorie, anti-infettive e
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neuroprotettive, da parte di L. rhamnosus.

In conclusione, questo studio ha esplorato tramite modelli in vitro di infezione vaginale, le possibili
interazioni tra cellule epiteliali vaginali, microrganismi e virus analizzando i meccanismi che mediano
le risposte cellulari ai diversi patogeni microbici e virali; questo studio ha inoltre evidenziato il
potenziale effetto benefico di nuove molecole bioattive nel trattamento delle infezioni vaginali e ha
messo in luce come specie diverse di batteri lattici possano produrre diversi metaboliti con possibili

effetti benefici per la salute della mucosa vaginale.
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1. INTRODUCTION

The vagina of healthy women during the reproductive age is colonized by many microbial species,
mainly Lactobacillus spp. (up to 95%) (Ravel et al., 2011). The healthy vaginal microbiota helps the
host to keep pathogens at bay through mechanisms of competitive inhibition, production of
bacteriocins and lactic acid and by stimulating the host cells to release antimicrobial peptides and
anti-inflammatory cytokines (Niu et al., 2017; Ilhan et al., 2019). The microecological balance of the
vagina is a finely tuned dynamic process, capable of self-regulation. The breaking up of such balance
leads to dysbiosis, with the resident microbiota overcome by pathogens, triggering the onset of
gynecological infectious diseases (Chao et al., 2019; Zhang et al., 2021). Vulvovaginal candidiasis
(VVCQ), bacterial vaginosis (BV) (and to a lesser extent aerobic vaginitis, AV) are the most common

infections of the lower genital tract.

VVC is a symptomatic inflammation of the vagina, that affects 70-75% of healthy women at least
once during their reproductive age (Blostein et al., 2017; Denning et al., 2018). It is caused by several
species of the genus Candida, mainly by C. albicans. VVC is mainly endogenous because C. albicans
is a member of the human microbiota and it dwells in the mucosae of the oropharynx, genital and
gastrointestinal tracts (Odds, 1987; Kauffman, 2006; Pappas, 2006; Pfaller and Diekema, 2007). In
the context of VVC the infection and disease frequently occur in healthy women and to date a higher
incidence of the disease has not been described under conditions of immunodepression. However,
some studies indicated increased susceptibility in specific categories (i.e., diabetics and
immunocompromised women) (Talaei et al., 2017; O’Laughlin and McCoy, 2023). Even though
Candida causes damage per se, the host response plays an important role in VVC onset, by
exacerbating the fungal-mediated damage and causing the symptoms, which include itching, burning,
pain, redness of the vulva and vaginal mucosa and a typically thick and white (cottagecheese-like)

vaginal discharge (Ardizzoni et al., 2021).

Bacterial vaginosis (BV) is a condition characterized by a modification of the bacterial milieu, where
beneficial healthy vaginal microbiota is dramatically reduced and overwhelmed by facultative and
strictly anaerobic pathogens, such as Gardnerella spp., Prevotella spp., Peptostreptococcus spp.,
Mobiluncus spp., Atopobium vaginae and Mycoplasma hominis (Srinivasan and Fredricks, 2008;
Turovskiy et al., 2011; Chen et al., 2021). It affects women during their fertile age, it is characterized
by specific clinical symptoms (thin, homogeneous and grayish-white vaginal discharge, rotten fish
vaginal odor, and less commonly itching and burning sensation) and it is accompanied by serious
obstetrics and gynecologic complications: spontaneous abortion, preterm birth, endometritis, pelvic

inflammatory disease, postoperative infections (Jacobsson et al., 2002; Leitich et al., 2003; Rothman
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et al., 2003; Guerra et al., 2006; Kavoussi et al., 2006) and increased susceptibility to sexually

transmitted diseases (Brotman, 2011).

Aerobic vaginitis (AV) is a less common vaginal infection, where the normal vaginal microbiota is
overcome by aerobic bacteria often deriving from the Gastro-Intestinal (GI) tract, such as Escherichia
coli, Streptococcus agalactiae, Staphylococcus aureus and Enterococcus faecalis (Donders et al.,
2002, 2011, 2017; Kaambo et al., 2018). These bacteria can become dangerous, especially during
pregnancy, because not only do they affect fetal health, but the pregnancy status aggravates the
symptoms and the consequences of the infection (Donders et al., 2017; Fan et al., 2021; Plisko et al.,
2021). The etiology and pathogenesis of AV are not completely clear (Fan et al., 2021; Mohankumar
et al., 2022). The pathogenic bacteria are retained to produce different toxins or, similarly to VVC, to
affect the local immunity of patients, thus leading to the disease onset (Ma et al., 2022). AV symptoms
are viscous and yellow vaginal discharge, sticky fishy odor, stinging and burning sensations and

dyspareunia (Donders et al., 2017).

To date, antibiotics (metronidazole, clindamycin and tinidazole) and antifungal drugs (fluconazole,
amphotericin B, nystatine, flucytosine) are the gold standard treatments for BV/ AV and VVC,
respectively (Gaziano et al., 2020). However, given the ever-growing problem of drug resistance, it
is necessary to develop novel therapeutic strategies as an aid or an alternative to the current

pharmacological approach.

The alteration of vaginal mucosa integrity is a key step in the pathological process of lower genital
tract infections. For example, G. vaginalis can disrupt the epithelial barrier integrity and alter the
immune microenvironment in the vaginal tract (Rahman et al., 2024). Preservation of the integrity
and functionality of the epithelial barrier is crucial to counteract infections, hence the potentiation of

epithelial cells play a pivotal role against pathogens.

In recent years, the emerging concept of “trained immunity” modified the idea of memory responses
that traditionally were a prerogative only of the adaptive branch of the immune system (Netea et al.,
2016). Indeed, increasing data show that also the cells of the innate immunity, as well as the epithelial
cells, are able to acquire a memory phenotype through the modulation of epigenetic, metabolic and
functional changes in response to several stimuli of infectious (Liu et al., 2016; Kaufmann et al.,
2018; Bigotetal., 2019; Covidn etal., 2019, 2021), and non-infectious nature (Bekkering et al., 2014).
It has been demonstrated that following these changes, such cells can increase cytokines production
and antigen presentation, ultimately improving the antimicrobial responses. The basis of this

phenomenon has been reconducted to the presence of several Pathogen Associated Molecular Pattern
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(PAMP) molecules that trigger the trimethylation of the lysine residue in position 4 on the histone H3
(H3K4me3). This chemical modification facilitates the transcription of several genes, especially those
coding for proinflammatory cytokines (Acevedo et al., 2021). Epigenetic and metabolic
reprogramming act on epithelial cells by improving their mechanical barrier, enabling them to
modulate cytokines production and stimulating them to produce alarmins and other antimicrobial
peptides. They act also on innate immune cells, such as macrophages and NK cells, by increasing
their mitochondrial activity, triggering the inflammasome, and modulating cytokines production and
their phagocytic activity (Chalifour et al., 2004; Zhang and Mosser, 2008). By taking advantage of
the new knowledge of the mechanisms of trained immunity, new approaches have been introduced to
potentiate the response of the host, such as the use of bacterial lysates. Bacterial lysates are obtained
by mechanical or chemical crushing of the bacterial cell walls (Bizzini et al., 1984; Pfefferle et al.,
2013), and the fragments obtained contain several antigens and PAMP molecules. Literature reports
the successful employment of bacterial lysates to prevent recurrent respiratory diseases, to avoid the
flare-up of respiratory chronic infections and as a defense against urinary infections (Braido et al.,

2007; Ahumada-Cota et al., 2020).

Cutibacterium acnes (C. acnes) (formerly knownas Propionibacterium acnes) lysate proved effective
for the treatment of type 1 hypersensitivity caused by soaps, solvents, chemicals and cosmetics
(Mangano et al., 2017). Because this species normally dwells on the skin, it is prone to several kinds
of stressful stimuli and therefore it is endowed with as many defense systems. In particular, C. acnes
is equipped with the enzyme radical oxygenase that allows the bacteria to reduce the reactive oxygen
species (ROS), thus counteracting the oxidative stress (Allhorn et al., 2016). One particular fraction
of the C. acnes lysate, the P40, has been previously demonstrated to be effective for the treatment of
chronic obstructive bronchitis as well as recurrent infections of the genitourinary tract from C.
albicans, E. coli and Herpes Simplex Virus (Jurkiewicz and Zielnik-Jurkiewicz, 2018; Triantafillou
et al., 2019; Yang et al., 2019). The present study aims at evaluating the activity of the C. acnes
bacterial lysate (BL) in in vitro models of microbial infections from the fungus C. albicans, the Gram-

variable bacterium G. vaginalis and the Gram-negative bacterium E. coli.
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2. MATERIALS AND METHODS
2.1 Cells, microorganisms and bacterial lysate

2.1.1 Cells

The human vaginal epithelial cell line A-431(ATCC-CRL-1555) and the murine macrophages
J774A.1 cell line (ATCC-TIB-67) employed in this study were purchased from American Type
Culture Collection. Cells were cultured, as previously described, with slight modifications (Spaggiari
et al., 2023). Briefly, both cell lines were cultured in Dulbecco’s Minimum Essential Medium
(DMEM) (Sial S.r.Il., Rome, Italy), supplemented with heatinactivated fetal bovine serum (Hi FBS
Sial) at 10% (vol/vol) in the growth medium and 5% (vol/vol) in the maintenance medium, 100 U/ml
Penicillin-Streptomycin (Lonza Walkersville Inc., Walkersville, MD, U.S.A.), 2.5 mg/ml
Ciprofloxacin (Gibco, Thermo Fisher Scientific Italia) and 2 mM L-glutamine (Gibco).

2.1.2 Microbial strains and growth conditions

All the microorganisms employed in the present study had been stocked frozen at -80°C in
Microbank® cryovials (ProLab Diagnostics, Richmond Hill, ON, Canada). After thawing, the
reference strains C. albicans SC5314 (ATCC MYA-2876) and C. parapsilosis CLIB214 (ATCC
22019) were grown in Yeast Extract Peptone Dextrose (YEPD) broth (Condalab, Madrid, Spain) and
subcultured in Sabouroud Dextrose Agar (SDA — Oxoid, Thermo Scientific Italia) through weekly
passages. E. coli (ATCC 13762) was grown in Tryptic Soy Broth (TSB — Biolife S.r.l., Milano, Italy)
and subcultured in MacConkey agar (BioChemika, Sigma-Aldrich, Germany) through weekly
passages. G. vaginalis (ATCC 14018) was grown in New York City III (NYC III) broth (ATCC
Medium 1685) and L. crispatus (ATCC 33280) was grown in De Man, Rogosa Sharpe (MRS) broth
(Oxoid). All the microorganisms were used in their exponential growth phase for the infection assays
(see below). C. albicans and C. parapsilosis were subcultured in SDA and E. coli was subcultured in
TSB; the incubations were carried out for 24 h at 37°C under agitation (120 rpm) and in aerobic
conditions. For both L. crispatus and G. vaginalis, an aliquot from the frozen stock was placed in
broth and cultured at 37°C under agitation (120 rpm) and in anaerobic conditions for 24 h and 48 h

respectively.

- 11 -



2.1.3 Bacterial lysate

Bacterial lysate (BL) was prepared from C. acnes (ATCC 6919) as described elsewhere (Ohashi et
al., 1983; Basal et al., 2004). Whole cells, suspended in an appropriate volume of distilled water, were
disrupted through ultrasonication. The mixture was then centrifuged at 2,200 x g for 20 min to remove
any intact cells. The resulting supernatant underwent further centrifugation at 20,000 % g for 30 min.
The obtained pellet was treated with pronase at 80°C for 2 h. Following another centrifugation at
20,000 x g for 30 min, the final pellet was lyophilized and designated as the cell wall fraction. After
the preparation of the lyophilized cell wall fraction, a mother solution at 10 mg/ml in dimethyl-
sulfoxide (DMSO) was prepared. Then, BL was used at 100, 10 or 1 mg/ml, diluted in the respective
media. In all the experiments, the respective dilution of DMSO was included, as internal control, and

it did not show any effect.
2.2 Effect of BL on fungi and bacteria by MIC determination

The broth microdilution method was employed to evaluate the possible direct effect of BL on
pathogens viability. Specifically, BL starting from the concentration of 0.160 mg/ml was serially
diluted 1:2 in 96-well, flat-bottomed plates in Roswell Park Memorial Institute (RPMI) 1640 (Sigma
Aldrich) added with glucose 18 g/l (Carlo Erba, Milano, Italy) and 4-Morpholinapro-pansulphonic
acid (MOPS, 35 g/l) (Sigma Aldrich) for Candida and E. coli. The broth microdilution method was
carried out for G. vaginalis by using NYC III broth and for L. crispatus by using MRS broth.
Subsequently, 100 ml of the microorganism (5x10° CFU/ml for all microorganisms except for G.
vaginalis and L. crispatus, 5x10° CFU/ml) were added to each well. The growth of the
microorganisms was assessed by measuring the optical density (OD) with a spectrophotometric plate
reader (Sunrise, Tecan, Ménnedorf, Switzerland), 24 h and 48 h after inoculation. Readings were
performed at 540 nm (for fungi) and 595 nm (for bacteria) wavelengths. Each species, seeded in its

specific medium without bacterial lysate and diluent, served as a positive control.
2.3 Effect of BL on A-431 and J774A.1 cells by flow cytometry analysis

A-431 and J774A.1 cell cultures (1x10° cells/well) were grown for 24 h or 2 h, respectively, in 96-
well plates. Then, cells were washed with 200 pl of warm PBS to remove dead cells and antibiotic
residues. Next, 100 ml of 10-fold serially diluted BL in maintenance medium (with or without
antibiotics) were added in triplicate to the cell cultures and incubated for a further 24 h. A-431 cells
were then detached by Trypsin-EDTA solution (0,25%) in HBSS (1x) (GIBCO) whereas J774A.1

cells were then detached with a cellscraper. Cells were then centrifuged for 10 min at 4°C at 350 x g
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and the supernatants were harvested. Next, the cells were stained with eBioscience™ Fixable
Viability Dye eFluor™ 780 (Thermo Fisher Scientific, U.S.A.), diluted in BSA/PBS 0.5% w/vol, to
discriminate live cells from dead cells. Each sample was incubated for 15 min in ice, in the dark.
Next, the cells were centrifuged for 10 min at 4°C at 350 x g, the supernatant was discarded, and the
pellet was resuspended in Fixation Buffer (BioLegend, U.S.A.) and incubated for 20 min in the dark
at room temperature. Each sample was centrifuged one last time for 10 min at room temperature at
350 x g, the supernatant was discared, and the pellet was resuspended in 350 pl of PBS for analysis.
The FACSymphony™ (Becton Dickinson, U.S.A.) was employed and the software FlowJo™ was
used for the data analysis. Heat-killed (HK) A-431 and J774A.1 cells were included as internal

controls.
2.4 A-431 and J774A.1 cell assays

The assays performed on the A-431 cells are depicted in Figure 1A. Briefly, 24 h after seeding (at
day 1), the A-431 cells were primed by removing the growth medium and adding BL into the fresh
medium (day 2). At day 3 the BL-primed A-431 cells were infected with C. albicans or the bacteria
and the production of mtROS in response to the infection was kinetically evaluated. Finally, at day 4
after seeding, the growth of microorganisms, the A-431 cell-damage and cytokines and chemokines
production in response to the infection were assessed. All the assays performed on the J774A.1 cells
are depicted in Figure 2A. Briefly, the J774A.1 cells were seeded and primed with BL (day 1). At
day 2 the BL-primed J774A.1 cells were infected with C. albicans or the bacteria and the production
of mtROS in response to the infection was kinetically evaluated. Finally, at day 2 after seeding, the

phagocytosis and killing activity of the BL-primed J774A.1 were assessed.
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Figure 1

Effects of BL priming on A-431 cells infected with C albicans. (A) Schematics representing the
treatment and the experiments carried out (created with BioRender.com). (B) Kinetic quantification
of mtROS production by infected A-431 cells primed or not with BL (10 mg/ml). Data are from 3
experiments performed in triplicate (C) Visualization of mtROS production in A-431 cells primed or
not with BL (10 mg/ml) by confocal microscopy, 30 min after infection with C. albicans. (D)
Percentage of damage in BL-primed (1 mg/ml) and infected A-431 cells. The boxplot results from
six experiments conducted in triplicate. (E, F) Effect of BL-primed (1 mg/ml) A-431 cells on the
growth of C. albicans (E) and L. crispatus (F) determined through Colony Forming Units (CFU)
counts; the data are expressed as the mean + SD of at least 3 experiments. (G-I) IL-8 (G), IL-1a (H)
and IL-1B (I) production by BL-primed (10 mg/ml) infected A-431 cells. Each truncated violin results
from 4 experiments. The values of *p <0.05 and **p < 0.01 were considered statistically significant.
ns, not significant.
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Figure 2

Effects of LB priming on J774A.1 cells infected with C. albicans. (A) Schematics representing the
treatment and the experiments carried out (created with BioRender.com). (B) Kinetic quantification
of mtROS production by BL-primed (100 mg/ml) infected J774A.1 cells. Data are from 3 experiments
performed at least in duplicate. (C) Visualization of mtROS production in J774A.1 cells primed or
not with BL (100 mg/ml) by confocal microscopy, 30 min after infection with C. albicans. (D)
Percentage of phagocytic activity of BL-primed (10 mg/ml) J774A.1 cells after 30 and 60 min of
coculture with FITC-labelled heat-killed C. albicans (FITC-HK-Ca). Each boxplot results from 4
experiments conducted in triplicate. (E) Percentage of killing activity by BL-primed (10 mg/ml)
J774A.1 cells against C. albicans. Data results from four experiments conducted in duplicate. The
values of **p < 0.01 and ****p <0.0001 were considered statistically significant.
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2.4.1 Evaluation of microorganisms-induced cell damage by

lactate-dehydrogenase quantification

Serially diluted BL was added to cell cultures grown for 24 h, as described in paragraph 2.3. Finally,
the infection was performed at different MOI (Multiplicity of infection, defined as the ratio between
the number of cells and the number of microorganisms). One hundred pl of each microorganism
suspension, in maintenance medium, was added. Specifically, MOI 1:5 was used for C. albicans,
MOI 1:1000 was employed for E. coli, whereas for G. vaginalis a MOI 1:1 was applied. The plate
was then placed again for 24 h at 37°C with 5% COa». Cytotoxicity was quantified by analyzing the
LDH release in the culture medium, by employing a commercially available kit (Roche, via Sigma-
Aldrich) following the Manufacturer’s instructions. The percentage of damage was calculated as

follows:

sample — low control

x 100

0 —
of cells damage =
% g high control — low control

where: low control is the average value of uninfected cells and high control is the average value of
uninfected cells lysed with 1% (vol/vol) Triton-X-100 (Fluka). Then, the data were expressed as

percentages, assuming as 100% the damage of infected cells not primed with BL.

