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Up to 75% of females worldwide encounter at least one episode of vulvovaginal candidiasis (VVC) in their lifetime and 5%-10% of them suffers from recurrent infections (RVVC). VVC and RVVC are predominantly caused by Candida albicans (C. albicans) and Candida glabrata (C. glabrata). Globally, RVVC is estimated to target 150 million women a year by 2030, leading to universal healthcare related and economic losses. Current treatment of (R)VVC is insufficient and resistance occurs frequently. Therefore, the development of alternative, effective therapy strategies has become urgent. In this master thesis project, the treatment of (R)VVC with probiotics based on Saccharomyces cerevisiae (S. cerevisiae) alone and in combination with probiotic lactobacilli is investigated using in vitro setups simulating the vaginal niche. 
A first work package focuses on the evaluation of S. cerevisiae strains, obtained from a previously established collection, on their Candida-inhibitory effect through the secretion of metabolites. Three strains, 6883, 6886 and Y.00240, show inhibitory properties through this mode-of-action against C. albicans and C. glabrata. The metabolite causing these observed Candida-inhibitory effects is most likely acetic acid. A second work package focuses on the investigation of the probiotic tendencies of S. cerevisiae strains in combination with different probiotic lactobacilli to treat (R)VVC. The probiotic tendencies that are evaluated are the inhibition of Candida filamentation and growth as well as the maintenance of S. cerevisiae and lactobacilli survival and growth. After thorough investigation of 72 potential probiotic S. cerevisiae-lactobacilli combinations for their Candida-inhibitory properties, several probiotic combinations, such as S. cerevisiae strain Y.00240 together with Lacticaseibacillus paracasei AMC334, S. cerevisiae strain 6888 together with Limosilactobacillus fermentum AMBV1and S. cerevisiae strain I-3856 together with Lactiplantibacillus pentosus KCA1, proved to complement each other on their effectivity on Candida growth and filamentation, whilst stimulating each other’s growth and survival. Thereby providing evidence for the hypothesis that probiotic therapy for (R)VVC, based on both S. cerevisiae and lactobacilli is preferred over single species-based probiotics. 
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In the same way as gender discrimination affects women in their work environment, salary and relationships, it also severely affects female healthcare. Many female specific diseases are under-researched, with their causes often unknown and treatments absent. Across the world, less than 2.5% of publicly funded research has been devoted to female reproductive health, even though one third of women will experience severe reproductive health issues, such as vulvovaginal candidiasis (VVC) which targets nearly 75% of females worldwide at least ones in their lifetime [1]. This is likely due to the general underrepresentation and underfunding of research on female specific conditions. This phenomenon is called the gender healthcare gap. Additionally, women are often misdiagnosed by physicians, and the lack of desire to solve this problem is yet another sign that the gender healthcare gap remains a serious issue. 
Luckily, some improvement appears to be imminent. The last few years great efforts have been made not only to generalize communication about the female body but also to increase the investments in Femtech. Femtech is a fast-growing sector that aims to increase the healthcare industry’s understanding of women specific diseases and problems. This gain of interest can be seen by a raise in funding for women specific research in big established biopharmaceutical companies such as Merck for Mothers and Novartis’ focus on gender-specific medicine. This international rise of Femtech can also been seen in Belgium, in which companies such as YUN, Metagenics, MyHealth, miDiagnostics etc. are setting up women-specific research lines. Few academic labs also focus on this topic, as exemplified by the ScerViCs project of which this master thesis research is part (KU Leuven) and the Isala-project (UAntwerp). However, especially in the case of academic research into VVC, funding is often lacking, thereby slowing down or completely halting valuable projects.
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In addition to this lack of research into female specific diseases, in this time and age, even more so since the uprise of Covid-19, most research, and scientific and popular outreach focuses on addressing the severeness of viral and bacterial infections, whilst the severeness of fungal infections is often underestimated. Fungi, together with bacteria, archaea, protists and viruses make up the human microbiome, establishing a greater complexity than the human genome itself [2]. The microbiome is a dynamic and interactive micro-ecosystem that is prone to fluctuate in time and size. This micro-ecosystem is integrated in macro-ecosystems such as eukaryotic hosts and plays an important role in the maintenance of their functioning and health [3]. Because of this integration of the microbiome in the human body, intricate interactions between humans and fungi were established, causing fungi to incidentally start infecting humans [4]. Of all fungi, which is estimated to encompass between 2.2 and 3.8 million different species, only 600 species are human pathogens [5, 6]. However, this minority has a major impact on human health. Contrary to people’s perception of fungal related mortality, the mortality associated with fungal disease stands at >1.6 million a year which is similar to that of tuberculosis and three times as high as malaria. The majority of the cases of fungal infections are caused by species of Aspergillus, Candida, Cryptococcus, Pneumocystis, Histoplasma and Mucoromycetes [7]. The severity of these fungal infections ranges from asymptomatic and mild mucocutaneous infections to potentially life-threatening systemic infections. It is estimated that almost one billion people suffer from skin, nail and hair fungal infections and approximately 150 million people have more severe fungal diseases, causing major impact on their lives or can even become fatal [7]. 
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The most common human fungal pathogens belong to the Candida genus [8]. Candida is a large genus of the Fungal kingdom, phylum Ascomycota, class Saccharomycetes, order Saccharomycetales and family Saccharomycetaceae [9]. Candida species are small yeast-like fungi that are able to reproduce asexually through budding or sexually through mating [10, 11]. Despite the efforts made to understand the mating cycle of Candida, little is known about the factors triggering sexual reproduction. Besides its presence in the human microbiome, Candida also inhabits domesticated animals as well as other habitats, including hospitals [12]. Under normal circumstances Candida is present as a commensal of the human microbiome and is able to colonize mucosal areas of the genital, urinary, respiratory and gastrointestinal tracts, the oral cavity, nails, scalp and skin [13]. However, upon changing host conditions, this commensal can become pathogenic. This creates the opportunity for superficial or more severe systemic Candida infections to arise [14]. The risk factors that increase susceptibility to Candida infections are linked to immunocompromised individuals that suffer from: neutropenia, diabetes mellitus, AIDS, SCID and myeloperoxidase defects. People subjected to broad-spectrum antibiotic therapy, major surgery, organ transplantation, indwelling catheters and other implants are more vulnerable too, as well as neonates, elderly, intravenous drug addicts or otherwise weakened individuals [15-18]. Even though the Candida genus consists of over 200 different species, with many different characteristics and lifestyles, only 17 species have been shown to cause invasive infection in humans [19]. The vast majority of these invasive infections can be brought back to the infection of a few different Candida species: Candida albicans, Candida glabrata, Candida parapsilosis, Candida tropicalis, Candida krusei and Candida auris [19, 20]. 

The most prevalent mucocutaneous infection caused by Candida is the female specific disease VVC [13, 21]. VVC is established in 80% of the cases by C. albicans, 2-5% by C. glabrata and the remaining cases by other Candida species such as C. tropicalis, C. parapsilosis and C. krusei [13, 21]. Up to 75% of females worldwide encounter at least one episode of VVC in their lifetime. Half of these initially infected women will suffer from a second episode, while 5%-10% of them suffer from four or more VVC infections a year, which is arbitrarily defined as recurrent VVC (RVVC) [22, 23]. Globally, RVVC is reported in about 128 million women a year and the numbers are estimated to increase to 150 million by 2030 [23]. Despite this high prevalence, correct diagnosis and effective treatment of (R)VVC still remains a problem. 
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General characteristics

[image: ]Despite the fact that C. albicans and C. glabrata mainly are present in the human body as commensals, under the previously mentioned predisposing factors, these commensals have the opportunity to become pathogenic in the vaginal niche [24]. However, despite the similarities between C. albicans and C. glabrata, there are a number of differences. C. albicans belongs to the CUG-clade of closely related Candida species that have a unique codon exchange in which CUG encodes for serine instead of leucine (Fig. 1) [25]. Despite belonging to the same genus, C. glabrata is actually more closely related to Saccharomyces cerevisiae than to C. albicans. They differentiate from the other Candida clades by their ability to encode the CUG codon to leucine [26]. Additionally, the common ancestor of S. cerevisiae and C. glabrata underwent a whole-genome duplication event [27]. 