2.4.2 Evaluation of microorganisms’ growth after coculture

with BL-primed epithelial cells

BL was added to cell cultures grown for 24 h, as described in the previous paragraph. C. albicans
(MOI 1:5) or L. crispatus (MOI 1:50) were then added to the cells. After 24 h of culture, the cells
were detached with 0.2% (vol/vol) Tryton-X-100. The samples were collected in 1.5 ml tubes. All
the wells were then washed with 100 ml of Soybean—Casein Digest Broth prepared with Lecithin and
Polysorbate 80 (SCLDP 80) medium (Biotec) to completely detach the fungi and the bacteria, and
the detached microorganisms were added to the respective tubes. Next, the tubes were centrifuged at
3,500 rpm for 5 min, the supernatants were discarded, and the pellets were resuspended with 1 ml of
PBS. Finally, serial dilutions were performed and seeded onto SDA plates (C. albicans) or MRS
plates (L. crispatus). The data were expressed as percentages, assuming as 100% the maximum
growth of C. albicans in wells not containing cells. Normalization was not performed on L. crispatus,

and its growth was expressed as CFU/ml.
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2.4.3 Kinetic quantification of mtROS in BL-primed and C.

albicans infected cells

For the determination of mtROS production, A-431 cells were seeded on black-transparent 96 well
plates, infected by C. albicans at MOI 1:5 and then 2.5 mM/well MitoSOX™ Red (Invitrogen™,
Thermo-Fisher Scientific) were added immediately to each well. Then, the fluorescence intensity was
measured in kinetics (1 reading cycle every 5 min) by means of a Fluoroskan FL microplate
fluorometer (Thermo Scientific, Waltham, MA, U.S.A.) under stable temperature of 37°C. The
fluorescence emission was analyzed at excitation/emission wavelengths of 544 nm/590 nm, according
to an established protocol (Spaggiari et al., 2024). The assay was carried out under the same
experimental conditions also for J774A.1 cells but using a different MOI (1:10). Confocal microscopy
was employed for the visualization of mtROS in A-431 and J774A.1 cells. The cells were seeded at
a density of 5x10° cells per compartment in a 4-compartments cell culture dish (Greiner Bio-One,
Italy). Imaging was then performed using a confocal microscope (Leica SP8 confocal microscope
equipped with 405nm and white light lasers) and the resulting images were analyzed using Fijii

software (ImageJ).

2.4.4 Quantification of cytokines production in BL-primed

infected cells

The secretion of IL-1a, IL-18, TNF-a and IL-8 by BL-primed A-431 cells 24 h after infection with
C. albicans, E. coli and G. vaginalis was assessed, using the same MOI described above (see
paragraph 2.4.1). The detection of cytokines and chemokines was achieved by using commercial
ELISA kits (PeproTech™, ThermoFischer Scientific, Cranbury, NJ, USA for IL-1a and TNF-q;
Invitrogen™, Thermo-Fisher Scientific for IL-1p and IL-8), which were used according to the
Manufacturers’ instructions. The analyses were carried out on the supernatants that had been collected
after LDH quantification or from ad-hoc experiments carried out with the same protocol used for

LDH detection and stored at -20°C.

2.4.5 Phagocytosis and Kkilling activity of BL primed J774A.1

cells

C. albicans, subcultured for 24 h on SDA, was resuspended in PBS at the working concentration of
1x10° CFU/ml. The fungal cells were then inactivated by heating them at 90°C for 30 min. Next, the
killed yeasts were labelled with 0.1 mg/ml fluorescein 5(6)isothiocyanate (FITC) (Sigma Aldrich) for
15 min at room temperature, in the dark and occasionally flipping. The labelled heat-killed (HK)
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Candida cells were then aliquoted and kept as frozen stocks at -20°C. The FITC stock solution was
prepared at 1 mg/ml in 0.05 M carbonate-bicarbonate buffer. Cell cultures (1x10° cells/well) were
grown for 2 h in a black-transparent 96-well plates. Then, the growth medium was removed and 100
ul of 10-fold serially diluted BL in maintenance medium were added to the cell cultures and incubated
for a further 24 h. Next, 100 pl of 1x10° FITC-labeled HK Candida suspension in maintenance
medium were added to each well, and the multiwell plate was incubated for further 30 min and 60
min. After these incubation times, the medium was removed and 100 pl of 0.4% (w/vol) Trypan Blue
solution (Corning, U.S.A.) were added; then, the plate was further incubated for 1 min. Finally, the
Trypan Blue was removed, and the fluorescence emission was analyzed by Fluoroskan FL microplate
fluorometer at excitation/emission wavelengths of 490 nm/521 nm. The percentage of phagocytosis

was calculated as follows:

sample — blank control

x 100

% of phagocytosis =

untreated cells — blank control

where blank control is represented by average fluorescence value of medium with FITC labelled HK
Candida and the untreated cells represents the average level of cell phagocytosis. To evaluate the
killing activity of BL-primed J774A.1 cells, the growth medium was removed, and serially diluted
BL was added to cell cultures that had been grown for 2 h in growth medium with or without
antibiotics, according to the microorganism assessed. Then, the cells were infected with C. albicans,
E. coli and G. vaginalis, all employed with MOI 1:1. After 4 h of infection with C. albicans or 2 h of
infection with the bacteria, the cells were detached with 0.2% (vol/vol) Tryton-X-100 and the samples
were collected in 1.5 ml tubes. Control samples consisting of microorganisms growth in the wells
without cells were detached with SCDLP80. Next, serial dilutions were performed and seeded onto
SDA plates for C. albicans, Tryptic Soy Agar (TSA, Condalab, Spain) for E. coli, and Gardnerella
vaginalis agar (Microbiol, Uta, CA, Italy) for G. vaginalis. All the plates were incubated at 37°C with

5% COz. The percentage of killing activity was calculated as follows:

CFU sample x 100
CFU m. 0. on abiotic support

% of killing activity = 100 —

where “CFU m.o. on abiotic support” is represented by the average number of CFU of the
microorganism grown under the same conditions, without cells. The percentage of killing increase

was then calculated as follows:

% of killing sample x 100

— 100
% of killing of untreated cells

% of killing increase = 100 —
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where “% of killing of untreated cells” represents the basal killing activity of the untreated cells,

infected with the pathogen.
2.5 Statistical analysis

The Shapiro-Wilk test was used to analyze data distribution within each experimental group. Subsequently,
statistical analysis was performed by one-way ANOVA or the Kruskal Wallis test, depending on the
distribution of data; Dunnett’smultiple comparisons or Dunn’s test respectively were chosen as post-hoc tests.
For the kinetic curve obtained in the mtROS assessment procedures, the Area Under the Curve (AUC) was
calculated to summarize the curve into a single value. Subsequently, statistical analysis was performed on the
AUC values of each experimental group using one-way ANOVA. Don’t corrected test for multiple comparison
was chosen as a post-hoc test. To analyze the data of the phagocytosis activity in terms of dose and infection
time, a two-way ANOVA test, followed by Dunnett’s multiple comparisons, were used. All statistical analyses
were carried out using GraphPad Prism 10 software. Values of * p < 0.05, ** p <0.01 and **** p < 0.0001

were considered statistically significant.
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3. RESULTS

3.1 Effect of BL on microorganisms

By employing the broth microdilution method, the direct effect of BL on fungi (C. albicans and C.
parapsilosis) as well as on bacteria (E. coli, L. crispatus and G. vaginalis) was evaluated after 24 h
and 48 h of incubation. The results show that BL did not impair the growth of any of the
microorganisms, regardless of BL concentrations (0.16 mg/ml to 0.63 pg/ml), as shown in the charts

of Supplementary Figure S1.
3.2 Effect of BL on A-431 and J774A.1 cells viability

In order to establish the lack of toxic effects of BL on the vaginal epithelial cell line A-431 and on
the murine phagocytic cell line J774A.1, a cytofluorimetric analysis was carried out to quantify the
percentage of live cells after the treatment with BL. As shown in Supplementary Figure S2, BL did
not affect the viability of epithelial (Supplementary Figure S2A) and phagocytic (Supplementary

Figure S2B) cell lines, regardless of its concentrations.

3.3 A-431 vaginal epithelial cells primed with BL increased mtROS
production, reduced cell damage, impaired microbial growth and
modulated cytokines and chemokines secretion in response to C. albicans

infection

A-431 vaginal epithelial cells responded to C. albicans infection by increasing the mitochondrial
activity as a defense mechanism against the fungus. Such an increase was achieved through the
production of mitochondrial ROS (mtROS), whose level was much higher than that of the untreated
cells. Interestingly, when the vaginal cells had been primed with BL prior to being infected by C.
albicans, the mtROS production was significantly higher compared to vaginal cells that were not
subjected to such pretreatment (Figure 1B). Representative microscopy images showed an increased
production of mtROS in BL-primed cells after 30 min of C. albicans infection, as compared to C.
albicans infected cells (Figure 1C). The production of higher levels of mtROS suggests that epithelial
cells primed with BL could respond more efficiently to the fungal pathogen. Not only did BL
treatment make A-431 cells more responsive against the pathogen, but it caused them to become also
more resistant to the fungal-induced cell damage. Indeed, A-431 cells primed with BL prior to fungal
infection, significantly reduced the levels of LDH release, a marker of cell damage, with respect to

the control cells (Figure 1D). In addition, the effect of BL on A-431 cells caused indirect damage to
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the fungus. Indeed, C. albicans recovered after the infection of BL-primed A-431 cells grew
significantly less than C. albicans recovered from A-431 unprimed cells (Figure 1E). It is worth
noting that such an effect could not be observed when A-431 cells were colonized with L. crispatus,
a species considered beneficial for the vaginal tract. This Lactobacillus could grow efficiently after
recovering from both BLprimed and un-primed A-431 cells (Figure 1F). Moreover, when primed
with BL, infected A-431 cells significantly increased IL-8 secretion with respect to un-primed
infected cells (Figure 1G). The secretion of IL-1a (Figure 1H) and IL-1B (Figure 1I) in primed
infected cells resulted slightly increased, but the levels of both these cytokines remained comparable
to those of C. albicans un-primed infected cells. Finally, the assessment of TNF-a levels returns
cytokine levels below the detection limit in response to C. albicans infection, irrespective of the

pretreatment with BL (data not shown).

3.4 J774A.1 murine macrophages primed with BL increased mtROS
production, phagocytosis activity and Kkilling capacity in response to C.

albicans infection

As for the vaginal epithelial cell line, the J774A.1 murine macrophages responded to C. albicans
infection by increasing the oxidative burst, which for this kind of cell is one of the main defense
mechanisms against microbial pathogens. Similarly to the results observed for the vaginal epithelial
cells, in the BL-primed and infected macrophages the levels of mtROS were significantly higher than
in the un-primed C. albicans infected cells (Figures 2B). Representative microscopy images showed
an increased production of mtROS in BL-primed cells after 30 min of C. albicans infection, as
compared to C. albicans infected cells (Figure 2C). This result strongly suggests that BL has all the
potential to improve macrophages’ antimicrobial activity. Indeed, the priming with BL significantly
increased the phagocytosis activity of J774A.1 of FITC labelled heat-inactivated (HK) C. albicans
after 30 min (and even more after 60 min) of coculture (Figure 2D). In addition, the percentage of
killing activity of J774A.1 cells against C. albicans was significantly higher when the macrophages

were primed with BL, with respect to the un-primed cells (Figure 2E).

3.5 A-431 vaginal epithelial cells primed with BL reduced cell damage
and modulated cytokines and chemokines secretion in response to bacterial

infections

Similarly to what was observed in C. albicans infection, our results show a significant reduction of

cell damage in the vaginal epithelial cells primed with BL and infected with E. coli (Figure 3A) or G.
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vaginalis (Figure 3B). Following E. coli infection, a significant increase of IL-8 (Figure 4A) was
observed in BL-primed cells. Differently, the levels of the inflammatory cytokine TNF-o were
significantly reduced in BL-primed cells in response to E. coli infection, reaching levels similar to
those secreted by the untreated cells (Figure 4B). Finally, the levels of IL-1a (Figure 4C) and IL-13
(Figure 4D) did not increase when the infected cells had been primed with BL, and the levels of both
these cytokines remained comparable to those of E. coli infected unprimed cells. Upon A-431 cells
infection with G. vaginalis, the levels of IL-8 (Figure 4E), IL-1a (Figure 4F), and IL-1p (Figure 4G)
did not change, irrespective of the pretreatment or not with BL, even though a trend of increased IL-
8 could be observed in BL-primed as compared to un-primed infected cells (Figure 4E). Differently
from E. coli, TNF-a levels returns cytokine levels below the detection limit in response to G. vaginalis

infection, irrespective of the pretreatment with BL (data not shown).
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Figure 3

Effect of BL priming on A-431 cell damage induced by E. coli (A) and G. vaginalis (B). Percentage
of cell damage of BL-primed (1 mg/ml) and infected A-431 cells. The data are expressed as the mean
+ SD of at least 3 experiments. The values of *p < 0.05 were considered statistically significant.
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Figure 4

Cytokines and chemokines released by BL-primed A-431 cells infected with E coli or G vaginalis.
(A-D) IL-8 (A), TNF-a (B), IL-1a (C) and IL-1B (D) production by E. coli infected A-431 cells
primed or not with BL (10 mg/ml). (E-G) IL-8 (E), IL-1a (F) and IL-1B (G) production by G.
vaginalis infected A-431 cells primed or not with BL (10 mg/ml). Each truncated violin results from

4 experiments. The values of *p < 0.05 and **p < 0.01 were considered statistically significant, ns,
not significant.
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3.6 J774A.1 cells primed with BL increased Kkilling activity against E.

coli and G. vaginalis

Similarly to what was observed for C. albicans infection, the killing activity of J774A.1 macrophages
primed with BL was significantly increased against both E. coli (Figure 5A) and G. vaginalis (Figure

5B) as compared to un-primed infected cells.
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Figure 5

Effects of BL priming on J774A.1 cells infected with E. coli (A) or G. vaginalis (B). Percentage of
BL-primed (10 pg/ml) J774A.1 killing activity against E. coli and G. vaginalis. Data result from at
least 3 experiments conducted in duplicate. The values of *p < 0.05 and **p < 0.01 were considered
statistically significant.
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4. DISCUSSION

Candida albicans is a normal commensal of the human body. It dwells on the skin and on the mucosal
surfaces of oro-pharynx, gastro-intestinal and female genital tract. When the immune system is
compromised, Candida shifts from commensalism to opportunism, becoming a pathogen and causing
disease. Interestingly, in the context of VVC the infection and disease are not necessarily associated
with the immune system impairment; indeed, VVC frequently affects healthy women. However, some
studies indicated increased susceptibility in specific categories, such as diabetics and
immunocompromised women (Talaei et al., 2017; O’Laughlin and McCoy, 2023). Furthermore, it
has been demonstrated that even though Candida causes damage per se, the host response plays an
important role in VVC onset, by exacerbating the fungal-mediated damage and causing the
symptoms, which include itching, burning, pain, redness of the vulva and vaginal mucosa and vaginal

discharge (Ardizzoni et al., 2020, 2021).