Figure 1: Phylogenetic tree representing the evolutionary relationships between C. albicans, C. glabrata and S. cerevisiae [26]. The phylogenetic tree shows the evolutionary relationship between C. albicans, C. glabrata and S. cerevisiae. The CTG and the whole-genome duplication (WGD) events are marked. The 0.1 scale annotates the number of substitutions per site.
This phylogenetic tree, in which C. albicans and C. glabrata are separated by a number of non-pathogenic yeasts, implies that the competence of both species to infect humans has evolved independently. This quite distinct relationship between C. albicans and C. glabrata can explain other differences found. C. albicans is a diploid, polymorphic fungus, undergoing reversible morphological alternations from ovoid-shaped yeast cells to parallel-walled hyphae and back. Contrary, C. glabrata is a haploid, growing only in the yeast morphology, rarely penetrating tissues [28]. Another difference in trait is the size, C. glabrata cells (1–4 μm) are considerably smaller than C. albicans cells (4–6 μm). Nonetheless, despite their differences, C. glabrata shows similarities to C. albicans in obtaining superficial and systemic infections. 

C. albicans and C. glabrata in the vaginal niche 

As detailed before, C. albicans and C. glabrata are both commensal fungi, primarily present on the mucosal surfaces of the oral cavity and the gastrointestinal tract of most healthy humans but can also be found as commensals in the vaginal niche [29, 30]. The vagina is a muscular structure connecting the uterus with the vulva and the outside world [31]. The vulva includes the mons pubis, labia majora and minora, clitoris and the external openings of the urethra and vagina. The vaginal lining is composed of multilayered stratified squamous epithelial cells and is characterized by a temperature of 35.5°C, a low pH of 4.0 - 4.5, high partial pressure of CO2 (+/- 6 %, v/v) and low to negligible partial pressures of O2 (≤10 %, v/v), making it a microaerophilic environment [32]. A major component of the vaginal niche are its secretions, also known as the vaginal fluid. On average women produce approximately 6 g of vaginal fluid per day, with 0.5 – 0.75 g present at any given time [33]. This vaginal fluid is not only composed of contributions from the host herself as vaginal transudate, secretions from glands residing in the vaginal area, such as Bartholin’s and Skenes’s glands, epithelial cells, residual urine, mucus from the cervix and endometrial fluids, also metabolites by the vaginal microbiota contribute significantly to its composition [34-36]. Components of the vaginal fluid are water, leukocytes, fatty acids, proteins, salts and carbohydrates. However, it should be noted that large inter- and intra-individual variation of these components exists. The vaginal niche serves a multitude of functions such as menstruation, immune defense, female reproduction and female sexual pleasure [37, 38]. Because the vaginal niche is unique and differs a lot from the environmental conditions present in the oral cavity and gastrointestinal tract, the establishment of infection by C. albicans and C. glabrata in the vaginal niche also differs. The establishment of (R)VVC by C. albicans and C. glabrata predominantly relies on the following virulence factors: adhesion, invasion, secretion of hydrolases, biofilm formation (remains debatable) and adaptation to its environment [39]. The ability to adapt its morphology to the specific niche, is a unique trait for C. albicans.
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Adhesion

To establish a vaginal Candida infection, the Candida cells should be able to adhere to the vaginal epithelial cells (VEC). Both C. albicans and C. glabrata contain a set of proteins important for the colonization of VEC. This set of proteins, specialized in the adherence of Candida cells to host cells, other microorganisms and abiotic surfaces, are called adhesins [40]. In the case of (R)VVC caused by C. albicans, the agglutinin-like sequence (Als) proteins are the most important adhesins, more specifically Als1, Als2, Als3 and Als9 (Fig. 2A) [41]. Als proteins are glycosylphosphatidylinositol (GPI)-linked cell surface glycoproteins [41]. Another type of adhesin enabling the C. albicans hyphae to attach to VEC is hyphal wall protein 1 (Hwp1), a hypha-associated GPI-linked protein [42, 43]. Additionally, as detailed before, the vaginal niche contains high partial pressure of CO2 (+/- 6 %, v/v), hereby increasing the ability of C. albicans to adhere to VEC [32, 44]. 

In the case of C. glabrata little is known surrounding VEC specific adhesins. Research performed by de Groot et al. (2008) identified 23 C. glabrata cell wall associated adhesins [45]. These adhesins play an important role in adhesion to mammalian epithelial cells. However, C. glabrata is estimated to have up to a 100 different adhesin genes [45]. The most important and prevalent adhesins in C. glabrata are the epithelial adhesins proteins (Epa) [46]. This family of 23 proteins allows C. glabrata to attach to the host’s VEC [47]. 











[image: ]
Figure 2: Overview of the virulence factors of C. albicans and C. glabrata in the establishment of a vulvovaginal candida infection. A. Adhesion of C. albicans to the vaginal epithelial cells is mediated by the adhesins agglutinin-like sequence (Als) proteins and the hyphal wall protein 1 (Hwp1). C. glabrata relies on epithelial adhesins proteins (Epa) proteins for adhesion. B. C. albicans is a polymorphic fungus able to switch from ovoid-shaped budding yeast to an invasive hyphal form. This is affected by environmental factors, such as a rise in pH, serum, quorum sensing molecules, changes in body temperature, fluctuations in the available CO2 and nutrient limitation. C. glabrata is not able to change morphology. C. Invasion of C. albicans can occur via receptor mediated endocytosis and active penetration. Receptor mediated endocytosis relies on invasins Als3 and Ssa1, which bind to host E-cadherin, inducing a clathrin-dependent endocytosis. Active penetration on the other hand relies on C. albicans hyphae and the expression of secreted aspartyl proteases (Saps). The exact mode of action of C. glabrata invasion is yet to be elucidated but one mechanism of invasion could be through the adherence of C. glabrata cells via adhesins, to the hyphae of C. albicans. D. C. albicans expresses different classes of hydrolases which play an important role in the uptake of extracellular nutrients, such as Saps, lipases, phospholipases and candidalysin. C. glabrata secretes lipases and phospholipases. E. The transcriptional network controlling the establishment of C. albicans biofilms relies on 6 “master” transcriptional regulators Efg1, Tec1, Bcr1, Ndt80, Brg1 and Rob1. The establishment of C. glabrata biofilms is regulated by Sir1, Rif1, Epa6, Yak1 and Bcr1. Biofilms establish resistance through the upregulation of drugs efflux pumps. Upon the production of new yeast cells, the cells can disperse from the biofilm, infecting or creating biofilms in new niches. F. Both C. albicans and C. glabrata are able to adapt to environmental changes such as pH, temperature, nutrients, osmolytes and the host immune response.


Polymorphism

Following the adhesion of the Candida cells to VEC, the Candida cells should be able to colonize the vaginal tissue and penetrate the underlying epithelial tissue to obtain a vaginal Candida infection. Colonization of the vaginal lining mainly happens through the fast proliferation of the Candida cells in yeast morphology [39]. Penetration into the vaginal tissue on the other hand is highly dependent on the possibility of Candida cells to change its morphology from yeast to hyphal form. In vitro studies show evidence for the role of hyphae in the invasion of host tissue. It is shown that Candida cells lacking the possibility to form hyphae exhibit lower ability to invade tissue compared to the wildtype strains [48]. One of the most important virulence factor of C. albicans is its polymorphic flexibility. C. albicans can undergo reversible morphological alterations between ovoid-shaped budding yeasts, ellipse-shaped cells with constrictions at the septa, called pseudohyphae, and parallel-walled hyphae (Fig. 2B) [49, 50]. Upon infection, C. albicans is found in its hyphal morphology. This filamentous form provides more mechanical strength, enhancing colonization and invasion of the human host tissues [51]. The transition from ovoid-shaped budding yeast to the hyphal form is affected by environmental factors, such a rise in pH, presence of serum, quorum sensing molecules, changes in body temperature, fluctuations in the available CO2 and nutrient limitation, and is related to other virulence factors [39]. The molecular pathways involved in C. albicans morphogenesis are the Ras-cyclic AMP (Ras-cAMP) (nutrient limitation/serum/quorum sensing/CO2), mitogen-activated protein kinase (MAPK) pathway (nutrient limitation), the pH signaling pathway, the Czf1 pathway and is heat shock protein (Hsp) 90 mediated. Normally at pH levels present in the vaginal niche, C. albicans hyphae formation is inhibited [52]. However, the combination of hypoxia and high CO2 availability in the vaginal niche promotes hyphae formation [53]. Hereby confirming that hyphae formation is dependent on many environmental factors. 
Contrary to C. albicans, C. glabrata is not able to generate a hyphal morphology and therefore does not cause extensive epithelial damage through this invasive growth form [50]. 

Invasion

Invasion of the vaginal epithelial tissue relies on the breaching of the epithelial tissue. C. albicans is able to invade the vaginal epithelial tissue through two different mechanisms: receptor mediated endocytosis and active penetration. Receptor mediated endocytosis relies on invasins, expressed on the C. albicans cells (Fig. 2C). These invasins mediate binding to the host epithelial cells, creating the opportunity for the fungal cells to be engulfed by the host cells [39]. The invasins important for the establishment of (R)VVC are the Als proteins, more specifically Als1, Als2, Als3 and Als9 [41]. Additionally, Ssa1, a cell-surface expressed member of the Hsp70 family, binds to host E-cadherin, expressed on the cell surface of VEC and induces endocytosis using a clathrin-dependent pathway [54, 55]. Active penetration on the other hand relies on C. albicans hyphae. Previous research proposes that this mechanism of active penetration relies on fungal adhesion and physical forces [56, 57]. Other proteins secreted by the fungus, like secreted aspartic proteases (Saps), also have been proposed to contribute to active penetration [56].

However, the lack of hyphae in C. glabrata, makes them incapable of invading the VEC in a similar manner to C. albicans. Invasion of epithelial tissues by C. glabrata cells mainly relies on the breach of the human barrier caused by trauma, surgery or the placement of catheters [24]. Nonetheless, research provides evidence that in absence of previously mentioned breaches, infection with C. glabrata still occurs [58]. The exact mode of action is yet to be elucidated. Nonetheless, in vitro research by Csank & Haynes (2000) shows that C. glabrata is able to produce invasive pseudohyphae, however this formation of pseudohyphae remains debatable [59]. In vivo research shows that invasion could rely on endocytosis rather than on active penetration [60]. Studies by Tati et al. (2016) on the other hand observed that C. glabrata establishes invasion of the oropharyngeal epithelial tissue through the adherence of C. glabrata cells via adhesins to the hyphae of C. albicans [61]. 

Secretion of hydrolytic enzymes and toxins

When adhesion and hyphal formation on the vaginal epithelial tissue is established, Candida starts the process of penetration (invasion) of the vaginal tissue. In addition to the previously mentioned invasins, Candida cells secrete hydrolases that facilitate active penetration [62]. These hydrolytic enzymes also play an important role in the uptake of extracellular nutrients [63]. C. albicans expresses three different classes of hydrolases (Fig. 2D). The first one being Saps, encoded by a gene family of 10 members [39]. Members of the Sap-family exhibit different functions: adhering to cell surfaces, establishing damage of reconstituted human epithelium in vitro and virulence in a mouse model of systemic infection [64]. The Saps that are essential for the establishment of (R)VVC are Sap1, Sap3, Sap6, Sap7 and Sap8 [65]. Secondly, phospholipases such as phospholipase B1 and B2 also exhibit an important function in the uptake of extracellular nutrients by disrupting the VEC cellular membranes [65, 66]. Phospholipases hydrolyze phospholipids into fatty acids and their production contributes to host cell membrane damage, promoting cell damage and/or exposure of receptors that aid in the adherence of the Candida cells to VEC [67]. The third family of secreted hydrolases are the lipases. Lipases are tangled in the hydrolysis of triacylglycerols and are encoded by a gene family of 10 members. Mutations in one of these members exhibits a loss of virulence, proving that lipases play an important role in establishing C. albicans infection [68]. However, research surrounding the lipases important for the establishment of (R)VVC is lacking. In addition to these hydrolases, C. albicans is able to produce significant amounts of candidalysin. Candidalysin is a cytolytic peptide toxin capable of damaging membranes of VEC [69]. Hereby inducing the epithelial immune system through the activation of the danger response signaling pathway (p-MKP1/c-Fos). 

Contrary to C. albicans whose virulence is highly dependent on the production of Saps, C. glabrata is not able to generate these proteases [28]. Nonetheless, C. glabrata is able to produce phospholipases and lipases. However their sequences deviate from the phospholipases and lipases produced by C. albicans [70].

Biofilm formation
Most microorganisms, including C. albicans and C. glabrata, mainly exist in the form of a structured and embedded community or biofilm [71]. A biofilm consists of a community of different microorganisms imbedded in an extra cellular matrix (ECM), creating a 3D structure. Biofilms are formed via a sequence of four processes, starting with the adherence of ovoid-shaped yeast cells to an appropriate surface [17]. Next, the adhered cells will start to proliferate and the most inner cells will start to form hyphae. Additionally, the ECM will start to be formed [72]. The ECM of C. albicans and C. glabrata has a different composition. The ECM of C. albicans is mainly composed of carbohydrates, proteins, phosphorus and hexosamines whilst the ECM from C. glabrata predominantly contains high levels of proteins and carbohydrates [73]. Finally, when the ECM is established, newly formed yeast cells disperse from the biofilm, infecting or creating biofilms in new niches [74]. 
As an opportunist, Candida is able to colonize abiotic and biotic surfaces. The past decades Candida biofilms on abiotic surfaces such as prosthetic heart valves, cardiac pacemakers, joint replacements and most commonly catheters, have primarily been studied [75, 76]. In the United states, biofilm infection occurs in over 50% of catheters [77]. With an estimated 100,000 fatalities and loss of productivity of 5.34 billion euros annually in the United States alone, these infections have enormous health and economic consequences [78]. However, it remains a point of discussion if real biofilms are able to develop in the vaginal niche. Studies performed by Harriott et al. (2010) show that C. albicans biofilms are present on the vaginal mucosa and that in vivo vaginal biofilm formation relies on regulators of biofilm formation (Bcr1) and morphogenesis (Efg1) [76]. Nevertheless, this interpretation of the results is highly depended on the definition of biofilms that is taken into account. The transcriptional network controlling the establishment of C. albicans biofilms relies on 6 “master” transcriptional regulators Efg1, Tec1, Bcr1, Ndt80, Brg1 and Rob1 (Fig. 2E) [79]. Additionally, a supplementary 44 transcriptional regulators also have been proven to play an important role in C. albicans biofilm formation as deletion showed impaired biofilm formation [80, 81]. 