Bacterial vaginosis (BV) is characterized by alterations in the vaginal environment and a shift in the
vaginal microbiota from Lactobacillus species to a high bacterial diversity, including facultative
anaerobes. Gardnerella spp. dwells in the vagina of patients with BV and it and it represents the key
bacteria in the pathogenesis of BV (Salinas et al., 2020). Aerobic vaginitis (AV), has an incidence
ranging from 2.0 to 25.8% (Donders et al., 2009), and the associated pathogenic microorganisms are

mainly Escherichia coli, Enterococcus spp., Streptococcus angina, and Streptococcus agalactiae.

The treatment with antifungal drugs (the gold standard, to date) is accompanied by the risk of
developing drug resistance. Similarly, in both BV and AV, the antimicrobial agents are widely used.
However, resistance to these agents is the major cause of recurrent vaginitis. Therefore, the definition

of novel therapeutic strategies is warranted as an alternative to the current pharmacological approach.

By using in vitro models of microbial infection, here we have evaluated the protective activity of the

C. acnes bacterial lysate (BL) against the most common lower genital tract pathogens.

In order to establish whether BL acts by improving epithelial and innate immune cells response to the
infections, without exerting a direct effect on vaginal microorganisms, we have performed
experiments where bacteria and fungi have been incubated with a range of BL dilutions for 24 or 48
h. The lack of any effect demonstrates that BL at least in our in vitro system, does not exert any direct
antimicrobial activity, thus suggesting that in an eventual therapeutic treatment it should not affect
the resident microbiota. However, we assessed the effect of BL only on 5 microorganisms. A broader
analysis covering more strains and species is warranted to support our results. Then, to exclude a

possible toxic effect of BL, epithelial and phagocytic cell lines have been treated or not with BL at
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different concentrations, and the percentage of alive cells has been assessed. The results demonstrate
the absence of any toxicity of BL at least under our experimental conditions, thus suggesting that it
might be well tolerated by human cells. Therefore, the response to the infections by BL-primed cells
is very likely to occur mainly through mechanisms involving the improved reactivity of vaginal
epithelial cells and macrophages against microbial pathogens. Among such responses, the increase
of mtROS plays a crucial role in innate immunity (West et al., 2011). In line with this phenomenon,
both our in vitro models (A-431 vaginal epithelial cells and J774A.1 macrophages) show an increase
in mtROS production upon infection with C. albicans in BL-primed cells. In line with our recent
results, demonstrating that mtROS is a key element of vaginal epithelial cells response to C. albicans
(Spaggiari et al., 2024), the data reported here show that not only does the BL make the cells capable
of responding better to an infectious insult, but it makes them also less prone to being damaged by
fungal and bacterial pathogens. This is evident by the significantly lower levels of cell damage in BL-
primed vaginal epithelial cells infected with C. albicans, E. coli and G. vaginalis. By strengthening
the vaginal epithelial cells, BL also counteracts microbial growth, albeit indirectly. Indeed, C.
albicans retrieved from BL-primed vaginal epithelial cells have grown significantly less than C.
albicans retrieved from the un-primed cells. Interestingly, such effect has not been observed upon
colonization with the beneficial microbe L. crispatus, thus strengthening the idea that BL “instructs”

the vaginal epithelial cells to respond specifically only to harmful microorganisms.

The improvement of vaginal epithelial cells performance passes also through the modulation of
cytokines and chemokines release in response to the infection. In particular, the BL-primed A-431
cells produce significantly higher levels of IL-8, upon infection with C. albicans and E. coli and
increased (albeit not significant) levels of IL-8 upon infection with G. vaginalis. In addition,
significantly lower levels of TNF-a following E. coli infection have been observed. IL-8 is a
chemokine also known as “neutrophils chemotactic factor” because it induces chemotaxis in
neutrophils and in other granulocytes, causing them to migrate to the site of infection. Notably,
previous clinal studies demonstrate that the absence of leukocytes in most women with BV is likely
due to the lack of IL-8 induction (Cauci et al., 2002, 2003; Cauci, 2004). Should this BLinduced
enhancement of IL-8 secretion be demonstrated also in vivo, it would imply that this lysate could play
an active role in the establishment of the innate immune response. TNF-a is a cytokine that plays a
central role in the inflammatory responses, by inducing either survival or death in target cells. The
levels of this cytokine are reported to increase in AV, but not in VVC (Hedges et al., 2006; Kalia et
al., 2019). Consequently, upon E. coli infection of BL primed A-431 vaginal epithelial cells, the
reduction of TNF-a suggests BL may have an immunomodulatory role, but more evidence is needed

to directly link this to AV treatment.
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The effect of BL cell priming has been assessed also on macrophages, which are typical cells involved
in innate immune responses. As shown by the results presented here, the effects of BL on the
phagocytic cells are not limited to the increase of mtROS. Indeed, BL-primed J774A.1 cells
significantly improve their phagocytic activity against HK C. albicans. In addition, BL priming
makes the macrophages more effective in their killing activity with respect to un-primed J774A.1,
and such killing capacity has been shown to increase significantly against C. albicans, E. coli and G.
vaginalis. These results strengthen our idea that BL-primed immune cells are more responsive to
microbial pathogens. Overall, the results shown here point to the possible role of BL in priming
epithelial and phagocytic cells to improve their response against bacterial and fungal pathogens. Such
effects should be assessed also on other microorganisms or even viruses relevant for lower genital
tract infections. These data indicate that the use of this (and, in future, other bacterial lysates) may
provide a promising novel approach to handle lower genital tract infections through the reinforcement
of local immunity. It should be pointed out that while C. acnes lysate (and possibly other microbial
lysates) may be a promising novel approach for the management of lower genital tract infections,

further in vivo and clinical studies are warranted to confirm its efficacy.
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SUPPLEMENTARY MATERIAL
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Figure S1. Effects of scalar doses of BL on microorganisms’ viability.
The effect of serially diluted BL (0.16 pg/ml to 0.63 pg/ml) on microorganisms’ viability was
assessed after 24 h (left panels) and 48 h (right panels) contact with C. albicans (A), C. parapsilosis
(B), E. coli (C), L. crispatus (D) and G. vaginalis (E). Data are expressed as mean = SD of 3 different
experiments.
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Figure S2. Effect of BL on cells viability.

Effect of serially diluted BL (100, 10 and 1 pg/ml) on the viability of A-431 cells (A) and J774A.1
macrophages (B) was assessed by cytofluorimetric analysis. Heat-killed cells were used as positive
controls, whereas untreated cells were included as negative controls. Cytofluorimetric plots with the
gating strategy are shown.
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1. INTRODUCTION

Genital infections represent a significant public health concern worldwide. Among them, Herpes
Simplex Virus-Type 2 (HSV-2) and Candida albicans are two of the most prevalent pathogens. HSV-
2 primarily causes genital herpes, while C. albicans is the leading cause of vulvovaginal candidiasis
(Workowski et al., 2021; NyirjesY et al., 2022). Genital herpes is characterized by painful vesicular
lesions in the genital region, although infections can be asymptomatic, leading to an underestimation
of their prevalence. The virus establishes latency in the sacral ganglia and can be reactivated due to
various triggers, including stress, immunosuppression, and co-infections (Omarova et al., 2022).
HSV-2 infection is endemic globally, with estimates indicating that approximately 12% of the
population aged 15—49 years is seropositive for HSV-2 (Looker et al., 2012). This prevalence varies
with demographic factors, including age, sex, and geographical location (Gupta et al., 2007). C.
albicans is a commensal fungus found in various body sites, including the gastrointestinal tract,
mouth, and vagina. Overgrowth of this fungus leads to candidiasis; substantial clinical manifestations
depend on the site of infection and on the host’s condition (Lopes et al., 2022). Common presentations
include vulvovaginal candidiasis, oropharyngeal candidiasis (thrush), and deep-seated/invasive
candidiasis in immunocompromised individuals. Symptoms of vulvovaginal candidiasis include
itching, burning, and a thick, white discharge, which may overlap, at least partly, with the initial
symptoms of HSV-2 infection (Gaziano et al., 2023). The incidence of vulvovaginal candidiasis is
estimated to be around 75% in women during their lifetime, with recurrent infections affecting

approximately 20-25% of these women (Farr et al., 2021).

Coinfections are an increasingly recognized phenomenon, particularly in patients with weakened
immune systems, resulting in severe and difficult-to-treat diseases (Frisan T.,2021). Some studies
have shown that the presence of a primary infectious agent can predispose the host to a second
infection, likely also implying pathogen-to-pathogen synergistic interplay (Murray et al., 2014;
Higgins et al., 2022). Among various combinations of genital dual infections, C. albicans species and
HSV-2 are noteworthy due to their overlapping risk factors and shared propensity to exploit host
immunosuppression. Increasing data indicate that HSV-2 may enhance fungal colonization by
affecting the integrity of the mucosal barrier and immune responses, as well as the host’s microbiome.
As an example, HSV-2-induced epithelial disruption facilitates fungal adhesion and invasion,
increasing susceptibility to secondary infections (Panasiti et al., 2007; Plotkin et al., 2020). Moreover,
cytokines produced during HSV-2 infection may also enhance C. albicans virulence, suggesting a
complex interplay between the immune response elicited by HSV-2 and C. albicans pathogenic

potential (Jayaraman et al., 2020).
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Although poorly investigated, genital co-infection with HSV-2 and C. albicans is emerging as an
important area of interest. Co-infection, occurring especially among patients with repeated episodes
of genital herpes, may lead to more severe symptoms and complications, necessitating attentive
management strategies, simultaneously tailored towards both HSV-2 and C. albicans (Kaul et al.,
2007; Suazo et al., 2015). Antiviral therapy for HSV-2 and antifungal treatment for C. albicans should
be considered concurrently, emphasizing the importance of integrated care and differential diagnoses.
Additionally, the psychological impact of recurrent HSV-2 episodes can lead to increased stress and
immunosuppression, further predisposing individuals to candidiasis (Fichorova et al., 2020).
Therefore, increased knowledge is needed on the interplay between these two pathogens to improve
prompt and complete diagnosis and tailored treatment and, in turn, ameliorate patient management.
Further research is imperative to elucidate the mechanisms behind their interactions, potentially

leading to improved therapeutic strategies and patient outcomes.

Most pathogens enter the human body through mucosal barriers, which represent the first
environment to be breached prior to establishing a successful infection (Biswas et al., 2024). Animal
models have greatly improved our understanding of the initial steps of microbial pathogenesis;
however, numerous limitations occur when assessing mucosal infections, given the complexity of the
microenvironment and the multiplicity of cross-talks among different pathogens and hosts (Schaller
et al., 2006). Here, we report an in vitro model of human epithelial cell line differentiated into a
reconstituted multilayered epithelium, using which we evaluated susceptibility to single or dual
infection by HSV-2 and C. albicans, virus vs. fungus growth, cell damage, secretion profile, and

oxidative stress.
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2. MATERIALS AND METHODS

2.1 Epithelial cells

All the experiments were carried out on the A-431 cell line, from a human epidermoid skin carcinoma
(ATCC CLR-1555); such a cell line has been widely used to produce monolayers or multilayers
mimicking the physiological epithelium (Schaller et al., 2006; Giard et al., 1973). The cells were
cultured in DMEM (Sial S.r.1., Rome, Italy) supplemented with L-glutamine (2 mM) (Gibco, Thermo
Fisher Scientific Italia, Segrate, Italy), 100 U/mL Penicillin—Streptomycin (Lonza Walkersville Inc.,
Walkersville, MD, USA), ciprofloxacin (2.5 mg/mL) (Gibco, Fisher Scientific Italia, Segrate, Italy),
and heat-inactivated fetal bovine serum (Sial S.r.l., Rome, Italy) at 10% (growth medium, used at cell
seeding) or 5% (maintenance medium, used after 5 days of cell growth, during the experimental
procedures). The cell line was kept viable by subculturing twice a week and incubation at 37 °C with

5% COas. The cells were used between the 30th and the 40th sub-culture passage.
2.2 Fungal Strain and Growth Conditions

The reference strain C. albicans SC5314 (ATCC MY A-2876) was employed. The fungal strain was
stored as frozen stocks at —80 °C in Sabouraud Dextrose Broth (Condalab, Madrid, Spain)
supplemented with 15% glycerol. After thawing, the fungal cells were grown in a liquid YPD medium
(Scharlab S.L., Barcelona, Spain) and incubated at 37 °C under aerobic conditions for 24 h. Fungal

cultures in the exponential growth phase were used in each experiment.
2.3 HSV-2 Strain

A clinical isolate of HSV-2, initially identified by a monoclonal antibody and laboratory adapted
through serial passages (>50) on Vero cells, was used. The viral suspensions used in the experiments
were obtained upon the centrifugation of lysates of virus-infected Vero cells, which had been cultured
for 2-3 days and showed a diffused cytopathic effect (more than 80% of monolayer destruction), as
detailed elsewhere (Sala et al., 2024). Prior to being used, the virus batches were titrated on A-431

cells, aliquoted, and kept frozen at —80 °C; all the experiments were carried out using the same batch.
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2.4 Establishment of A-431 Monolayer Cultures and Reconstituted
Epithelium (RVE)

Cells were organized as monolayers or as reconstituted vaginal epithelium multilayers, with cultures
initially seeded at 4x10° cells/mL (1 mL per well) in 24-well plates (Corning, New York, NY, USA).
For the epithelial monolayers, A-431 cells were incubated overnight at 37 °C with 5% CO, while, to
obtain the RVE cultures, the A-431 cells were incubated for 5 days, with a fresh growth medium

replacement at day 3.

2.5 Immunohistochemical (IHC) Staining for Cytokeratin 5/6

Detection

The monolayers and RVE cultures were processed for immunohistochemistry (IHC), with cells plated
at 2x10° cells/mL (400 uL per well) in chamber slides, following the same seeding and incubation
protocol as used for the 24-well plates. After 1 or 5 days (for the epithelial monolayer or RVE,
respectively), the slides were fixed in 95% ethylic alcohol for 10 min. IHC staining for cytokeratin
5/6 (CK 5/6) was performed using the anticytokeratin 5/6 mouse monoclonal primary antibody, clone
D5/16B4, at an approximate concentration of 10.4 pug/mL (Roche Diagnostics-Ventana Medical
Systems, Tucson, AZ, USA). Staining procedures were conducted using BenchMark THC/ISH
automated instruments (Ventana Medical Systems, Tucson, AZ, USA) according to standard antigen
retrieval protocol. Antibody reactivity was visualized using a Ventana OptiView Universal DAB IHC
Detection Kit and 3,3’-diaminobenzidine (DAB) chromogen (Roche Diagnostics—Ventana Medical
Systems, Tucson, AZ, USA). Subsequently, the slides were counterstained with Hematoxylin II—a
modified Mayer’s hematoxylin (Roche Diagnostics—Ventana Medical Systems, Tucson, AZ, USA)
to highlight cell morphology. Cells exhibiting membranous and/or cytoplasmic brown staining were
considered positive for cytokeratin 5/6. Each well was scored as negative (<10% of positive cells),
partially positive (10-80%), or diffuse expression (>80%). The intensity of staining was semi-

quantitatively graded as weak (1), moderate (2), or strong (3).
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2.6 Infection Protocol

The infection protocol included the use of the monolayers and the RVE cultures, replaced with fresh
maintenance medium before the infection; in selected wells, synthetic vaginal fluid (SVF) was also
added (10% vol/vol), according to the protocol of Owen et al. and Del Gaudio et al. (Owen et al.,
1999; Del Gaudio et al., 2013). The SVF, intended to simulate human vaginal fluid, had the following
formulation for 1 L of solution, given as a compound and its weight (g): calcium, 0.120; potassium,
0.978; sodium, 1.38; chloride, 2.13; albumin, 0.018; lactic acid, 2.00; acetic acid, 1.00; glycerol, 0.16;
urea, 0.4; and glucose, 5.0. The final pH value was 4.2. Next, the cultures were infected with C.
albicans (250 pL of fungal suspension/well), at a Multiplicity of Infection (MOI, fungal
cells:epithelial cells) of 0.5:1; after a 3 h incubation at 37 °C, 250 uL of the HSV-2 suspension was
added to a final MOI (virus: cells) of 0.1:1. The final working volume was 1 mL/well. Then, the

cultures were incubated for a further 21 h at 37 °C prior to being assessed as detailed below.