In the case of C. glabrata its ability to form biofilms is probably its most impactful virulence factor [82]. The expression of specific EPA genes by C. glabrata cells plays an important role in the initial step of biofilm formation. After the attachment, the cells start to proliferate, creating high cell densities that lay the basis for biofilm maturation. The basal biofilm and the high cell densities induce adhesion even more by activating several other EPA genes [83]. The transcriptional network controlling the establishment of C. glabrata biofilms mainly relies on 5 transcriptional regulators, Sir1, Rif1, Epa6, Yak1 and Bcr1 [84, 85]. 

Adaptation to the environment: pH, temperature, nutrients, osmolytes and host immune response
 
As an opportunistic pathogen, Candida is able to reside in different environments, characterized by variable pH, temperature and nutrient availability (Fig. 2F). Taking into account the wide variety of niches that can be occupied and infected by Candida, the pathogen can be exposed to a wide array of different pH’s ranging from survival in the highly acidic (1.5-3) environment of the stomach, to growth at a pH of 4.2 in the vaginal niche and 7.2-7.4 in the blood and digestive tract [86]. The sensing and adaptation to the fluctuating vaginal pH by C. albicans is regulated via the Rim101 signal transduction pathway together with the cell wall glycosidase Phr2 [87, 88]. Despite the fact that pH sensing and the mechanisms of acid stress in C. glabrata have not yet been studied thoroughly, it has been proven by Wu et al. (2015) that transcription factors Asg1p and Hal9p play essential roles in acid stress tolerance [89]. 

Being endotherms, with a body temperature of 37°C and a vaginal temperature of 35.5°C humans provide the perfect environment for C. albicans to undergo reversible morphogenesis from ovoid-shaped budding yeast to parallel-walled hyphae, and to support virulence [90]. C. glabrata in its turn is adapted to 37°C at which its growth is rapid and generation time is short, allowing for rapid colonization of the vaginal epithelial tissue [26]. When Candida cells are exposed to high temperatures, the cells will produce Hsps to prevent the induction of protein unfolding and nonspecific protein aggregation. In C. albicans these Hsps are identified as Hsp104, Hsp90, Hsp78, two Hsp70 proteins (Ssa1 and Ssa2) and Hsp60 [39]. In C. glabrata Hsp12, Hsp42, Hsp78, Hsp31 and Hsp104 are upregulated upon heat stress [91].

For Candida to be able to colonize and to maintain survival and growth in the vaginal niche, the cells should have a sufficient source of nutrition. Since Candida cells are exposed to different macro and micro niches within the host, the cells should be able to adapt their metabolism to assimilate alternative nutrients [92-94]. In general, glycolysis, gluconeogenesis and starvation responses are said to play an important role in establishing Candida infections [39]. However, the contribution of each of these metabolic pathways is highly niche-specific and is yet to be fully understood. Additionally, when Candida cells are engulfed in macrophages they are able to switch their metabolism from glycolysis to gluconeogenesis, the starvation response and lipids and amino acids are also used as a nutrient source [95]. 

In addition to these specific stress responses, Candida cells are able to elicit a general and more robust stress response. This general stress response does not only contribute to the survival of the cells but also strengthens the virulence factors, as the cells will be able to adapt to host-derived stresses [39]. Firstly, under osmotic stress Candida cells will upregulate their glycerol concentration, mediated by the glycerol 3-phosphatase Gpp1 and the glycerol 3-phosphate dehydrogenase Gpd2 , to counteract the loss of water [56]. Another stress response is established when the Candida cells are phagocytosed by macrophages, thereby being subjected to a number of reactive oxygen species (ROS) such as, hydroxy radical, superoxide anions and peroxide, hereby inducing an oxidative stress response. To detoxify these ROS and establish survival in the macrophages, the Candida cells produce catalase Cta1 and dismutase Sod1 and Sod5 [96, 97]. Neutrophils produce reactive nitrogen species (RNS) hereby inducing a nitrosative stress in the phagocytosed Candida cells. To detoxify these RNS the Candida cells will produce the flavohemoglobin-related protein Yhb1 [39]. The signaling pathways involved in the transmission and sensing of stress signals in Candida are three main mitogen-activated protein (MAP) kinase signaling pathways: Mkc1-, Hog1- and Cek1-MAP kinase pathway [98].
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In the last decades much attention has been given to the investigation of the human microbiome in government-backed projects, such as the MetaHIT project (METAgenomics of the Human Intestinal Tract), the Human Microbiome Project and the Flemish Gut Flora Project [99-101]. Despite the fact that importance of the micro-, and to a lesser extent, mycobiome and its metabolites on gut health has been established, little attention has been given to the vaginal microbiota and its role in intimate health and disease [31, 102]. Additionally, contrary to the highly diverse gut microbiome, the vaginal microbiome’s diversity is quite low. This difference may be due to the poor receptivity of the vagina, different nutrient availability compared to the gut and a more stringent environment [103].

Vaginal microorganisms

The vagina is an ecological entity, which can be inhabited by over 50 different microbial species, however generally only a few taxa dominate per individual [34, 104]. The vast majority of the microbial isolates present in the vagina are bacteria (1010 - 1011 bacterial cells/mL), most prevalently belonging to lactobacilli [105, 106]. However, other microbes such as archaea, protists, viruses and fungi are also present in the vagina, albeit at lower concentrations than bacteria (Table 1). The majority of healthy women show that their vaginal microbiome is dominated by four types of lactobacilli: L. crispatus, L. iners, L. jensenii and L. gasseri [107]. The remaining healthy women show a more diverse vaginal microbiome with low concentrations of lactobacilli. The vaginal microbiome of these women is dominated by strict anaerobic bacteria from genera such as Prevotella, Dialister, Atopobium, Gardnerella, Megasphaera, Peptoniphilus, Sneathia, Eggerthella, Aerococcus, Finegoldia, Mobiluncus etc. [108, 109]. Additional to the microbiota present in the vagina, a largely neglected, yet significant portion of the vaginal microbiome is occupied by fungal species, also known as the mycobiome. The mycobiome’s predominant occupant is C. albicans, present in approximately 20–30% of healthy women, however, non-albicans Candida species such as C. krusei, C. parapsilosis, C. tropicalis, C. glabrata, as well as species from other genera like Saccharomyces, Aspergillus, Alternaria and Cladosporium are also present [110-112]. Despite the importance of the vaginal microbiota, little is known about the protective function or any other role the micro- and mycobiome might execute in the female urogenital tract. It is thought that the vaginal microbiome plays an important role in the prevention of sexually transmitted infections, urinary tract infections and vulvovaginal infections by the production of fatty acids hereby lowering the vaginal pH and restricting the growth of pathogens and opportunistic microorganisms [113, 114]. 
[image: ]Table 1: Bacterial and fungal composition of the vaginal microbiome. 
Microbial interactions

The different microorganisms in the microbiome live in complex multispecies networks with each other and cells of the mammalian host [115]. In those networks the vaginal microbiota can interact through a plethora of different metabolites, produced by these microorganisms, influencing the growth of other microorganisms and host cells. They cannot only interact via metabolites but also via direct physical interactions, by which the microorganisms can bind to each other and can compete for adhesion to host cells or nutrient sites. A study performed by De Sordi, Mühlschlegel & Odds (2009) proved that the intimate association, via quorum sensing, between microorganism such as the interaction between C. albicans and the bacteria Pseudomonas aeruginosa, increases the complexity of the infection system [116]. This provides evidence for the importance of further research into these intricate relationships between the vaginal microbiota to establish a better understanding of disease progression and drug development [117]. 