2.7 Evaluation of Microorganisms-Induced Cell Damage by

Quantification of LDH Release

Epithelial cell damage was quantified by analyzing the lactate dehydrogenase (LDH) release in the
supernatant (Shekhawat et al., 2025); a commercially available kit (Roche, via Merk Life Science
S.r.l., Milan, Italy) was employed, following the manufacturer’s instructions. The percentage of

damage was calculated as follows:

test sample—low control

x 100

0, —
of cell damage =
% g high control- low control

where test sample is the O.D. value of the sample, low control is the mean value of uninfected cells,
and high control is the mean value of uninfected cells lysed with 1% (vol/vol) Triton X-100 (Fluka
Chemicals, via Merk Life Science S.r.1., Milan, Italy) (Sala et al., 2023). In selected experiments,
the LDH assay was compared with the MTT assay (see Supplementary Material).
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2.8 Pathogen Growth Quantification

C. albicans quantification on the epithelial cells was assessed using the CFU assay. At 24 h, cells
were lysed with Triton X-100 (a final concentration of 0.1%), and serial dilutions from each well
were performed and then seeded on Sabouraud agar plates, which were further incubated for 24 h at

37 °C. The resulting CFUs were counted. Each sample was assessed in triplicate.

For HSV-2 load quantification, a commercial Real Time-PCR was used (Elite InGEnius SP200,
Elitech, Torino, Italy) after DNA extraction by means of a commercial kit (HSV2 ELITe MGB® Kit,
Elitech, Torino, Italy), according to the manufacturer’s instructions. The PRC protocol was as

follows: decontamination at 50 °C/2 min, initial denaturation at 94 °C/2 min, and then at 94 °C/10 s,

60 °C/30 s, and 72 °C/20 s for 45 cycles.

In selected experiments, the results of the molecular assay were compared with those obtained by a
plaque reduction assay, performed as previously described (Sala et al., 2024). The rate of HSV-2-
infected RVE cells was also checked with an indirect immunofluorescence assay using a monoclonal
antibody against a HSV-2 capsid antigen (Merck Millipore, Milan, Italy), and a representative image

is presented in the Supplementary Materials Section.
2.9 Oxidative Stress Determination

The production of mitochondrial reactive oxygen species (mtROS) by epithelial cells, infected as
detailed above, was measured at time 24 h. MitoSOX™ Red (2.5 uM/well) (Invitrogen™, Fisher
Scientific Italia, Segrate, Italy) was added to each well immediately after infection. Then, the plates
were evaluated using Fluoroskan (Thermo Scientific, Segrate, Italy) at 37 °C, for 24 h; the
fluorescence emission was analyzed at an excitation/emission length of 544/590. The results at 24 h

were depicted as a heatamp.

2.10 Quantification of IL-1a, IL-1p, IL-8 and Mucin-1 Production

The levels of IL-1a, IL-1PB, IL-8, and mucin-1 were measured in 100 pL of A-431 cell-free
supernatants at 24 h, using specific commercially available ELISA kits (PeproTech™, Fisher
Scientific Italia, Segrate, Italy for IL-1a; Invitrogen™, Fisher Scientific Italia, Segrate, Italy, for IL-
1B and IL-8; Elabscience Biotechnology, Huston, TX, USA for mucin-1) according to the

manufacturer’s instructions.
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2.11 Statistical Analysis

Unless differently indicated, each experiment was repeated 4—6 times, and the samples were assessed
in triplicate. The Shapiro—Wilk test was used to analyze the data distribution within each experimental
group. Subsequently, statistical analysis was performed using one-way ANOVA or the Kruskal-
Wallis test, depending on the distribution of data; Tukey’s multiple comparisons were chosen as post
hoc tests. For the heatmap obtained in the mtROS assay, the Area Under the Curve (AUC) was
calculated to summarize the curve into a single value. Subsequently, statistical analysis was
performed comparing the AUC values of each experimental group, using one-way ANOVA. All
statistical analyses were carried out using GraphPad Prism 10 software. Values of * p < 0.05 and

** p <0.01 were considered statistically significant.
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3. RESULTS

3.1. Cytokeratin-5/6 Expression in A-431 Epithelial Cells Maintained

at Different Culture Conditions

Initially, we investigated the expression of cytokeratin 5/6, a well-established marker of epithelial
cell differentiation. Thus, A-431 cells, cultured for 1 day (monolayer) or 5 days (RVE) with or without
SVF, were processed and stained for IHC analysis. As detailed in Figure 1, the RVE showed a strong
and diffused expression of this marker (intensity grade 3) in comparison to the cell monolayer
(intensity grade 2); a further enhancement of positivity was observed if the RVE had been cultivated
in the presence of SVF. Importantly, in this latter case, a more marked localization of the cytokeratin

at the cell membrane level was evident.

Figure 1

Cytokeratin 5/6 staining in A-431 cells, cultured for 1 or 5 days, in the absence or presence of SVF.
Cells were immunohistochemically stained, with an anti-cytokeratin 5/6 mouse monoclonal primary
antibody, using BenchMark ITHC/ISH automated instruments according to standard antigen retrieval
protocol. Representative images from two experiments are shown (magnification 40x).
Immunohistochemical staining for CK5/6 shows diffused expression in the RVE, with stronger
intensity observed in SVF.

- 46 -



3.2. Candida albicans and HSV-2 Load in A-431 RVE Infected with or
Without SFV

The amount of fungal cells (expressed as CFUs) and virus production (expressed as DNA copies)
was assessed in the RVE, infected with a single pathogen or both, in the presence and the absence of
SVF. Figure 2A shows that C. albicans growth was significantly higher (>1 Log difference in CFU)
in the samples cultured with SVF compared to the controls without SVF. Figure 2B shows the levels
of HSV-2 DNA copies, determined using RT-PCR. The amount of viral DNA ranged between
3.9x10° copies/mL and 7.3x10° copies/mL, with no significant changes with respect to the presence
of SVF. Yet, in the absence of SVF, the viral infectious titers slightly decreased in cells that had also
been infected with C. albicans while, in contrast, in the presence of SVF, the HSV-2 DNA copies
approximately doubled in dually infected cells with respect to A-431 cells infected with the virus

alone. A similar trend of data was observed when the infectious titers were measured using the plaque

assay (Figure 2C).
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Figure 2

Quantification of fungal and viral loads in the RVE cultured with or without SVF. Five-day RVE
cultures were infected with C. albicans (fungus:epithelial cell ratio = 0.5:1), and, after 3 h, HSV-2
(virus:cell ratio = 0.1:1) was added. Fungal and virus quantification was carried out after 24 h
incubation using the CFU method on Sabouraud agar for C. albicans (A) and both RT-PCR (B) and
the plaque reduction assay (C) for HSV-2. * p <0.05.
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3.3. Damage of A-431 RVE upon Infection with One or Two

Pathogens, in the Presence or Absence of SFV

The LDH assay was used to determine the levels of A-431 cell damage, induced by a single or a dual
infection, in the presence or absence of SVF (Figure 3). HSV-2 alone did not affect epithelial cell
viability (<2% of cytotoxicity), irrespective of the presence or absence of SVF. Conversely, C.
albicans significantly damaged epithelial cells, with the cytotoxicity percentage rising from 16%
without SVF to 24% in the presence of SVF. In the dually infected cultures, the LDH levels showed
a further slight, insignificant increase. In selected experiments, the cell damage was also determined

using the MTT assay, and the results were completely superimposable (see Supplementary Materials).
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Figure 3

Levels of A-431 cell damage after single or dual infection in the presence or absence of SVF. Five-
day RVE cultures were infected with C. albicans (fungus:epithelial cell ratio = 0.5:1), and, after 3 h,
HSV-2 (virus:cell ratio = 0.1:1) was added. At 24 h, the LDH assay was performed to quantify the
percentage of LDH release in the RVE exposed to one or two pathogens, in the presence or in the
absence of SVF. * p <0.05.
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3.4. Oxidative Stress in A-431 RVE Infected with Candida albicans
and/or HSV-2, With or Without SFV

The A-431 RVE samples infected with C. albicans and/or HSV-2, in the presence or absence of SVF,
were tested for oxidative stress and measured as mtROS production. The heatmap is shown in Figure
4. On the right line, the reference lane is depicted. The values indicated by the different colors
represent the amounts of mtROS detected in each sample at 24 h. As shown in the figure, in all
conditions, the ROS levels were higher in the samples with SVF compared to those without SVF. A
clear additive effect was evident in the dually infected cells cultured with SVF, displaying levels that
were approximately double those of the mono-infected samples. This was evident only when SVF

was present.
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Figure 4

Mitochondrial ROS production by A-431 cells, exposed to single or dual infection in the presence or
absence of SVF. Five-day RVE cultures were infected with C. albicans (fungus:epithelial cell ratio =
0.5:1), and, after 3 h, HSV-2 was added (virus:cell ratio = 0.1:1). Then, MitoSOX™ Red was added
to each well and the plates were evaluated using Fluoroskan at 37 °C, for 24 h. A representative
heatmap of the quantification of mtROS production at 24 h is shown. The mock line refers to A-431
cells alone; an inoculum of C. albicans without cells was included as a negative control (abiotic
support). The values corresponding to the different colors represent the Area Under the Curve
calculated to summarize the curve of the 24 h determination into a single value.
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3.5. Secretion Pattern of A-431 Epithelial Cells Exposed to Single or
Dual Infection, With or Without SVF

Levels of IL-1a, IL-1p, IL-8, and mucin-1 were assessed in cell-free supernatants of A-431 cells
infected with HSV-2 and/or C. albicans in the presence or absence of SVF. As shown in Figure 5,
IL-1a and IL-1B were not detectable in the uninfected A-431 cells; induction occurred only by C.
albicans, with no relevant differences when comparing mono and dual infection. As shown, in the
presence of SVF, the production of IL-1a and IL-1p was greatly affected, with their levels being
doubled (30 pg/mL vs. 60 pg/mL for IL-1 a and 6 pg/mL vs. 12 pg/mL for IL-1p). As for IL-8, this
chemokine was basally produced by A-431 cells and significantly increased upon infection with C.
albicans, but not with HSV-2. Unexpectedly, SVF caused a decrease in IL-8 levels (44 pg/mL vs. 28
pg/mL). As for mucin-1 production, enhanced levels were observed upon SVF addition (13 ng/mL
vs. 22 ng/mL) in the uninfected cultures. In contrast, each infectious agent caused a decrease in
mucin-1 production, which was significant for C. albicans (22 ng/mL vs. 11 ng/mL) but not for HSV-
2 (22 ng/mL vs. 18 ng/mL). Moreover, the dual infection did not have any additive effect, since the
mucin-1 levels remained almost unaffected (11 ng/mL with C. albicans alone; 13 ng/mL with both

pathogens).
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Figure 5

Secretory profile of the RVE infected with C. albicans and/or HSV-2, in the presence or absence of
SVF. Five-day RVE cultures were infected with C. albicans (fungus:epithelial cell ratio=0.5:1), and,
after 3 h, HSV-2 was added (virus:cell ratio = 0.1:1). Following 24 h incubation, quantification of the
secretion product was performed on the supernatants using commercial ELISA. * p < 0.05; ** p <
0.01.

In the Supplementary Materials, we provide a summary of RVE peculiarities with respect to SVF

addition and infection with one or two pathogens.
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4. DISCUSSION

In the era of molecular diagnostics, increasingly sensitive techniques are showing how polymicrobial
infections, at a mucosal level, are frequent and certainly underestimated events (Frisan T., 2021).
Scant research documents the frequency of double vaginal infections by HSV-2 and C. albicans
(Plotkin et al., 2020; Kaul et al., 2007), and even less is known about the pathogenic mechanisms
involved and the possible synergistic action whereby one microorganism favors the other. We have
previously demonstrated how C. albicans biofilm favors the persistence of HSV-1 and Coxsackie
Virus B5 over time; importantly, the fungal pathogenic potential seems to increase further, since the
presence of C. albicans biofilm protects viral infectious particles from the immune response, drugs,
and disinfectants (Mazaheritehrani et al., 2014; Ascione et al., 2017). Similarly, the co-presence of
HSV-1 or HHV-6 and C. albicans or Cryptococcus neoformans dysregulates monocyte-mediated

immune functions (Cermelli et al., 2006; Cermelli et al., 2008).

Here, to study the interplay between HSV-2 and C. albicans at the mucosal level, we describe an in
vitro epithelial model using the A-431 cell line, that depending on the culture conditions, forms a
monolayer (1 day) or a differentiated stratified (5 days) epithelium (Ridge et al., 1991). The A-431
line exhibits a range of characteristics that are quintessentially typical of epithelial cells (Wahl et al.,
1988; Atsumi et al., 1994) including the high expression of keratins, structural proteins that not only
support cellular architecture but also play a crucial role in the resilience and protective function of
the epithelial barrier (Waseem et al., 1999). In the present study, to render our model as close as
possible to the in vivo condition, the culture medium was treated with synthetic vaginal fluid (SVF),
according to the previously established protocol (Owen et al., 1999; Del Gaudio et al., 2013). Initially,
we demonstrate that the 5-day RVE displays a strong and diffused expression of cytokeratin 5/6 with
respect to the 1-day monolayers, and, interestingly, the addition of SVF further increases the
expression of such a differentiation marker, especially in the RVE. Thus, hereafter, we focus on the

RVE model as the condition providing the highest degree of epithelial cell differentiation.

The RVE appears to be a suitable in vitro model for studying single or dual infection by C. albicans
or HSV-2. Indeed, we show that fungal growth occurs and significantly increases upon the addition
of SVF. This result is not surprising since the acidic pH of the SVF and its high glucose concentration
are parameters greatly favorable to C. albicans persistence and growth, both in vitro and in vivo.
Interestingly, C. albicans CFUs are not affected upon HSV-2 co-infection, excluding any pro-C.
albicans effect by the viral agent. Concerning viral quantification, SVF addition tends to reduce viral
load. Possibly, changes in the extracellular environment induced by the fluid, including pH lowering,

increased viscosity, and high levels of polysaccharides, may limit the initial epithelial cell-virus
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interaction, as shown in other infection models (Pinna et al., 2008; Ray et al., 2021). Moreover, in the
co-infection, two opposite patterns of results have been observed with respect to SVF addition. In the
absence of SVF, the viral load is reduced by the co-presence of C. albicans, while it is increased when
the co-infection is performed with SVF. These data suggest that by utilizing the SVF content, fungal
overgrowth may have led to fluid consumption and the restoration of conditions suitable for viral
infection and replication. If this process has an in vivo counterpart, we can envision significant
cooperation between fungal and viral agents that enhances their pathogenic potential at the mucosal

level.

As established using the LDH release assay, epithelial cell damage is only attributable to C. albicans,
as the contribution of HSV-2, alone or in co-infection, happens to be extremely limited regardless of
the presence of SVF. This result may be due to the overgrowth of the fungus observed in cultures
treated with SFV. The negligible contribution of the virus to epithelial cell damage may not be
attributed to a low rate of viral infection since, as assessed using an immunofluorescence assay, more
than 60% of the cells became infected (Figure S1 in the Supplementary Materials). Likely, the lack
of LDH release may be related to the short incubation time chosen in our protocol (24 h), as the

inverted light microscope observation of the cell cultures reveals a limited cytopathic effect.

An imbalance in the redox state towards oxidant conditions is a key event during viral infections, also
mediating tissue damage (Foo et al., 2022; Gain et al., 2023). In particular, the involvement of ROS
has been demonstrated in many viral infections, including HSV-1, where the dynamics of viral
replication change, leading to increased viral loads and persistence within the host cell (Protto et al.,
2020). In the case of C. albicans, the presence of ROS correlates with reduced fungal viability and
virulence, emphasizing their role as hosts’ essential defense mechanisms (Dantas Ada et al., 2015;
Cui et al., 2023). In our model, the epithelial cell infection by either C. albicans or HSV-2 alone
causes a partial-to-negligible ROS response, while SVF alone increases ROS with respect to basal
levels. Interestingly, in the presence of SVF, the two pathogens exert an additive effect with respect
to ROS production, which is indeed more than doubled. Thus, we may conclude that A-431 epithelial
cells, supported by SVF, better respond to the concomitant C. albicans and HSV-2 infection in terms
of ROS production; however, this condition favors viral replication, as indicated by the viral loads

that are augmented in the samples with double infection.

Besides oxidative stress, cytokines play a pivotal role in shaping the inflammatory response against
infections. Among many, IL-1a and IL-1p are pro-inflammatory signals that crucially act in hosts’
defenses. Indeed, upon HSV-1 infection, epithelial cells release IL-1a that in turn induces necrosis

and cell lysis. Meanwhile, IL-1a predominantly acts at the site of tissue damage, working as a further
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“alarmin” to locally signal injury (Milora et al., 2014; Smith et al., 2022). In our model, the secretion
of IL-1a does not change when the cells are infected with the virus alone, and this is in line with the
limited cellular damage occurring in these same samples. Concerning IL-1p, it is known that such a
cytokine is primarily secreted following activation of the inflammasome (Fu and Wu, 2023).
Interestingly, HSV-2 affects the activation of the NLRP3 inflammasome by two specific viral proteins
(Fakioglu et al., 2008) and, in turn, reduces IL-1P production. Our data show no changes in IL-1f3

production by HSV-2 in parallel with minor virus-mediated cell damage.