Inter-individual fluctuations

The composition of the vaginal microbiome fluctuates inter-individually, especially between women from different ethnicities (Fig. 3). Studies performed by Ravel et al. (2011) proved the occurrence of inter-individual differences in the composition of the vaginal microbiome between four self-named ethnicities (white, Asian, black and Hispanic) [109]. This variation along ethnic backgrounds could be a consequence of genetic predisposition or geographical and behavioral differences [109]. The latter includes the number of sexual partners, the use of contraception devices, showering, eating habits, clothing and smoking [118]. 
[image: ]Figure 3: Flowchart depicting the different components that influence the composition of the vaginal microbiome. 




Intra-individual fluctuations

In addition to the inter-individual fluctuations of the vaginal microbiome, intra-individual fluctuations can also occur. These intra-individual fluctuations can occur over a long period of time. For example, the composition of the vaginal microbiome greatly changes over the lifespan of women due to hormonal changes. At birth maternal hormones estrogenize the vagina hereby establishing a low pH with a dominance of lactobacilli [119]. Four weeks postnatal, the levels of the maternal hormones decrease and estrogen and glycogen levels remain low. The vagina enters a prepubertal stage in which the pH becomes more alkaline together with the occurrence of fewer lactobacilli [31]. After adrenal and gonadal maturation, women enter puberty. During puberty and the upcoming reproductive years estrogen levels rise, leading to production of cervicovaginal secretions and colonization by high numbers of lactobacilli [119]. Upon pregnancy, the vagina remains dominated by lactobacilli but is lower in richness and diversity than in non-pregnant women [120]. Following menopause, estrogen and glycogen levels decrease, causing the lactobacilli dominance to decrease and eventually cease [121, 122]. Intra-individual fluctuations in the vaginal microbiome can also happen at a shorter time span such as that of the menstrual cycle. Throughout the menstrual cycle estrogen and glycogen levels vary, ranging from low levels during menses to the highest levels before ovulation [123, 124]. This variation might also explain the differences in vaginal microbiome composition and fluctuating pH [125, 126]. Other factors such as the change in sexual activity, use of contraception devices, showering, eating habits, clothing and smoking, can also change the intra-individual vaginal microbiome [118]. In addition to the intra-individual fluctuations in the vaginal microbiome that occur over time there are also changes in microbiome composition within vaginal micro niches. Research by Kim et al. (2009), shows that the composition of the vaginal microbiome is not consistent throughout the vagina but differs depending on the sampling method and the sampling site [127]. However, little is known surrounding the factors that establish these different vaginal micro niches. Importantly, because of the small anogenital distance in women, the gut and vaginal microbiota are in constant communication with each other, hereby constantly influencing each other’s composition [128].
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To establish a balanced connection with its environment and host, microorganisms produce metabolites. These metabolites do not only play an important role as a chemical barrier to protect the host against pathogens but also function in the maintenance of the overall homeostasis of the vaginal niche [129]. The predominant metabolites in this niche are short-chain fatty acids (SCFA), amines, organic acids, amino acids, nitrogenous bases and monosaccharides [130]. 
Since lactobacilli are the predominant species in most healthy women, a significant amount of the metabolites, mostly D/L-lactic acid, present in the vaginal niche are derived from these species [107]. However, there are quiet some differences between Lactobacillus species in their capacity to produce D/L-lactic acid and SCFA (as a consensus lactic acid will be used to describe both lactic acid and lactate). For example, L. iners is only able to produce L-lactic acid, whilst L. crispatus, L. gasseri and L. jensenii are able to produce both isomers D and L- lactic acid [131, 132]. Even though lactic acid is the main fermentation end product of lactobacilli, it is not their only metabolic product. L. jensenii for example also produces high amounts of acetic and succinic acid [128]. Other vaginal bacterial inhabitants such as Bifidobacterium, Peptococcus and Prevotella, are also known to produce D/L-lactic acid and SCFA [128, 133-140]. Many factors appear to influence the composition of the vaginal metabolome either direct or by altering the composition of the vaginal microbiome. Research by Tachedjian et al. (2017) showed that deviations in the vaginal metabolome could be correlated to vaginal dysbiosis, such as BV and VVC [130, 141]. A lot of questions surrounding the role of these metabolites in health and the potential of using them in therapy, remain unanswered [130]. In addition to the production of metabolites by the vaginal microorganisms, the vaginal mucosa itself is also able to produce metabolites such as lactic acid via anaerobic fermentation and glycolysis by the vaginal epithelial cells [113, 142-144].
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Vulvovaginal infections

Vulvovaginal infections are infections caused by an imbalance of the vaginal microbiome leading to an overgrowth of certain bacteria, fungi and viruses. The chance of an imbalance of the vaginal microbiome is higher in women that suffer from diabetes mellitus, receive steroid therapy and immunosuppressed individuals [145]. The most common vulvovaginal infections are bacterial vaginosis and VVC [146]. Most infections occur solely, however the conditions that are created in the vagina during a vulvovaginal infection can create the opportunity for other infections to establish, leading to co-infections [147, 148]. 

Causative agents of VVC

In the case of VVC, the vulvovaginal infection is established by an overgrowth of the fungus Candida. Normally, in the vaginal microbiome of healthy women, an equilibrium exists between Candida species and defense mechanisms against Candida, such as the immune response and other microorganisms like lactobacilli, forcing Candida to be present as a commensal [149]. However, changes in the vaginal microbiome can create the opportunity for Candida to become opportunistic, establishing (R)VVC [13, 150]. The major risk factors for VVC can be host-related or related to behavior. The host related factors include pregnancy, hormone fluctuations, immunosuppression, antibiotics, diabetes and genetic predisposition. Behavioral risk factors can be the use of condoms, oral contraceptives, intrauterine devices, poor personal hygiene, sexual habits, clothing and hygienic habits [13]. Until now little is known about the risk factors for RVVC. It is speculated to be a hypersensitivity or allergic reaction or a consequence of an abnormal vaginal microbiome [151]. The major agents causing (R)VVC are C. albicans and C. glabrata [152]. 

Severeness of (R)VVC 

Up to 75% of females worldwide encounter at least one episode of VVC in their lifetime. Half of the initially infected women will suffer from a second episode, while 5%-10% of them suffer from four or more VVC infections a year, which is arbitrarily defined as RVVC [22]. Globally, RVVC is reported in about 128 million women a year and the numbers are estimated to increase to 150 million by 2030 [23]. VVC is classified into uncomplicated and complicated VVC [153]. Uncomplicated VVC is defined by a sporadic occurrence with mild to moderate symptoms, mainly caused by C. albicans, in immunocompetent women. Complicated cases of VVC are defined by frequent VVC infections, accompanied with more severe symptoms, mainly caused by non-C. albicans species, occurring in pregnant, diabetic or immunosuppressed women [153, 154]. Both VVC and RVVC can cause symptoms such as itching, pain, discomfort during sexual intercourse, abnormal vaginal discharge, redness, and swelling of the vaginal wall [22]. Additionally, the mental wellbeing of patients undergoing an infection is severely impaired as they generally suffer from low self-esteem and mental distress. Consequent to the (R)VVC of their sexual partners, men can suffer from penile irritation [155]. Beside the burden on the affected individual herself, (R)VVC imposes a great financial cost to patients and society. Consequently, the burden forms a loss of productivity leading up to an estimated 12.85 billion euros a year in high-income countries [23]. 

Despite the advancement of current medical technologies the diagnosis of women suffering from (R)VVC remains flawed. The problem surrounding (R)VVC diagnosis is that it is highly subjective and often happens through self-diagnosis or through a telephone conversation with a medical practitioner [156]. Almost 40% percent of women who self-diagnosed themselves to suffer from VVC in fact did not have VVC [157]. This, together with the fact that current treatment of (R)VVC is sold as an over-the-counter (OTC) product, leads to the wrong treatment of many women, hereby possibly worsening the current infection. 