Increasingly, the literature has shown that IL-la is released from epithelial cells during fungal
invasions, acting as an early alarm signal to recruit immune cells (Wiithrich et al., 2013; Caffrey-Carr
et al., 2017). Upon binding to specific pattern recognition receptors, C. albicans activates the NLRP3
inflammasome via NF-xB, in turn triggering IL-1 production (Fang et al., 2023). In our model, both
IL-1a and IL-1p are induced by C. albicans without any significant additive effect from the presence
of HSV-2. Interestingly, upon the addition of SVF, IL-la and IL-1P production is enhanced,
indicating that this culture condition favors epithelial cell reactivity against C. albicans. Furthermore,
IL-8, a well-known pro-inflammatory chemokine (Matsushima et al., 2022), shows no relevant
variations in our model, irrespective of whether SVF is present or the epithelial cells have been
infected by HSV-2 and/or C. albicans. Finally, mucin-1, released through the apical surface of
epithelial cells, is crucial in protecting mucosal surfaces and provides barrier functions and immune
regulation (Dhar and Auley, 2019; Ballester et al., 2021). HSV-2 displays several mechanisms to
evade mucin action, including downregulation of MUC1 gene expression (Trybala et al., 2021).
Similarly, C. albicans can elude mucin-1 by secreting aspartyl proteases that promptly degrade
mucins (Diihring et el, 2015), allowing hyphal active penetration and tissue invasion through the
mucosal barrier (Mayer et al., 2013). The results we obtained in our dual infection model add evidence
for the ability of the two pathogens to modulate mucin-1 production. In particular, C. albicans and
HSV-2, either alone or in co-infection, can reduce levels of mucin-1, the phenomenon being

particularly evident in cultures with SVF.

Overall, using an in vitro RVE obtained from the A-431 cell line, we first show that C. albicans
induces important cell damage, associated with a scant release of inflammatory cytokines and a
relevant reduction in mucin, likely reflecting the complex double-face interplay between fungal and
host cells occurring at the mucosal level. Second, superinfection with HSV-2 does not result in a
modification of C. albicans behavior nor in a further increase in epithelial cell damage and response.
Third, C. albicans favors viral replication, whose load in fact increases in cells already infected by C.

albicans compared to uninfected cells, in the presence of the SVF. Bearing in mind the limitations of
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such an epithelial tumor cell-line model, we aim to implement it through (i) the addition of
neutrophils, as the first line and most abundant immune cell recruited at the site of infection, and (ii)
the use of synthetic scaffolds, as inert cell support, to produce three-dimensional culture structures,

hopefully, better mimicking the in vivo architecture of the vaginal epithelium.

In conclusion, the A-431-based RVE represents a ductile and easy-to-perform model for in vitro
studies on polymicrobial infections occurring at the mucosal level; the addition of SVF provides a

first step ahead in mimicking the vaginal environment.
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SUPPLEMENTARY MATERIAL

Parameters assessed

Role of the SVF

Epithelial cell differentiation
(IHC staining for cytokeratin 5/6)

TT staining intensity and membrane localization

Mucin-1 release

T1 basal levels

(ELISA)

Single infection Double infection
Candida albicans growth
(CFU assay) & TT TT
HSV-2 load
(DNA copies) ‘L T
Epithelial cell damage TT by Candida albicans TT by Candida albicans
(LDH release) No change by HSV-2 No change by HSV-2
Oxidative stress T by Candida albicans T7T by Candida albicans
(mtROS) No change by HSV-2 TT by HSV-2
IL-1a production T by Candida albicans TT by Candida albicans
(ELISA) 1 by Hsv-2 &> by HSV-2
IL-1B production T by Candida albicans ™ by Candida albicans
(ELISA) €> by HSV-2 €> by HSV-2
IL-8 production ™ by Candida albicans T by Candida albicans
(ELISA) € by HSV-2 € by HSV-2
Mucin-1 production <> by Candida albicans 1 by Candida albicans
(ELISA) T by HSV-2 4 by HSV-2

Table S1. Summary of events occurring in the RVE model in the presence and in the absence

of SVF.

Table S1 provides a schematic summary of the results obtained, visualizing the differences between
A-431 cells, exposed or not to SVF, regarding C. albicans proliferation, virus load, epithelial cell
damage, IL-1 a, IL-1 B, and mucin-1 production. We have shown that the SVF promotes A-431 cell
differentiation and exerts a pro- C. albicans role. The SVF impairs viral replication, that, in contrast,
is enhanced in the presence of C. albicans. Epithelial cell damage, ROS production and cytokine
response are essentially ascribed to C. albicans, and, mostly, in the presence of the SVF. Whether
these in vitro phenomena may have an in vivo counterpart remains to be investigated. In any case, the
RVE may be proposed as a useful model to assess in vitro the complex interplay between vaginal

epithelium and single or multiple pathogens.
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RVE

-SVE +SVF

Figure S1. Immunofluorescence assay for HSV-2 detection in RVE cultured with or without
SVF.

A-431 cells grown for 5 days on chamber slides were infected with HSV-2 (virus:cell ratio = 0.1:1).
After 24 h incubation, the slides were then fixed in acetone for 15 min. at room temperature and then
incubated with a monoclonal antibody against HSV-2 capsid antigen for 35 min. After 3 washes with
PBS, a goat anti-mouse IgG antibody labelled with FITC was added for 35 min and, following 3

washes with PBS, the slides were counterstained with Evan’s blu.

Absorbance

492nm - 620nm
Absorbance
570nm - 620nm

T T T T
DMEM -SVF +SVF DMEM -SVF +SVF

Figure S2. Comparison between LDH (A) and MTT (B) assays for the evaluation of cell damage

in RVE cultured with or without SVF.
Five day RVE cultures were incubated with or without SVF for further 24 h and then the two

cytotoxicity assays were carried out in parallel. The results are completely superimposable.
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1. INTRODUCTION

Candida albicans (C. albicans) is one of the most known human fungal pathogens. It is responsible
of significant clinical conditions, spanning from mild mucosal to severe invasive infections. This
species has been recently included by WHO within the critical priority group of pathogenic fungi
(Parums DV, 2022).

C. albicans is a part of the vaginal microbiota of healthy women: when occurring in low numbers it
is normally tolerated as a commensal yeast on the mucosal surface, where it does not trigger any
epithelial immune response (Ardizzoni et al., 2021; Jabra-Rizk et al., 2016). However, in
immunocompromised hosts or in specific clinical conditions such as VVC that can occur in
immunocomopetent women, C. albicans behaves as an opportunistic pathogen increasing the local
fungal burden and its virulence; these events in turn may exceed the tolerance threshold of epithelial
cells thus causing an intense inflammatory response, which is the main responsible of the
vulvovaginal candidiasis (VVC) symptoms (Ardizzoni et al., 2021). Such tolerance threshold is
defined as tolerability levels of human cells host to Candida presence without triggering an
inflammatory response (Ardizzoni et al., 2021); it varies among women according to several

individual factors (i.e. presence of lactobacilli, pH, estrogen levels and many others).

Among mucosal infections, VVC is a very common condition in healthy women in their reproductive

age. Therefore, here C. albicans behaves like a primary pathogen.

In vitro studies shown the involvement of several components during the vaginal epithelial cells
response to C. albicans and it is more and more evident that epithelial cells, in addition to their role
as mechanical barriers, are capable to polarize host response against infections (Pekmezovic et al.,

2021).

Host mitochondria play a crucial role in the innate immune responses by several mechanisms, such
as Reactive Oxygen Species (ROS) production (West et al., 2011). The latter include many
derivatives of molecular oxygen, such as hydrogen peroxide H>O, (prototype of the group of
“twoelectron non-radical ROS”) and the superoxide anion radical O," - (as prototype of the group of
“free radical ROS”). The major endogenous enzymatic sources of O>" and H>O; are transmembrane
NADPH oxidases (NOXs) (Bedard and Krause, 2007; Knock GA, 2019; Parascandolo and
Laukkanen, 2019) and the mitochondrial electron transport chain (ETC) (Murphy MP, 2009), as well
as various other sources. At physiological conditions, mitochondrial ROS (mtROS) production
promotes the so-called “oxidative eustress”, responsible of cell differentiation, proliferation,

migration and vasodilation (Clempus et al., 2007; Dikalov S., 2011; Ayer et al., 2014): under these
_64 -



conditions, cells regulate mtROS levels by maintaining a balance between their production and their
elimination, avoiding thus their harmful effects (Tsao et al., 2007; Zhao et al., 2017). Indeed,
mitochondrial activation is also one of the primary responses of the host cells when they are subjected
to different external stimuli (including microbes), and such activation is important for the regulation
of innate and adaptive immune response (Weinberg et al., 2015). Activation of TLRs 1, 2, and 4 leads
to the recruitment of mitochondria to macrophage phagosomes, where they enhance mtROS
production (Tiku et al., 2020). It has been reported that methicillin-resistant Staphylococcus aureus
(MRSA) induces the generation of mitochondria-derived vesicles containing mtROS that, in turn,
help the clearance of intracellular bacteria via TLR signaling (Abuaita et al., 2018). Furthermore, oral
epithelial cells treated with candidalysin (CL) showed a rapid production of mtROS, triggering
numerous cellular stress responses that ultimately lead to oral epithelial cell necrotic death
(Blagojevich et al., 2021). The activation of mtROS in response to different microbial infections has
been demonstrated to modulate host cells proliferation, vitality and death and to improve the
antimicrobial function of the innate immune cells (Sancho et al., 2017). Interestingly, type I interferon
pathway seems to play a key protective role, depending on the time and species, in epithelial response
against Candida infection through mitochondrial activation (Pekmezovic et al., 2021; Pekmezovic et

al., 2022; Sala et al., 2023).

However, excessive amounts of mtROS can cause “oxidative distress”, that results in degradation of
intracellular lipids, proteins and DNA, which in turn lead to cell damage and triggers several cell
death patterns (Foyer and Noctor, 2005; Chen et al., 2009; Sies and Jones, 2020). It has been recently
reported that C. albicans causes cellular oxidative stress and cell death upon activation and mtROS

production (Ren et al., 2020).

During VVC immunopathogenesis, human cells, fungi, and microbiota alteration, all contribute to
the disease onset. Therefore, C. albicans virulence in the vaginal environment is also mediated by its
capacity to proliferate, form hyphae, and produce toxic molecules such as Secreted Aspartyl
Proteinases (SAPs) and CL (the latter produced only by hyphal forms), that seem to play a key role
in the immunopathogenesis of VVC (Pekmezovic et al., 2021; Russel et al., 2023; Pericolini et al,
2015). In particular, CL has been recently shown to induce a potent epithelial cell damage and
inflammation both in vitro and in a murine model of VVC (Moyes et al., 2016; Naglik et al., 2019).
Indeed, challenge C. albicans lacking hyphal-associated gene ECE1 or CL deletion mutant strains in
a murine model of VVC resulted in a reduction of the immunopathology, including a decreased
proinflammatory cytokines production, neutrophils recruitment and tissue damage, as compared to

the challenge with the WT strain. Given that, the CL mutants still robustly form hyphae in vaginal
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lumen, these results clearly show that hyphal growth is required but not sufficient for VVC
immunopathology development. CL is likely the virulence factor that drives these responses

(Richardson et al., 2018).

Here we focus on the role of three main factors such as fungal load, morphogenesis and CL in the
induction of the epithelial response to C. albicans by RVE infection model in vitro. The production
of mtROS and cell damage will be analysed since we observed, in our preliminary data, that C.
albicans induces a time-dependent production of mtROS in vaginal epithelial cells. Interestingly, the

morphology, CL, and fungal load are all regulators of mtROS production and cellular damage.
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2. RESULTS

2.1 Mitochondrial activation by BLI-Ca

We started by analyzing the mtROS production in response to Ca infection, using the RVE infection
model (Ridge et al, 1999; Pericolini et al., 2017), both by BLI-Ca yeasts and preformed hyphae with
low Multiplicity Of Infection (MOI) 1:1 and high MOI 1:5 (epithelial cells: Candida) (Hopke et al.,
2016). As far as we know, this is the first time that mtROS production by RVE is monitored
kinetically after Ca yeasts or hyphae infection. Therefore, we chose 5 min reading cycles up to 12 h

to collect as much data as possible to describe the phenomenon.

Our results show that at MOI 1:1 (epithelial cells/Candida) the mtROS occurred at around 7 h post-
infection (84 reading cycles) with yeasts and at around 3.5 h post-infection (40 reading cycles) with
hyphae (Figure 1A and 1B—Ileft panels and Figure 4A—Ieft panel). Differently, the response to
infection at MOI 1:5 was quicker, i.e., at 3.5 h for yeasts (42 reading cycles) and at 2.5 h for hyphae
(30 reading cycles) (Figure 1A and 1B—right panels and Figure 4 A—right panel).

A side-by-side analysis of epithelial response to Ca yeasts and hyphae shows that at MOI 1:1 mtROS
induction by hyphae was quicker than mtROS induction by yeasts; moreover, hyphae induced mtROS
levels were significantly higher than those induced by yeasts (Figure 1C—Ileft panel and Figure 4B —
left panel). The difference in the mtROS activation times could not be observed upon epithelial cells
infection with the higher fungal inoculum (MOI 1:5). Indeed, under this experimental condition, the
mtROS induction in response to both yeasts and hyphae was overlapping, at least up to 10 h post-
infection (Figure 1C—right panel). However, at 12.5 h post-infection hyphae-induced mtROS levels
were higher (albeit not significantly) than yeasts-induced mtROS levels (Figure 1C—right panel and
Figure 4B—right panel).
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Figure 1. Kinetics of mtROS production by BLI-Ca infected RVE.
RVE has been infected with BLI-Ca in yeasts (A) or hyphae (B) either at MOI 1:1 (left panels) or
MOI 1:5 (right panels). In (C) the comparisons between mtROS productionby BLI-Ca yeasts and
hyphae at MOI 1:1 (left panel) and MOI 1:5 (right panel) is shown. The mtROS production was
evaluated by fluorescence emission after addition of MitoSOX™ Red probe, as detailed in Materials
and Methods section. Reading cycles were perfomed at Sminutes intervals. Ctrl = uninfected RVE.
Data are expressed as mean = SEM. Data are from at least 3different experiments performed in
triplicate. Statistical analysis was performed by using Mann-Whitney U test ***p < (0.001.
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2.2 Mitochondrial activation by Ca PCA-2

To better understand this observation, we challenged RVE with Ca PCA-2 by the same experimental
set-up. The Ca PCA-2 strain is unable to switch from yeast to mycelial form (Bistoni et al., 1986), so
that we could establish only the role played by the fungal load in inducing mtROS. The results shown
in Figure 2 and 4A demonstrate that Ca PCA-2 strain could induce mtROS after 7.5 h of infection at
MOI 1:1 (92 reading cycles) and after 4.5 h post-infection at MOI 1:5 (54 reading cycles). Therefore,
at the same fungal loads, Ca PCA-2 induced mtROS 1 h (MOI 1:5) and 0.5 h (MOI 1:1) later then
BLI-Ca yeasts. In addition, the levels of mtROS 12.5 h post-infection were higher at MOI 1:5 than at
MOI 1:1, thus demonstrating that higher fungal loads were decisive in increasing levels of mtROS

by RVE (Figure 4B).
2.3 Mitochondrial activation by 529L Ca

In order to better clarify the role of hyphae in the mtROS induction, we employed the Ca strain 529L,
characterized by an impaired production of CL (Rahman et al., 2007). Our results show that mtROS
activation from Ca 529L yeasts at MOI 1:1 could not be observed at least up to 11 h post-infection
(132 reading cycles). Differently, mtROS activation from yeasts started after 8.5 h at MOI 1:5 (102
reading cycles) (Figures 3A and 4A). Moreover, we observed mtROS production from hyphae after
9 h at MOI 1:1 (108 reading cycles) and after 6 h at MOI 1:5 (72 reading cycles) (Figures 3B and
4A).

A comparison between BLI-Ca and Ca 529L strains, shows that the former in hyphal form was able
to induce significantly higher mtROS levels and more quickly than the latter, both at MOI 1:1 and at
MOI 1:5 (Figures 3C and 4B).