Immune response to VVC

The vagina has a wide array of protection methods against (R)VVC. These protection methods include the innate and adaptive immune system, strongly controlled by hormones [158]. Vaginal epithelial cells are equipped with pattern recognition receptors (PRRs) enabling them to detect the pathogenic Candida cells through direct contact or through the detection of hyphae associated virulence factors such as Saps and candidalysin [159, 160]. The PRRs in their turn will activate signaling pathways, hereby activating the immune cells and stimulate the secretion of inflammatory immune mediators [160, 161]. Upon arrival of immune cells such as neutrophils and macrophages to the vaginal niche, neutrophils will enhance the expression of PRRs and the production of pro-inflammatory cytokines [158, 162]. Macrophages and neutrophils will both induce phagocytosis and killing, using ROS, of Candida with short hyphae. However, when the hyphae have grown to great lengths the Candida cells will be engulfed and killed by neutrophil extracellular traps (NETosis), also relying on ROS [163-165]. When the Candida cells and/or its components are phagocytized, the immune cells will release other pro-inflammatory cytokines, hereby activating the adaptive immunity [166]. The T-helper cells of the adaptive immunity will secrete interleukins, thereby promoting the expression of polymorphonuclear leukocytes, chemotactic cytokines and antimicrobial peptides [167-169]. All of this together will promote extreme vaginal inflammation, causing the majority of the symptoms associated with (R)VVC such as redness, pain, swelling and itching. 
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Despite the increase in prevalence and occurrence of multi-resistant fungal infections, there are still limited classes of antifungal drugs present on the market. This limited availability is due to the difficulty to develop an antifungal drug because of the eukaryotic nature of the fungal cells [170]. The main antifungal drugs that are currently being produced are polyenes, azoles, echinocandins and some new and upcoming probiotics [171]. The targets of the present antifungals are mainly cell wall and cell membrane components, metabolic and signal transduction pathways and the expression of genes, as they differ from human cells [171]. However, antifungal drugs often do not present the characteristics, such as effectiveness, safety, and selectivity, of a well-rounded drug. The other limiting factor of the presently used antifungal drugs is the resistance of the fungus against the drug. Resistance or even multidrug resistance (MDR) can be established by the evolutionary arms race between the fungus and the antifungal drug [172]. In addition, some species, such as C. glabrata are intrinsically resistant or less susceptible to several antifungal drugs. 
[bookmark: _Toc73983320]Current treatment of (R)VVC 

Treatment of patients suffering from (R)VVC strongly depends on the type of infection. When the patient has an uncomplicated VVC infection, most often a therapy of 3 days with a topical or oral dose of azoles is recommended [173]. The symptoms should disappear on the second or third day mark. This way of treating uncomplicated VVC appears to be effective in almost 90% of the cases and therefore is currently still the most popular manner of treatment. Complicated and more severe cases of VVC are treated with several doses of fluconazole. Oral fluconazole is most often given three times with a gap of 72 hours or local azoles can be applied daily for 1 week [174]. However, treatment of non-C. albicans VVC, such as that caused by C. glabrata, with azoles is far less effective. A two-week treatment with amphotericin B intravaginally appears to be effective against C. glabrata in nearly 70% of the cases [175]. RVVC caused by C. albicans is treated with a daily oral intake of fluconazole, which is maintained weekly for six months. The treatment of RVVC in Europe is described by the International Union against Sexually Transmitted Infections following the ReCiDiF protocol (for Recurrent Candida infections treated with Degressive individualized doses of Fluconazole) [176, 177]. However, despite its expensive cost, half of these women will experience recolonization with Candida within 30 days after cessation of treatment [178, 179]. RVVC is until now rarely reported to be caused by C. glabrata, therefore little research is performed on the development of its treatment. Currently, the treatment consists of a daily vaginal application of 600 mg boric acid for 7-14 days [180]. However, this treatment remains insufficient and efforts have been made to cure RVVC caused by C. glabrata by intravaginal application of nystatin, flucytosine, amphotericin B and combinations [181]. More recently a new drug against VVC, named Brexafemme, was approved, however is not yet available, for human use [182]. This new antifungal drug targets glucan synthase inhibition and needs to be supplemented twice a day for one day. 
 
Polyenes

Polyenes are polyunsaturated organic compounds produced by Streptomyces species and obtain the broadest spectrum of activity against fungi [183]. Despite the fact that polyenes have been used in the clinic for the last couple of decades, it is still a point of discussion what its exact mode of action is [184]. Right now there are four modes of antifungal action of polyenes described in literature: pore formation, surface adsorption, acting as a sterol sponge and causing oxidative damage [185]. However, in each mode of action it is the binding of the polyene with ergosterol, the fungal counterpart of cholesterol, that causes its antifungal effect (Fig. 4) [185]. Upon non-C. albicans VVC, such as VVC caused by C. glabrata, a two-week treatment with the polyene amphotericin B intravaginally is recommended [175]. Amphotericin B binds to ergosterol hereby causing the leakage of magnesium and potassium via channel-mediated membrane permeabilization [186]. However, amphotericin B has several side effects such as the dispersion of liposomes which has high toxicity for mammals [187]. A few years ago, a liposomal formulation of amphotericin B, called ambisome, was produced that maintains the integrity of the liposomes in the mammalian host cells whilst having similar efficacy [188].
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Automatisch gegenereerde beschrijving]Because fungi are able to require resistance against antifungals, resistance against polyene antifungals occurs, however at lower frequencies than other antifungals. Nonetheless, over the last years resistance against amphotericin B is rising and is observed in fungal species such as C. glabrata and C. krusei [189]. The mechanism of polyene resistance occurs via the counteraction of the effect of the polyene antifungal. In polyene resistant species the biosynthesis of ergosterol is inhibited via of a loss of function mutation in ERG3 or ERG6 genes, encoding important ergosterol biosynthesis enzymes [190]. Because of this, the fungal membranes obtain a low ergosterol content, hereby diminishing the site of action of polyenes. In addition to the polyene resistance acquired by the membrane sterol composition, research shows a correlation between polyene resistance and fungal cell wall alterations [191]. The major alteration was noted to be an increase in the amount of 1,3-α-glucan present in the cell wall. 
Figure 4: Schematic overview of the antifungal treatment of (R)VVC and drug resistance mechanisms in fungal cells. The figure depicts currently available and frequently used antifungal drugs against (R)VVC caused by C. albicans and C. glabrata and antifungal resistance mechanisms in black. The antifungal drugs depicted in grey are used as a last resort. 
Azoles

Currently, uncomplicated and complicated VVC, and RVVC are treated with azoles, either through oral or topical administration [173, 174, 176, 177]. Azoles are nitrogen containing heterocyclic compounds that are fungistatic through the inhibition of ergosterol biosynthesis. The depletion of ergosterol is established by the inhibition of the enzyme 14 α-demethylase responsible for the conversion of lanosterol into ergosterol [192]. This depletion results in the disruption of the plasma membrane, thereby diminishing the activity of membrane bound enzymes [193]. There is a wide variety of azole classes that differ in their chemical structure. The first class of azoles produced were the imidazoles such as ketoconazole, bifonazole, miconazole etc. These azoles were used as topical agents and could damage the fungal cell membrane directly. However, because of their high toxicity for mammalian cells and side effects they were replaced by triazoles [194]. Triazoles like fluconazole, itraconazole, isavuconazole etc. are newer, less toxic and more effective. 