The scheme in Figure 4A summarizes the time required by Ca-infected RVE to trigger mtROS
production, that was always quicker in BLI-Ca when compared to Ca 529L. Similarly, the scheme in
Figure 4B summarizes the levels of mtROS induced at the end of the experiments, i.e., 12.5 h after

RVE infection, showing that they were always higher in BLI-Ca than in Ca 529L.

- 69 -



016- — ctrl 0-6- — Ctrl
054 — CaPCA-21:1 0.5 — CaPCA-21:5
0.4+ 0.4-
8 S
0.3 x 0.3
£ £
0.2+ 0.2+
0.1 0.1
0.0 LI I LI I LI 1 1 0.0 I I I 1 I I I I I I I I
Ok P R S AV > PRV o> OV AP R S AV > PRV o>
reading cycles reading cycles

Figure 2. Kinetics of mtROS production by Ca PCA-2 infected RVE.
RVE has been infected with Ca PCA-2 either at MOI 1:1 (left panel) or MOI 1:5 (right panel). The
mtROS production was evaluated by fluorescence emission after addition of MitoSOX™ Red probe,
as detailed in Materials and Methods section. Reading cycles were perfomed at Sminutes intervals.
Ctrl = unifected RVE. Data are expressed as mean + SEM. Data are from at least 3 different
experiments performed in triplicate.
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Figure
RVE has been infected with Ca 529L in yeasts (A) or hyphae (B) either at MOI 1:1 (left panels) or
MOI 1:5 (right panels). In (C) the comparisons between mtROS productionby Ca 529L yeasts and
hyphae and BLI-Ca hyphae at MOI 1:1 (left panel) and MOI 1:5 (right panel) are shown. The mtROS
productionwas evaluated by fluorescence emission after addition of MitoSOX™ Red probe, as
detailed in materials and methods section. Reading cycles were perfomed at 5 minutes intervals.
Ctrl = unifected RVE. Data are expressed as mean + SEM. Data are from at least 3 different
experiments performed in triplicate. Statistical analysis was performed by using Mann-Whitney U
test ****p <0.0001.
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(A) Times of induction of mtROS after RVE infection with the different Ca strains at the different
experimental conditon sare shown at MOI 1:1 (left panel) and MOI 1:5 (right panel). (B) The levels
of mtROS production reached after 12.5 h of RVE infection with the different Ca strains at the
different experimental conditons are shown at MOI 1:1 (left panel) and MOI 1:5 (right panel).
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2.4 Cell damage after Ca infection

The assessment of epithelial cell damage is an important datum to define Ca virulence; therefore, we
analyzed cell damage after 24 h of RVE infection with yeasts of Ca PCA-2 and yeasts and hyphae of
BLI-Ca and Ca 529L both at MOI 1:1 and MOI 1:5. Interestingly, at low fungal burden (MOI 1:1)
and in both yeast and hyphal form, Ca 529L induced significantly lower cell damage when compared
to BLI-Ca. Notably, at MOI 1:1, Ca 529L yeasts did not induce any damage to RVE (below 5% of
cell damage), whereas Ca 529L hyphae induced damage was around 20%, i.e. much lower than BLI-

Ca yeasts- and hyphae-induced damage (more than 80%).

Differently, at high fungal load (MOI 1:5) both BLI-Ca and Ca 529L severely damaged the RVE,
irrespective of the morphological stage or CL. Ca PCA-2 induced a cell damage comparable to the
cell damage induced by BLI-Ca yeasts at both MOIs (Figure 5).
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Figure 5. Cell damage after RVE infection with BLI-Ca, Ca 529L and Ca PCA-2.
The percent (%) of cell damage after 24h of RVE infection with BLI-Ca and Ca 529L, both in yeasts
and hyphal forms, and Ca PCA-2 yeasts at MOI 1:1 (left panel) and MOI 1:5 (right panel) is shown.
Statistical analysis was performed by OneWay ANOVA followed by Tukey’s multiple comparisons
test. Data are expressed as mean + SEM. Data are from at least 3 different experiments performed in
triplicate. *p < 0.05; **p < 0.01.
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2.5 Role of Ca-induced mtROS in cell damage and fungal growth

Finally, we performed experiments where RVE was infected for 24h with BLI-Ca yeasts at MOI 1:1
in the presence or absence of ascorbic acid (Vitamin C). It is acknowledged that ascorbic acid
functions as a potent antioxidant in mitochondria of human cells, therefore in this context, it is used
as mtROS scavenger (Wenzel U., 2003). Our results show that the addition of Vitamin C resulted in
a significant reduction of BLI-Ca yeasts induced mtROS (Figure 6A). In the same experimental
setting, we quantified fungal growth after RVE infection or culture on an abiotic surface. Our results

show that fungal growth was significantly higher on the abiotic surface than on the RVE (Figure 6B).

Notably, by adding Vitamin C to culture medium, a significant increase in fungal growth could be
observed in RVE as compared to the fungal growth on abiotic surface (Figure 6C). Moreover, no
changes in cell damage after 24 h of RVE infection, could be observed after the addition of Vitamin

C to the culture medium (Figure 6D).
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Figure 6. mtROS production, fungal growth and cell damage after RVE infection with BLI-Ca
yeasts in the presence of a ROS scavenger.

RVE has been infected with BLI-Ca yeasts at MOI 1:1 in the presence or absence of ascorbic acid
(Vit C, 1000 uM) used as ROS scavenger. (A) The mtROS production was evaluated by fluorescence
emission after addition of MitoSOX™ Red probe, as detailed in materials and methods section.
Recording cycles were perfomed at 5 minutes intervals. Ctrl =unifected RVE. Statistical analysis was
performed by using unpaired t-test. *p < 0.05. (B) Comparison of BLI-Ca yeasts growth on abiotic
surface (plastic) and on RVE. Data are expressed as CFU x103/ml. (C) Percentage increase of BLI-
Ca yeasts growth on abiotic surface (plastic) and on RVE after addition of Vit C in the culture
medium. (D) Percentage of cell damage induced by BLI-Ca yeasts on RVE in the presence or absence
of Vit C. Data are expressed as mean = SEM. Data are from at least 3 different experiments performed
in triplicate.
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3. DISCUSSION

In healthy women, C. albicans can behave as a commensal of the vaginal microbiota. Indeed,
although Candida cell wall antigens interact with the Pattern Recognition Receptors (PRRs), the
epithelial cells tolerate Candida, as well as any other resident microorganism, without triggering any
inflammatory response. In this state of tolerance, it is thought that Candida colonizes the mucosal
membranes mainly in the form of yeast and with a low fungal load. Nevertheless, if the tolerance
threshold is exceeded, this balanced situation breaks down, Candida proliferates (therefore increasing

its fungal load) and undergoes mycelial transition (Ardizzoni et al., 2021; Sala et al., 2023).

The increased fungal burden, the production of hyphae, as well as toxic molecules such as CL and
SAP, have all been described as factors involved in triggering the inflammatory response and the

disease onset (Ardizzoni et al., 2021).

The production of mtROS has been recognized as a key mechanism used by the host cells to react
against non-self antigens, thus polarizing the immune response (Weinberg et al., 2015). Indeed,
mtROS antimicrobial activity after innating immune cells activation has been widely described. Less
known is the role exerted by mtROS produced by infected epithelial cells, after fungal infection. Here,
we assessed the role of fungal burden, mycelial transition, and CL production in mtROS induction by
epithelial cells, and also the potential implication of mtROS production in cell damage and fungal

growth.

We started by investigating the role played by the mycelial transition and the fungal burden in the
induction of mtROS. Our data show that by employing BLI-Ca, at MOI 1:1, hyphae stimulate mtROS
production after 3.5 hours post-infection, whereas at the same MOI, yeasts necessitate of at least 7
hours to induce mtROS and such delay has been shown to be significant (Figure 1C—Ileft panel).
Differently, when RVE is infected by a high fungal load (MOI 1:5), also yeasts induce mtROS almost
as early as hyphae, suggesting thus that, under such conditions, it is not necessary for Ca to undergo
dimorphic transition to induce a quick epithelial activation, as demonstrated by the rapid induction of
mtROS. In addition, the short delay in inducing mtROS by yeasts at high fungal load (only 1 h) lacks
statistical significance (as shown in Figure 1C—right panel). To support these data, we employed
PCA-2, a Ca strain that is constitutively unable to undergo dimorphic transition. As shown in Figure
2 and in Figure 4A, the mtROS production by such strain closely mirrors the mtROS production by
the BLI-Ca yeasts, supporting the idea that fungal load is a key element, other than dimorphic
transition, that triggers mitochondrial activation, as demonstrated by the similar levels of mtROS

induced at MOI 1:5 by Ca PCA-2 and BLI-Ca hyphae and yeasts (Figure 4B). Even though Ca PCA-
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2 is not able to form hyphae (and therefore it should be unable to secrete CL) (Moyes et al., 2016), it
always stimulates higher levels of mtROS production compared to Ca 529L. This suggestes the Ca
PCA-2 might replicate quicker that Ca 529L therefore reaching a higher burden in a shorten time.

Regarding the role of hyphae and pseudohyphae, in vitro and ex vivo data from the literature describe
Ca morphological transition (i.e., the formation of true hyphae) as the main event responsible for the
epithelial activation which drives the immunopathology (Pericolini et al., 2018; Moyes et al., 2011).
Differently, another study supports the idea that pseudohyphae, rather than hyphae, may play a key
role in the activation of the inflammatory process that leads to VVC onset (Rosselletti et al., 2019).
Fungal morphogenesis is an important virulence factor that facilitates invasion of host tissues, escape
from phagocytes, and dissemination in the blood stream. The innate immune system is the first line
of defense against C. albicans infections and is influenced by recognition of wall components that

vary in composition in different morphological forms (Mukaremera et al., 2017).

Our data suggest that a high fungal load may be sufficient to trigger mtROS production irrespective
of the morphology of the fungus. Such mitochondrial activation may also play a key role in induction

of inflammation.

The data presented here show that true hyphae always stimulate more quickly mtROS production by

epithelial cells at all the experimental conditions assessed, i.e., low, and high fungal load.

Ca 529L, characterized by the impaired production of CL (Liu et al., 2021), has been employed to
determine if such toxin plays a role in mithochondrial activation, in addition to morphological
transition and fungal burden. Our results have shown that by infecting epithelial cells with Ca 529L,
the induction of mtROS occurs much later (and at lower levels) with respect to infections by BLI-Ca.
By employing Ca 529L yeasts at MOI 1:1, mtROS induction has not been observed until 11 h post-
infection, whereas at MOI 1:5, Ca 529L yeasts have been able to induce mtROS only 8.5 h post-
infection. In addition, the mtROS levels induced 12.5 h post-infection by Ca 529L are always lower
than those induced by BLI-Ca, irrespective of the MOI. Therefore, by comparing these results with
those obtained by infecting the RVE with BLI-Ca, we hypothesize that the yeasts of this latter strain
start to undergo morphological transition and the CL produced by the hyphae can accelerate the
induction of mtROS. The yeasts of the Ca 529L undergo morphological transition as well, but their
impaired production of CL makes them unable to induce mtROS (at low fungal burden) or delays
such induction (at high fungal burden). A similar delay in mtROS induction can be observed also
with respect to Ca PCA-2. The data obtained by infecting epithelial cells with Ca 529L hyphae once
again show a delay in mtROS induction, as compared to the infection with BLI-Ca hyphae (9 h vs
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3.5hat MOI 1:1 and 6 h vs 2.5 h at MOI 1:5). Similarly to what observed with Ca 529L yeasts, Ca
529L hyphae induce also lower levels of mtROS when compared to BLI-Ca hyphae. Again, these
data point to the relevance of the CL in inducing mtROS. Therefore, according to these results, we
hypothesize that CL is a key element to accelerate and potentiate the Ca-induced mitochondrial

activity in vaginal epithelial cells.

Interestingly, oral epithelial cells treated with CL showed rapid production of mtROS (Blagojevic et
al., 2021).

Moreover, we have assessed the damage of epithelial cells infected by the BLI-Ca and Ca 529L. In
line with studies from other reaserch groups (Russel et al., 2023), our results show that CL is a key
player in Ca-induced epithelial damage, as demonstrated by the low damage levels detected in Ca
529L-infected cells. Interestingly, such effect has been observed only at low fungal burden (MOI
1:1), whereas, at higher fungal burden (MOI 1:5), the epithelial cell damage reaches higher levels,
irrespective of the CL production and fungal morphology. Therefore, CL is necessary to induce
damage at low fungal burden indicating that, in such condition, the simple presence of hyphae is not

enough to damage epithelial cells.

Mitochondrial activity after C. albicans infection was also tested in the presence of the mtROS
scavenger ascorbic acid (Vitamin C). Interestingly, we show that the mtROS scavenging leads to an
increased fungal growth only when C. albicans is infecting RVE but not when the fungus is growing
on an abiotic surface. This result suggests that mtROS may be a key element of vaginal epithelial cell

response to C. albicans.

Collectively, our data show that mtROS are differentially regulated by vaginal epithelial cells
according to fungal burden, presence or hyphae and secretion of CL. It has been demonstrated that
oral epithelial cells respond to CL treatment with a rapid production of mtROS, disruption of
mitochondria activity and mitochondrial membrane potential, ATP depletion and cytochrome ¢
release, demonstrating that oral epithelial cells respond to CL by triggering numerous cellular stress
responses (Blagojevic et al., 2021). To the best of our knowledge, this is the first work that shows
how a Candida strain whose production of candidalysin is impaired (Ca 529L), is weakened in its

capacity to induce mtROS by RVE.

In line with to what observed in oral epithelial cells after CL treatment, our future work will be

devoted to unravelling the precise role of mtROS activation in the interplay between vaginal epithelial

cells and Candida.
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4. MATERIALS AND METHODS

4.1 Microbial strains and growth conditions

The bioluminescent strain of Candida albicans CA1398 carrying the bioluminescence
ACT1pgLUCS59 fusion product (BLI-Ca) (Enjalbert et al., 2009) was chosen in order to use the
relative luminescence units (RLU) to count the preformed hyphae, as detailed below in
“Establishment of a standard curve to count BLI-Ca hyphae”. The Candida albicans strain PCA-2
(CaPCA-2), was employed because it is unable to undergo dymorphic transition (Bistoni et al., 1986).
The C. albicans strain 529L (Ca 529L) was employed because of its impaired production of
candidalysin (Rahman et al., 2007). The strains have been stored in frozen stocks at -80°C in
Sabouraud Dextrose Broth (Condalab, Spain) supplemented with 15% glycerol. Every six months
strains were reactivated, subcultured and new frozen stocks were prepared. After thawing, the fungi
were grown in liquid YPD medium (Yeast extract—Peptone—Dextrose, Scharlab S.L., Spain) and
incubated at 37 °C under aerobic conditions for 24 h. Fungal cultures were maintained by passages
onto SAB agar biweekly. For infection we employed two different protocols to produce yeasts or

hyphae as detailed below.
4.2 Production of C. albicans yeasts

For the infection with yeasts, a loop of BLI-Ca, Ca PCA-2, or Ca 529L were seeded in 5 ml of YPD
broth and incubated at 30 °C under agitation overnight. Then fungi were washed with PBS, counted
with an heamocitometer by excluding dead cells with Trypan blue staining and resuspended to a

working strength MOI 1:1 or 1:5 in DMEM-5% heat inactivated FBS with respect to vaginal cells.
4.3 Production of C. albicans hyphae

For the infection with hyphae, hyphal fragments were produced according to a protocol established
by Hopke and Wheeler (Hopke and Wheeler, 2017). According to this protocol, chosen because it
had been specifically set up for C. albicans, BLI-Ca and Ca 529L were seeded in 5 ml of YPD broth
and grown at 30 °C under agitation overnight. Then fungi were washed, counted by heamocitometer
to exclude dead cells with Trypan blue staining and resuspended in 35 ml of RPMI1640 at
concentration of 2.5x10%/ml and distributed in 6 tubes, each containing 5 ml of fungal suspensions.
Such tubes were incubated overnight under agitation at 30 °C. After incubation, fungi were washed,

all the pellets were put together and resuspended in 1 ml of PBS.
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To count BLI-Ca hyphae, 1 pl of coelenterazine (Synchem, 1 mg/ml) was added to 100 pl of BLI-Ca
suspension and measured by Fluoroskan (ThermoFischer Scientific). The use of coelenterazine was
necessary because such molecule is the natural substrate of luciferase enzyme occurring on the cell
wall of BLI-Ca (Enjalbert et al., 2009). Only values of Relative Luminescence Units (RLU)
substracted of the blank (a well containing 100 pl of PBS and 1 pl of coelenterazine), were used to

calculate the CFU in reference to a standard curve previously established (as detailed below).

The ODs70 values corresponding to 100 pl of either BLI-Ca or Ca 529L hyphae were analyzed by a
spectrophotometer (SunRise Tecan). The CFU of Ca 529L were calculated by comparison to the BLI-

Ca CFU values that had been estimated from the standard curve.
4.4 Establishment of a standard curve to count BLI-Ca hyphae

To quantify hyphal fragments by using luminescence emission, a calibration curve was generated.
Serial dilutions of BLI-Ca hyphae were prepared. One hundred pl of each dilution was seeded in
Sabouraud agar plates, incubated for 2448 h at 30 °C and then the CFU were counted. The same
dilutions were dispensed in the wells of a 96-well black microtiter plate (100 pl/well) and luminescent
signal was read at Fluoroskan after addition of coelenterazine (1 pl/well, 1 mg/ml). The generated

calibration curve allowed an estimation of the CFU from the RLU.
4.5 A-431 epithelial cells

The human epithelial A-431 cell line derived from a vaginal epithelial squamous cell carcinoma was
used. The cell line was puchased from LGC Standards, catalogue number ATCC-CRL-1555. This
cell line is widely employed to produce monolayers or multilayers mimicking the vaginal epithelium
(Pekmezovic et al., 2021; Pericolini et al., 2017). These cells were cultured in DMEM medium
(Dulbecco’s Modified Eagle Medium, PAN Biotech) supplemented with L-glutamine (2 nM)
(Euroclone SpA, Italy), penicillin (100 U/ml) (Euroclone SpA, Italy), streptomycin (100 pl/ml)
(Euroclone SpA, Italy), ciprofloxacin (20 mg/ml) (Euroclone SpA, Italy) and heat-inactivated Fetal
Bovine Serum (h.i. FBS, 10% or 5%, SIGMA-Aldrich, USA); specifically, medium containing 10%
h.i. FBS was used to allow the establishment of the Reconstituted Vaginal Epithelium (RVE), whereas
medium containing 5% h.i. FBS was used for the infection. The cell line was kept in culture by-

passages in fresh medium twice a week and incubated at 37 °C and 5% COx.
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4.6 Reconstituted vaginal epithelium (RVE) infection and mtROS

production analysis

A-431 cells 5x10°/ml (1x10° in 200 pl/well) were grown in DMEM + 10% h.i. FBS for 5 days in a
96-well black-trasparent plates. At days 2 and 4 the medium was replaced with fresh medium. RVE
was then infected with the different Ca strains (yeasts or hyphae) MOI 1:1 or 1:5. For the
determination of mtROS production, MitoSOX™ Red (2.5 uM/well) (Invitrogen™, ThermoFisher
Scientific) was added in each well immediately after infection. Then, the plates were kinetically
measured every 5 min (5 min = 1 reading cycle) by Fluoroskan under stable temperature of 37 °C.

The fluorescence emission was analyzed at excitation/emission 544/590.

In selected experiments, the antioxidant molecule ascorbic acid (Vitamin C, 1000 pM; Sigma
Aldrich) (Guaiquil et al., 2001) was added during RVE infection with BLI-Ca yeasts (MOI 1:1) and

then mtROS production has been kinetically analyzed as above described.
4.7 Analysis of cell damage

RVE was infected with Ca PCA-2 yeasts, BLI-Ca and Ca 529L yeasts or hyphae at both MOI 1:1 and
MOI 1:5. Twenty-four hours post-infection, cell damage was quantified by the analysis of Lactate
dehydrogenase (LDH) release in the growth medium by using a specific colorimetric kit (Abcam). In
selected experiments, RVE was infected with BLI-Ca yeasts (MOI 1:1) in the presence or absence of
ascorbic acid (Vitamin C, 1000 uM; Sigma Aldrich). After 24h of infection, cell damage was assessed
by LDH Kkit.

4.8 Fungal growth

RVE was infected with BLI-Ca yeasts (MOI 1:1) in the presence or absence of ascorbic acid (Vitamin
C, 1000 pM; Sigma Aldrich). After 24 h of infection, cells were lysed with 0.1% Triton X-100 and
serial dilutions were performed for CFU counting. As a control, the same concentration of BLI-Ca

yeasts was grown under the same experimental conditions but without RVE.
4.9 Statistical analysis

Shapiro-Wilk test was used to analyze the distribution of data within experimental groups. All

statistical analyses were performed by using GraphPad Prism 10.3 software.

The statistical analysis of kinetic data was performed following the “GraphPad guide to comparing

dose-response or kinetic curves” (Motulsky H., 1998). For each kinetic curve obtained in the
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experimental procedures, the Area Under the Curve (AUC) was calculated to summarize the curve
into a single value. Subsequently, statistical analysis was performed on the AUC values of each
experimental group using unpaired #-test or a Mann-Whitney test (see Figure legends), depending on
the distribution of data. Statistical differences between groups for non-kinetic data were assessed by

One-Way ANOVA followed by Tukey’s multiple-comparisons test.

Values of *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were considered statistically

significant.
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1. INTRODUCTION

Among probiotics, lactic acid bacteria are beneficial microbes for human health, when administered
in adequate quantity (Latif et al., 2023; Ayvi et al., 2020). As with all probiotics, lactic acid bacteria
have effects on microbial pathogens and on the host. Specifically, lactic acid bacteria compete with
pathogens for nutrients and binding to receptors and they also produce antimicrobial molecules. Their
beneficial effects on the host include improvement in epithelial barrier function (through the enhanced
production of mucus and of tight junction proteins that help to prevent the passage of the pathogens
to the blood), the modulation of dendritic cell and T-cell activity (immunomodulatory effects), and
the regulation of the production and secretion of several neurotransmitters (Latif et al., 2023; Ayvi et
al., 2020). In addition, lactic acid bacteria help to prevent and manage several pathological conditions,
such as allergic diseases, cancer, hypercholesterolemia, irritable bowel syndrome, diarrhea, lactose
intolerance, and inflammatory bowel disease (Latif et al., 2023; Tang and Lu, 2019). One of the main
roles played by probiotic lactic acid bacteria is to help the recovery of the eubiosis state in the host.
However, the way this goal is achieved is partly unknown. In particular, the precise role of the
metabolites produced by specific bacteria during their life cycle and their impact on the environment
where they proliferate is yet to be elucidated. In addition, it must be considered that the use of living
bacteria in vulnerable people is linked to possible safety concerns; also, maintaining bacterial viability
is a challenging task (Huang et al., 2022). Interestingly, new scientific evidence points out that the
health benefits granted by lactic acid bacteria are not necessarily related to viable bacteria. Indeed,
their metabolites or bacterial components, collectively indicated as postbiotics, may also be the
driving force behind health promotion. Postbiotics have been shown to have several biological
activities (antimicrobial, antioxidant, anti-inflammatory, anti-proliferative, and immunomodulatory).
Moreover, numerous studies have suggested the significant potential of postbiotics for disease
treatment (Liang and Xing, 2023). The metabolites produced by lactic acid bacteria can inhibit the
growth of pathogens (Alvarez-Sieiro et al., 2016; Murphy et al., 2013). In addition, during the
interaction with the host and other microorganisms that dwell in the same host niche, the metabolites
produced by “beneficial microbes” such as lactic acid bacteria may exert a significant impact to
counteract the infection process (Mosca et al., 2022; Alonso-Roman et al., 2022). Similarly to the
living bacteria, the metabolites produced by probiotics have been demonstrated to have many
beneficial effects on the host, such as improvement in barrier function, (stimulating the enhanced
production of tight junctions’ proteins and mucous), the promotion of changes in the microbiota
composition, and immunomodulatory and anti-inflammatory activities (Mosca et al., 2022; Thoda
and Touraki, 2023). Since postbiotics are made up of inactivated microbial cells and/or cell

components, their employment is characterized by higher levels of stability and safety for the user.
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Consequently, interest is increasing in their possible therapeutic employment, because they can be
considered an inexhaustible source of possible new bioactive substances (Abdul Hakim et al., 2023).
We recently showed that cell-free supernatants (CFS) obtained from Lacticaseibacillus rhamnosus
(L. RHA), Lactobacillus acidophilus (L. AC), Lactiplantibacillus plantarum (L. PLA), and
Limosilactobacillus reuteri (L. REU) can impair Candida parapsilosis (C. parapsilosis) pathogenic
potential in an in vitro model of epithelial vaginal infection (Spaggiari et al., 2022). This effect could
be ascribed to the direct effect of lactic acid bacteria on Candida virulence, and to the production of
their metabolites that are able to weaken C. parapsilosis virulence (Spaggiari et al., 2022). Moreover,
it has been recently shown that L. RHA can impair C. albicans pathogenicity in a model of intestinal
epithelial infection. In this work, Alonso-Roman and coworkers showed that L. RHA growth alters
the intestinal metabolic environment by removing Candida nutrient sources, forcing metabolic
changes in C. albicans (Alonso-Roman et al., 2022). This suggests that the host niche colonization
by specific bacteria can antagonize potential microbial pathogens by reshaping the metabolic
environment and forcing microbial adaptation. Therefore, by improving our knowledge of the
metabolome of beneficial microorganisms that can act within specific host niches, novel important
information becomes available on the mechanisms they use to interact with the resident microbiota
and with the host cells. For this reason, here, an untargeted metabolomics approach was applied to
compare the metabolome of four different lactic acid bacteria often used as probiotics: L. RHA, L.
AC, L. REU, and L. PLA. Our data show that such metabolomes are significantly different, resulting
in an increased production of some specific metabolites, such as inosine, from L. RHA. Since inosine
can exert antioxidant, anti-inflammatory, and neuroprotective effects (Doyle et al., 2018), other than
displaying relevant properties in the prokaryotic metabolisms, our data suggest that the
overproduction of inosine by L. RHA could have a positive impact on the host and even on its resident
microbiota. By employing an untargeted metabolomic approach, the present study shows that it is
possible to predict the presence of compounds with potentially relevant biological activity, therefore
accelerating knowledge regarding postbiotics. Indeed, although inanimate, postbiotics may provide
health benefits comparable or even higher with respect to probiotics. Postbiotics include a wide range
of microbial metabolites that could potentially produce complex beneficial effects by interacting with
both resident microbiota and host cells. In addition, postbiotics could be considered as potentially
novel therapeutics tools, even though evidence of the effect of postbiotics on microbiota and host

cells is scant.
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2. MATERIALS AND METHODS

2.1 Lactic Acid Bacterial Strains and Growth Conditions

Four different lactic acid bacterial strains were employed in this study: Lactobacillus acidophilus
ATCC 314, Limosilactobacillus reuteri DSM 17938, Lacticaseibacillus rhamnosus ATCC 7469, and
Lactiplantibacillus plantarum ATCC 8014. The bacterial colonies were inoculated in 5 mL of MRS
liquid medium (De Man, Rogosa and Sharpe, Oxoid LTD, Basingstoke, UK) and incubated for 24 h
at 37 °C, under agitation. After incubation, bacteria were centrifuged at 2300x g at RT for 5 min,
washed twice with PBS (Sial group), counted, and resuspended at 1x108/mL in 5 mL of MRS broth
and incubated for 24 h at 37 °C under agitation. After incubation, the cell-free supernatants (CFS)

were prepared as detailed below.

2.2 Preparation of Cell-Free Supernatants (CFS) from Lactic Acid

Bacterial Strains

The cell-free supernatants (CFS) were obtained by centrifugation of the bacterial suspensions carried
out at 3000x g, at 4 °C for 15 min. The supernatants were then collected and filtered with 0.22 pm
syringe filters (Corning Incorporated, Wiesbaden, Germany). Potential bacterial contamination of
CFS was excluded by incubating 1 mL of each CFS at 37 °C and checking the turbidity (from 24 h
to 72 h) by optical density (OD) assessment through spectrophotometer (SunRise, Tecan). The pH of
each CFS was measured by a pH meter (Hanna Instrument, Villafranca Padovana, Italy), returning
an average pH = 4, as previously described (Spaggiari et al., 2022). The control samples consisted of

sterile MRS medium (blank). The CFS obtained were finally stored at —80 °C until their use.

2.3 Liquid Chromatography—Electrospray/High-Resolution Mass
Spectrometry (HPLC-ESI/HRMS)

The CFS, which had been stored at —80 °C, were thawed and centrifuged at 18,000x g for 10 min.
Subsequently, the CFS were transferred to Amicon-Ultra 0.5 tubes, centrifuged at 18,000 g for 15
min, and then transferred into the autosampler vials pending analysis. The Quality Control pool
samples (QC) were prepared by mixing equal volumes of each cohort supernatant and used to

minimize technical data variance (Fan et al., 2019).

The analyses were performed using an Ultimate 3000 HPLC connected to a QExactive High-
Resolution Mass spectrometer via a HESI-II electrospray ionization source (Thermo Scientific,

Waltham, MA, USA), controlled by Xcalibur software (Thermo Scientific, v. 29 build 2926). A 10
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uL volume of sample solution was injected onto a Hypersil Gold C18 100 x 2.1 mm ID 1.9 pm ps
column (Thermo Scientific) kept at 30 °C and separation was performed at 0.4 mL/min flow with a
gradient elution scheme using methanol (Fisher Chemicals, Hampton, NH, USA) (B) and 0.1%
formic acid (Carlo Erba, Cornaredo, Italy) in water (A). The mobile phase composition was kept at
2% B for 1 min after injection then linearly raised to 42% B in 60 min and further on to 98% B in 5
min. Methanol was kept at 98% up to minute 74.9, then lowered to 2% at minute 75. The total runtime
was 90 min. ESI source was operated in both positive and negative ionization mode. Capillary
temperature was set at 320 °C; the following nitrogen flows (arbitrary units) were used to assist the
ionization: Sheath Gas 45, Aux Gas 25 (at 290 °C), Sweep Gas 2. The capillary voltage was set to
3.8 kV (3.4 kV for negative ionization) and S-Lens RF level was set at 45 (arbitrary units).

A Data-Dependent Acquisition (DDA) strategy was used to acquire MS2 fragmentation spectra of
the Top 5 singly charged precursor ions revealed in Full Scan MS experiments. Positive and Negative
ionization DDA experiments were performed in separate analyses. Full MS spectra were obtained
from m/z 100 to 1500 at 70,000 FWHM resolving power using an automatic gain control (AGC) of
3 x 106 and a maximum Injection Time (max IT) of 250 ms. Fragmentation Spectra (MS2) acquisition
was performed at 17,500 FWHM, with 2 x 105 AGC target and 120 ms max IT. The isolation window
for precursor ion selection was set at 1.0 Th and HCD normalized collision energy (NCE) was stepped
at 20, 50, and 80. Fragmented precursors were dynamically excluded for 6 s. Inosine standard was
purchased from Sigma-Aldrich, St. Louis, MO, USA. The data are from triplicate samples from 3

different experiments.
2.4 Compounds Discoverer Data Analysis

Raw files (triplicate samples from 3 different experiments) were processed by Compound Discoverer
(CD) 3.3.2.31 (Copyright 2014-2023 Thermo Fisher Scientific Inc.) using a slightly modified
processing workflow template for Untargeted Metabolomics with Statistics Detect Unknowns with
ID Using Local Databases. The core of the workflow consisted of Spectra selection from raw files
(Retention Time limited from 0.2 to 75 min), Retention Time Alignment (ChromAlign) with respect
to a QC sample file, and Compound Detection and Grouping with RT tolerance of 0.3 min and 5 ppm
mass deviation. Then, Gap Filling, SERRF QC Correction, and Background removal were performed
along with Compound Annotation using Predicted Composition and different types of databases
(mzCloud, Metabolika, Human Metabolome Database, ChemSpider, BioCyc) (Ziillig et al., 2020).
The so-detected compounds were used for differential analysis of sample groups (Nested Design;
Generated Ratios: lactobacilli PLA/AC, REU/AC, RHA/AC, REU/PLA, RHA/PLA, and
RHA/REU).
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3. RESULTS

Here, an untargeted metabolomics approach was used to compare the metabolomes from four
different lactic acid bacteria, often used as probiotics: L. rhamnosus (L. RHA), L. acidophilus (L.
AC), L. plantarum (L. PLA), and L. reuteri (L. REU). Principal Component Analysis (PCA)-2 showed
that the metabolomes differed between L. RHA and the other species, as well as between L. AC and
the other lactic acid bacteria. Conversely, the metabolomes of L. PLA and L. REU were found to be

similar (Figure 1).

POS NEG
s =&
; ‘Ae® -
2% %
¥ .
2 @
% 0
» . &
2 - =
4 3
ol o
o £
L ]
-
° 2% :
PC1 (48.0%) PC1 (44.6%)
@ ® & O
RHA AC PLA REU
Figure 1

Principal Component Analysis (PCA)-2 of the metabolomes from L. RHA, L. AC, L. PLA,
and L. REU analyzing in both positive and negative ionization modes. Data are from triplicate

samples from 3 different experiments.
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A hierarchical clustering analysis, carried out to compare the four metabolomes, revealed a distinct
cluster of metabolites overexpressed in the CFS of the different lactic acid bacteria. Once again, L.
PLA and L. REU showed similar metabolome profiles; differently, L. RHA and L. AC showed a more
peculiar metabolome profile (Figure 2). Specifically, L. RHA and L. AC revealed areas of
significantly overexpressed metabolites (p value < 0.01; Log> fold change = 2) that strongly differed
from the same areas from the other lactic acid bacteria (Figure 2, see red line for L. RHA and yellow

line for L. AC).