Because of their fungistatic properties and popular usage there is a high incidence of resistance in species such as C. albicans [195]. On the other hand non-albicans species such as C. glabrata and C. krusei have an intrinsic reduced susceptibility to fluconazole [196]. There are three main ways that could lead to azole resistance of Candida species. The first mechanism is the upregulation of efflux pumps. This allows the fungal cell to pump out the azoles, hereby decreasing the inhibition of ergosterol biosynthesis. This upregulation of the efflux pumps is the result of the upregulation of the Candida drug resistance 1 and 2 (CDR1/CDR2) genes and MDR1 genes in C. albicans caused by mutations in transcription factors Tac1 and Mdr1 [197]. The second mechanism that could lead to azole resistance is the decrease of target affinity for the drug. Albeit playing a minimal role in resistance development in Candida, mutations in the gene encoding for the enzyme being targeted by the azole drug, ERG11, could cause resistance [198]. As a result of the mutation, the binding site of the enzyme, by which it is normally bound by the azole, is altered. The third and final mechanism by which Candida species can establish resistance against azole treatment is via the counteraction of the effect of the azole. This counteraction can be established by the duplication of the ERG11 gene which causes it to be upregulated hereby counterbalancing the antifungal effect of the azole drugs [199]. Additionally, C. glabrata has intrinsically low susceptibility to azole antifungals through the upregulation of transporter genes, encoding efflux pumps such as CgCDR1, CgCDR2 and CgSNQ2 [200]. Changes in expression or sequence of ERG11 can also add to this intrinsic resistance [201].

All the previously mentioned resistance mechanism create a major hurdle in treating (R)VVC and could possibly lead to MDR of the infecting Candida species. Despite the fact that infections with MDR fungal species can lead to the development of rising morbidity and mortality in other Candida infections, (R)VVC caused by MDR Candida species rarely to never occurs [202]. However, because of prolonged exposure to treatment and due to the fact that antifungal drugs are sold as OTC drugs, it is likely that MDR (R)VVC infections will occur in the near future. 

Other antifungals 

Along with the polyenes and azoles that are currently most frequently used to treat (R)VVC, there is a wide array of other antifungal drugs used to treat other Candida infections. Echinocandins are fatty acid derivatives of cyclic hexapeptides that target the fungal cell wall synthesis through the inhibition of the synthesis of glucans, that build up the fungal cell wall, through the inhibition of β-(1,3)-glucan synthase [203]. Allylamines and thiocarbamates are alternative antifungals that cause the depletion of ergosterol by inhibiting squalene epoxidase hereby affecting the fungal membrane [204]. Flucytosine, often used together with amphotericin B, disturbs the buildup of certain essential proteins by its conversion into 5-fluorouridinetriphosphate thereby interacting with RNA biosynthesis [205]. Flucytosine also undergoes conversion into 5-fluorodeoxyuridinemonophosphate hereby inhibiting fungal DNA synthesis [206]. Other antifungals use the fungal cell wall, fungal nucleic acid and protein biosynthesis or other cellular functions such as microtubule aggregation, signal transduction pathways and many more as fungal drug development targets [171].
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Because of the expense and lack of effectiveness of current treatment against (R)VVC, many women turn to complementary and alternative medicines. The most popular alternative therapy is the use of probiotics [207]. Commercially, the probiotic market reached sales up to 33 billion euros and is projected to reach over 52.7 billion euros by 2023 [208]. The Food and Agriculture Organization/World Health Organization defined probiotics in 2001, however later this definition was grammatically redefined to “live microorganisms that, when administered in adequate amounts, confer a health benefit on the host” [209]. In addition, a probiotic agent needs to be safe, effective, stable for human use and it cannot be a bearer of acquired and/or transmissible antibiotic resistance. Therefore, every newly developed probiotic is assessed on its safety, functionality, stability and antibiotic resistance profile. There are many types of probiotics, mainly for gut health, on the market. Currently the most prevalent commercial probiotics are bacteria such as lactobacilli and Bifidobacterium or yeasts such as Saccharomyces boulardii, a subspecies of S. cerevisiae,  which are included in the category of “generally regarded as safe” (GRAS) [210-212]. All probiotics obtain the same characteristics. They have the ability to adhere to cells, exclude or reduce pathogenic adherence, they are able to persist, multiply and produce antagonistic substances, they are able to coaggregate and most importantly, they are safe, non-invasive, non-carcinogenic and non-pathogenic to humans [213]. Probiotics are becoming more and more embedded in society and have become a part of the diets of many people in the form of supplements, yogurt and kefir. However, the main focus of these products nowadays is restoring the balance in gut dysbiosis such as antibiotic-associated diarrhea (AAD) [214]. The last few years however more research is performed on the development of vaginal probiotics. Currently available probiotics to treat or prevent vaginal infections are administered orally or topically with no clear superior effect of one over the other. These vaginal probiotics are screened for their capacities to adhere to vaginal epithelial cells and their production of metabolites that inhibit pathogenic overgrowth [215].
In addition to probiotics, prebiotics are also rising in popularity. In the vaginal context prebiotics can be defined as components that, upon application to the vulvovaginal region, change the composition and/or activity of the genital microbiota, hereby conferring a specific benefit to the host. These components are most prevalently nutrients that allow the growth of beneficial microbes which can thereby outcompete the pathogen [46].

Lactobacilli-based probiotics
As detailed before, lactobacilli are the most prevalent microbial species in the vaginal microbiome of most women and are the prime producers of vaginal metabolites, especially lactic acid [107]. Because of this vaginal dominance and its promising antimicrobial effects as a probiotic in the gut, it is no surprise that lactobacilli-based probiotics are the prime focus for development of probiotic treatment for vaginal dysbiosis. It has been shown that lactobacilli can decrease the infectivity of bacterial species associated with BV such as Gardnerella vaginalis, Atopobium vaginae and Clostridium perfringens by the production of lactic acid [129]. Additional to the research on the potential of lactobacilli in the treatment of BV, many studies report the effectiveness of several lactobacilli against VVC [216-218]. However, the role of lactobacilli as a probiotic to treat (R)VVC is not univocal [219]. To date contradicting results keep arising on whether lactic acid produced by the lactobacilli has, at low pH, the ability to inhibit Candida growth and hyphal formation [220-223]. 
In the last two decades, various research teams investigated the potential of different lactobacilli as prophylactic therapy or treatment of (R)VVC. Dating back to 2001, the research team of William et al. (2001) already investigated the probiotic effects of weekly intravaginal application of L. acidophilus as a prophylactic treatment for VVC [217]. It showed to have the same prophylactic capacities as the drug clotrimazole, one of the most commonly used imidazoles for VVC treatment [224]. Another study investigated the effect of intravaginally administered L. plantarum P17630 on the reduction of VVC after conventional therapy with clotrimazole [216]. Women treated with L. plantarum P17630 showed a significant increase in vaginal lactobacilli count. Moreover, the physiological pH was restored to stable levels and the women experienced significantly less discomfort, such as burning and itching after 3 months. More recently, a proof-of-concept study, performed by Oerlemans et al. (2020), formulated a gel-based system carrying three different Lactobacillus species, L. rhamnosus GG, L. pentosus KCA1 and L. plantarum WCFS1, and investigated its effectivity against VVC [218]. During in vitro experiments, lactic acid production of several individual lactobacilli strains was evaluated and shown to display a widespread concentration range from 2.78 g/L (L. parabuchneri AB17) to 20.22 g/L (L. pentosus KCA1). L. rhamnosus GG produced the highest amount of L-lactic acid (17.27 g/L) while L. plantarum WCFS1 produced the highest amount of D-lactic acid (7.68 g/L). Additionally, the latter strain inhibited C. albicans growth to the largest extent, implying that high amounts of D-lactic acid cause the greatest C. albicans growth inhibition. The in vivo supplementation of the vaginal gel, administered daily over a period of 10 days, proved to be effective against VVC in ten out of the twenty participants.
The potential of lactobacilli to treat vaginal dysbiosis seems strongly species dependent as the overall lactic acid production depends on the individual potential of the strain [225, 226]. For example, a L. crispatus-dominated vaginal microbiota is always correlated to a healthy vagina with a high metabolic activity in organic acids production, such as D-lactic acid, and glucose consumption, compared to other Lactobacillus species [227, 228]. Contrary, a L. iners-dominated vaginal microbiota is more prone to vaginal dysbiosis, such as (R)VVC [229]. This can be explained by the fact that L. iners is not able to produce D-lactic acid or H2O2, lowering its protective ability against pathogens, compared to other lactobacilli [230]. However, in vivo and clinical studies showed that using lactobacilli-based probiotic treatment for (R)VVC is not fully effective [218]. To date, various in vitro studies and clinical trials using lactobacilli-based probiotics as a treatment against VVC show promising results. Because the anti-Candida effect of certain probiotic lactobacilli strains is variable and highly species-specific it is impossible to extrapolate the probiotic tendencies and characteristics from one Lactobacillus species to another without extensive in vitro and in vivo studies.
Saccharomyces-based probiotics