Data Source: Compounds Data Source: Compounds
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MNormalized data: yes Nomalized data: yes

[

3
1
K

W AC
PLA

B REU

M RHA

Figure 2

Hierarchical clustering analysis in positive (left panel) and negative (right panel) ionization mode,
carried out to compare the metabolome from L. RHA, L. AC, L. PLA, and L. REU according to
Compound Discoverer (CD) 3.3.2.31 analysis. Yellow line for L. RHA and red line for L. AC
highlight the distinct cluster of metabolites overexpressed in the respective CFS as compared to the
other lactic acid bacteria CFS. Data are from triplicate samples from 3 different experiments.
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Therefore, we performed a more detailed analysis of the metabolites included in these specific areas
of L. RHA and L. AC. The identified overexpressed compounds in these areas returned different
levels of identification according to the Annotation Sources used by the CD software 3.3.2.31 and
listed in Tables 1-4. Only those compounds that the software assigned a name to are reported in

Tables 1-4.

Compound Name Predict.e.d mzCloud mzValue Metabolika ChemSpider MassList
Composition Search Search Search Search Search

Mevalonolactone Full Match Full Match - Full Match
M-g-L-Acetyl-arginine Full Match Full Match - - Full Match Full Match

(Ac)2-L-Lys-D-Ala Full Match - - - Full Match

Inosine Full Match Full Match Full Full Match
Match

(28,45)-4-Amino-2-hydroxy-2-methylpentanedioic acid Full Match - - - Full Match
Confluenine A Full Match - - - Full Match

Ala-Leu Full Match - - - Full Match
O-Succinyl-L-homoserine Full Match - - Full Match
N-Acetyl-L-leucine Full Match Full Match - - Full Match Full Match
(+)-Flavipucine Full Match - - - Full Match

2-(2-amino-3-methylbutanamido)-3-phenylpropancic acid Full Match Full Match

Acetyl-L-camiting Full Match - - - Full Match
methyl 4-(3,4-dihydroxybenzamido)butanoate Full Match - - - - Full Match
3-amino-4,5 6-tri hydroxy-Z-rn::.h:xy-S—methyl-2—cycIohexen-1— Full Match A R A Full Match
(25)-2-{[1-(R)-Carboxyethyllamino}pentancate Full Match - - - Full Match
2-Amino-5-methyl-5-hexencarbonsaeure Full Match - - - Full Match
(15,2R,8a5)-1,2-Dihydroxyindolizidine Full Match - - - Full Match Full Match

Table 1

L. RHA overexpressed compounds identified in positive ionization mode according to Compound
Discoverer (CD) 3.3.2.31 analysis. The table includes only those molecules to which the software
could assign a name. The dash indicates no results or invalid mass. Data are from triplicate samples
from 3 different experiments. The color code mirrors the color code of the software.
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mzCloud mzValue ChemSpider MassList

Compound Name Predicted Composition Search Search Metabolika Search Search Search

Acetylcholine Full Match Full Match - - A Full Match
N-Acetyl-S-2-hydroxyethyl-L-cysteine Full Match - - - Full Match

Palmyrrolinone Full Match - - - V Full Match
Indole-3-lactic acid - Full Match - Full Match Full Match
Gaburedin A Full Match - - - Full Match
3-amino-4,5,6-trihydroxy-2-methoxy-5-methyl-2-cyclohexen-1-one Full Match - - - A Full Match
Louisianin B Full Match - - | A Full Match
y-L-glutamyl-L-leucine - - - - - Full Match
Sistodiolynne Full Match - - Full Match
Quinoline-2-methanol Full Match - - - Full Match

Table 2

L. AC overexpressed compounds identified in positive ionization mode according to Compound
Discoverer (CD) 3.3.2.31 analysis. The table includes only those molecules to which the software
could assign a name. The dash indicates no results or invalid mass. Data are from triplicate samples
from 3 different experiments. The color code mirrors the color code of the software.

Compound Name Predicted Composition ":;:: ';‘::::: Metabolika Search Ch;:asr:;der M:::rti:t
Mevalonic acid - . = = = -
0O-Succinyl-L-homoserine Full Match - - Full Match
N-Acetyl-D-alloisoleucine - - - - - -
O-Succinyl-L-homoserine Full Match - - Full Match
N-Acetylvaline - - - - - -
Birnbaumin A Full Match - - B - Full Match
methyl 4-(3,4-dihydroxybenzamido)butanoate Full Match - - - - Full Match
3,11-dihydroxy-6,8-dimethyldodecanoic acid Full Match - - - - Full Match
Ala-Leu - - - - Full Match -
Taurochenodeoxycholic acid - - - - - -
Phenamide Full Match - - - Full Match
Lorbamate Full Match - - - Full Match -
Pochonicine Full Match - - - - Full Match

Table 3

L. RHA overexpressed compounds identified in negative ionization mode according to Compound
Discoverer (CD) 3.3.2.31 analysis. The table includes only those molecules to which the software
could assign a name. The dash indicates no results or invalid mass. Data are from triplicate samples
from 3 different experiments. The color code mirrors the color code of the software.
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Compound Name Predicted Composition "::::::ld ";Z::::‘e Metabolika Search Ch::"::zrer M;:::;:"t
3-Phenyllactic acid - . - - -
DL-4-Hydroxyphenyllactic acid Full Match  Full Match Full Match - -
2-Hydroxycaproic acid - - - -
2-Hydroxyvaleric acid - - - - -
trans-Cinnamic acid . - - - -
(+)-Flavipucine Full Match - - - Full Match
Indole-3-lactic acid Full Match - . -
zidometacin Full Match - - - Full Match -
(+)}-(17R)-apralactone A Full Match - - - - Full Match
2-Oxoglutaric acid - - -
N-Acetyl-L-glutamine Full Match  Full Match - - -
2-Hydroxycinnamic acid - - - . -
Pochonicine Full Match - - - - Full Match
Peniamidone B Full Match - - - - Full Match
2-Methoxyestradiol - . - - -
Hopantenic acid Full Match - - - Full Match -
Pantetheine Full Match - - -
methyl 4-(3,4-dihydroxybenzamido)butanoate Full Match - - - - Full Match

Table 4

L. AC overexpressed compounds identified in negative ionization mode according to Compound
Discoverer (CD) 3.3.2.31 analysis. The table includes only those molecules to which the software
could assign a name. The dash indicates no results or invalid mass. Data are from triplicate samples
from 3 different experiments. The color code mirrors the color code of the software.

According to the results of the analysis, inosine from L. RHA CFS returned the best identification

profile, since it returned four Full Matched and two Partial Matches according to the Annotation

Sources as shown in Table 1. Concerning L. AC, we found two compounds with a very good

identification profile (three Full Matches and one Partial Match): Acetylcholine and Indole-3-lactic

acid.

Table 5 shows the identified pathways that included inosine. For each pathway, the mapped and

matched compounds and the total compounds in the pathway are shown.
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n® Identified Mapped Matched

Compound Name Formula Pativnys Pathways Compounds  Compounds Compoundsin Pathways
1 Superpathway of purine nuclectide salvage 14 10 54
2 Purine nucleotides degradation |l (aerobic) 12 8 27
Inosine C1oH12MN405
3 Purine nucleotides degradation | (plants) 10 7 23
4 Superpathway of purine degradation in plants 10 7 34
Table 5

Inosine identified pathways according to Compound Discoverer (CD) 3.3.2.31 analysis. Data are
from triplicate samples from 3 different experiments.

Interestingly, this molecule has also a well-known biological role. Indeed, inosine is a key
intracellular energy substrate for nucleotide synthesis by salvage pathways and it possesses cell

protective activity and cell repair properties (Shafy et al., 2012).

To increase the identification confidence over inosine, from probable to possibly confirmed structure
(Schymansky et al., 2014), an inosine reference standard solution was used to confirm the [M+H]"

molecular ion mass-to-charge ratio, along with its fragmentation spectrum and retention time (Figures

3 and 4).

Once the identification was confirmed, inosine from L. RHA CFS was quantified using a set of
calibration samples obtained by adding a proper amount of inosine to MRS covering from 1 to 50

pg/mL concentration range. Inosine of the L. RHA sample was quantified in the range of 5—8 pg/mL.

-97 -



RT 082 85

Fslatess Abundancs Ratry Azudants
- 3
] ]

Raslave Abundance
-
&

Figure 3

184

15T 201

18 18 0

Tirree: frrin

218

(b)

(c)

278 283

AL TEIEP
CORIZN0S e 708 BITE

RN F PN + ¢ P51 Ful
s o 075600

HHA_ T LS _POS_04

Extracted ion chromatogram of inosine (CioHi2N4Os) theoretical [M+H]" molecular ion at m/z =
269.08805 (£5 ppm) in (a) L. RHA CFS, (b) L. RHA CFS spiked with inosine, and (¢) inosine

standard solution.

RHA_Tarrero-MRS_POS_06 8651 RT 183 AV 1 NL: 1 15E7
T-FTMS + ¢ ES| o Full s 268 067BNHI36 00 [50.0000-290 000]]

BA 24E0S

587253 BODSSTS 0131828 11316380

o { |

Feelsitives AbuUndANGE
8
1

70

60~

40—

20
B4 DE131

57.03428 TO06SE0

11903528

9404032 11003514 | 127.08688

141.06555
15508124

(a)

29621141

(

12 10281
T

b)

TE5 08653

5118051 269.12253

T T
L] B 100 120

Figure 4

T T
160 180
miz

200

230

260 i)

WL 7 TIES
Inomines 10pph_H30,_POS-MET: 03
73 AT LR AN

T FTME « ; Sl dFall mnd

09 (Mgptcas 20
L]

Comparison of HCD fragmentation spectra of m/z = 269.08805 precursor ion at 1.83 min in (a)
inosine standard solution and (b) L. RHA CFS.

- 98 -



4. DISCUSSION

Lactic acid bacteria are beneficial microbes, and they are often used as probiotics. The concept of
probiotics has been evolving, with the currently accepted definition being “living microorganisms
that can benefit the host when consumed in sufficient quantities” (Sanders et al., 2019). Although this
definition implies that microorganisms must be viable to be beneficial, increasing evidence suggests
that microbial products can also provide benefits to the host (De Almada et al., 2018; Vallejo-Cordoba
et al., 2020). Indeed, the so-called postbiotics, also known as metabolites, biogenic or cell-free
supernatants (CFS), are defined as “soluble factors secreted by living bacteria or released by bacterial
lysis”, and their role in providing health benefits to the host has been reported (Martin and Langella,
2019). Hence, today, it is acknowledged that the beneficial effects of lactic acid bacteria are based
either on living bacteria (the “probiotics™) or on their metabolites/cell lysates (the “postbiotics™).
Here, we assess the metabolomic profiles of four different lactic acid bacteria, currently used as safe
probiotics: L. RHA, L. AC, L. PLA, and L. REU (Zhao et al., 2021). An untargeted metabolomic
approach was employed to compare the differences in metabolite production in the CFS from the
different lactic acid bacteria under the same culture conditions. Specifically, hierarchical clustering
analysis of the compounds released by the four lactic acid bacteria shows for L. RHA and L. AC
specific areas of significantly overexpressed metabolites, which strongly differ from the same areas
of the other lactic acid bacteria. It has been shown that CFS from L. RHA strain SCB0119 altered the
transcription profiles of several genes involved in fatty acid degradation, ion transport, and the
biosynthesis of amino acids in Escherichia coli, as well as fatty acid degradation, protein synthesis,
DNA replication, and ATP hydrolysis in Staphylococcus aureus, which are important for bacterial
survival and growth (Peng et al., 2022). In addition, L. RHA colonization of the epithelial cells has
been demonstrated as being responsible for drastic changes in the metabolic environment, forcing
metabolic adaptation in C. albicans and reducing fungal virulence (Alonso-Roman et al., 2022).
Furthermore, antimicrobial properties of L. RHA have also been described against Listeria
monocytogenes (Iglesisas et al., 2017) and Sal/monella spp. (Muyyarikkandy and Amalaradjou, 2017;
Burkholder and Bhunia, 2009). L. AC has been found to play important roles in many aspects of
human health. It favors the eubiosis of the host intestinal tract through the production of metabolites.
Among the molecules produced by L. AC, lactic acid is important to reduce the pH, which, in turn,

inhibits the growth and virulence of pathogenic bacteria (Gao et al., 2022).

Therefore, according to all the above-mentioned literature data, reporting the antimicrobial activity
of L. RHA and L. AC (Gao et al., 2022; Coman et al., 2014; Song and Lee, 2017; Chew et al., 2015),

a detailed investigation was carried out to obtain more information on metabolite overexpressed by

- 99 .



these species. Among the overexpressed compounds, we identified inosine from the CFS of L. RHA
as the molecule with the best identification profile. We also identified four molecular pathways,
including inosine, that could be investigated in future studies. Inosine is a non-canonical nucleotide,
mainly occurring in the form of a monophosphate. It base pairs with deoxythymidine,
deoxyadenosine, and deoxyguanosine (Alseth et al., 2014). Among the possible roles of such an
unconventional nucleotide, it has been reported that the incorporation of inosine in place of guanine
modulates translational events (Licht et al., 2019). Several studies carried out in various neuronal cell
types have identified the growth-promoting activity of inosine, comparable to that induced by
canonical neurotrophic factors such as brain-derived neurotrophic factor (BDNF) or nerve growth
factor (NGF) (Benowitz et al., 1998; Irwin et al., 2006). Benowitz and colleagues have shown that
inosine promotes axon outgrowth in a rat model of corticospinal tract injury (Benowitz et al., 1999).
Furthermore, inosine has been demonstrated to modulate several biological processes through the
adenosine receptors, such as the enhancement of neurite outgrowth in depressive disorders (Muto et
al., 2014). Because of its antioxidant, anti-inflammatory, pro-axogenic, and neuroprotective
functions, inosine is also employed as a therapeutic supplement, and it is prescribed in cases of nerve
injury, inflammation, and oxidative stress (Doyle et al., 2018; Hasko et al., 2004). In addition, several
drugs used in the treatment of autoimmune and inflammatory diseases (such as adenosine kinase
inhibitors) exert their beneficial effects by releasing adenosine (Hasko et al., 2000). Since the latter
is readily degraded to inosine in the extracellular space, the direct involvement of inosine in the anti-
inflammatory effects of these adenosine-releasing agents is conceivable (Hasko et al., 2000). Inosine
has also immunomodulatory effects by contributing to the efficacy of Isoprinosine (inosine
pranobex), a synthetic agent formed by inosine combined with the immunostimulant dimepranol
acedoben (acetamidobenzoic acid and dimethylaminoisopropanol). Even though many of the
biological actions of inosine (particularly in the context of microbial infections) have yet to be
described, this molecule is already employed for the treatment of acute respiratory viral infections,
genital warts, herpes simplex infections, hepatitis B, and subacute sclerosing panencephalitis (Doyle
et al., 2018). Inosine is used also for the treatment of sepsis in infections, and it has been shown to
reduce systemic inflammation, organ damage, tissue dysoxia, and vascular dysfunction, resulting in
improved survival in a mouse model of septic shock (Liaudet et al., 2001). Therefore, according to
our preliminary in vitro data demonstrating that L. RHA produces biologically significant amounts
of inosine, future studies will be devoted to assessing if inosine production also occurs in vivo. In
addition, it will be necessary to confirm its anti-inflammatory, antioxidant, and antimicrobial
activities in ex vivo and in vivo infection models. The overproduction of inosine by L. RHA in an in

vivo setting might explain the beneficial effect of L. RHA as a probiotic because it might set off a
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complex intertwining network (where inosine could be one of the key players within the several

pathways identified) with beneficial effects on both resident microbiota and host cells.
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S. CONCLUSIONS

In conclusion, here, we show that L. RHA overproduces inosine during its life cycle, and this might
have a significant impact when administered in vivo. The data shown in the present manuscript were
generated by an in vitro experimental system, supplemented by an extremely thorough in silico
metabolomic analysis. The limitation of the present study is that the analysis was carried out with
only one L. RHA strain. For this reason, future studies are warranted to confirm if such an
overproduction of inosine can also be observed in other L. RHA strains. In addition, it will be
important to translate these very interesting preliminary results in ex-vivo systems. Furthermore, it
will be important to assess and contextualize the effects of inosine produced by L. RHA in infection
models. Finally, our experimental approach should be applied to the study of the metabolome of other

lactic acid bacteria to identify metabolites involved in their postbiotic activities.
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