Not only bacteria are interesting microorganisms to investigate as a probiotic against (R)VVC. Yeasts such as S. cerevisiae could possibly exert probiotic properties as well. S. cerevisiae is a non-pathogenic yeast that is currently used for human nutrition and health. It rarely causes infection even in highly predisposed, high-risk subjects [231]. The popularity of yeast as a probiotic has increased because of their resistance to antibiotics and their consequent ability to be used in patients undergoing antibiotic therapy [211]. Additionally, in the case of oral administration, yeasts are more tolerant to the acidic environment of the stomach than bacteria. Therefore, they would have an advantage compared to bacterial-based probiotics. Currently the most popular yeast used for probiotic purposes are S. boulardii and S. cerevisiae. The S. boulardii CNCM I-745 strain for example is a recommended probiotic for the prevention and treatment of AAD [232]. Other Saccharomyces strains present a beneficial effect against several pathogens such as Salmonella typhimurium, Vibrio cholerae, Rotavirus and C. albicans [233]. Additional studies highlighted the effects of a plethora of different S. cerevisiae strains on enteropathogenic bacteria, and on pathogenic fungi such as C. albicans and non-albicans Candida species. The mechanisms by which yeast could act as a probiotic can be through the inhibition of pathogen growth, epithelial adherence, filamentation and biofilm establishment, through changes in immunomodulatory activity and reduction of toxin production, etc. [234]. 

Comparison of the vaginal flora of RVVC patients to healthy subjects showed remarkable differences. Guo et al. (2012) showed that fewer RVVC women contain S. cerevisiae in their vaginal mycobiomes compared to healthy subjects [235]. Therefore, in case a causative relation could be established between both fungi, it is likely that S. cerevisiae-based treatment could restore the vaginal microbiome during RVVC. A first study performed by Pericolini et al. (2017), showed vaginal clearance of C. albicans in mice at levels similar to those obtained with fluconazole upon administration of the S. cerevisiae strain I-3856 [236]. This Candida-inhibitory effect of both live and inactivated S. cerevisiae was exerted via the inhibition of C. albicans cells to bind to the vaginal epithelial cells by the formation of coaggregate structures (Fig. 5) [236]. Additionally, live S. cerevisiae cells influenced the ability of C. albicans to switch from the yeast to the hyphal form and to express Saps [237]. The yeast is able to significantly inhibit the expression of hyphal growth-associated genes, such as HWP1 and extent of cell elongation 1 (ECE1). Live yeast were also able to inhibit the expression of SAP2 and SAP6 which play an important role in the immunopathogenesis of VVC [237, 238]. This inhibition of SAP2 and SAP6 gene expression reduced the inflammatory process associated with VVC pathogenesis [238]. Recent experiments showed the influence of S. cerevisiae on the host immune system by causing an increase in the antimicrobial characteristics of polymorphonuclear cells and ROS, thereby increasing their killing activity [239]. At the same time the S. cerevisiae cells decrease the pro-inflammatory cytokine production by the host cells, host cell damage and the formation of biofilms [236, 240]. S. cerevisiae cells are also able to secrete secondary metabolites, such as SCFA, monoterpenes, esters etc. that are able to interfere with the virulence factors of Candida  [241, 242]. S. boulardii is able to exert a negative effect on C. albicans filamentation, adherence and biofilm production [243]. S. boulardii is also able to secrete secondary metabolites that are able to interfere with the virulence factors of Candida and decreases the pro-inflammatory cytokine production by the host cells [240-242].
[image: ]
Figure 5: S. cerevisiae and S. boulardii and its mechanisms against virulence and pathogenesis of vaginal Candida species. The mechanisms of S. cerevisiae are depicted with a grey circle whilst those of S. boulardii are depicted with a pink circle.

Probiotic interaction between bacteria and yeasts

In addition to the probiotic tendencies of lactobacilli and S. cerevisiae individually, recent studies at the University of Ghent showed in vitro evidence for synergistic antipathogenic activity of L. rhamnosus GG and S. boulardii against enterotoxigenic Escherichia coli [244]. The growth of L. rhamnosus GG and concomitant fast depletion of available carbohydrates increased the proteolytic activity of S. boulardii towards the toxins produced by E. coli. Since probiotic entities that have proven to be active in the gut often show the same capacities in the vagina, there is a certain probability that lactobacilli and Saccharomyces strains will show synergistic effects in the vaginal microbiome as well and can work together against (R)VVC [218, 245]. Additionally, it has been proven that S. cerevisiae has a viability-enhancing effect on probiotic lactobacilli under acidic conditions, such as that of the vaginal niche [246]

[bookmark: _Toc73983323]Postbiotics

Postbiotics are the newest members of the biotics family and were defined as soluble products secreted or released by and resulting from microbial metabolism that have a beneficial effect on the host [247, 248]. However, in May 2021 this definition was reformulated by the International Scientific Association for Probiotics and Prebiotics (ISAPP) to a preparation of inanimate microorganisms and/or their components that confers a health benefit on the target host [249]. Examples of such inanimate components that exert benefits to the human host are bacteriocins and small antimicrobial peptides synthesized by various lactobacilli which can inhibit local pathogen overgrowth [250]. The greatest advantage of postbiotics is that they do not rely on living microorganisms. Thereby, there is no possibility for the probiotic microorganisms to overgrow and cause infection, as is reported in some unique cases involving critically ill patients [251-253]. Additionally, postbiotics are predictable and more easily standardized, transported and preserved [254]. Postbiotics can be used in combination with nutritional components to promote health [247]. 

[bookmark: _Toc73983324]SCFA as a treatment for (R)VVC

In addition to the biotics as prophylactic or curative treatment against (R)VVC, the application of SCFA could be a possible treatment for (R)VVC. SCFA are fatty acids with less than six carbon atoms that include acetic acid, propionic acid and butyric acid and can be produced by the vaginal microbiota. Since lactobacilli make up the vast majority of the vaginal microbiome, a large amount of the SCFA present in the vaginal niche are produced by these species. Nonetheless, it is established that S. cerevisiae also produce significant amounts of SCFA but whether they are able to produce them in the vaginal niche remains under discussion [255]. SCFA are able to inhibit C. albicans growth, germ tube formation, hyphae formation, hyphae attachment and reduce the metabolic activity of fungal cells in a biofilm [256]. However, since Candida species are able to metabolize certain concentrations of SCFA the effect of SCFA is highly concentration-dependent [257]. The Candida-inhibitory properties of SCFA are exerted by intracellular acidification of the Candida cells. In addition, SCFA will place C. albicans in a minimal metabolic state, as observed in starved cells, lowering the rates of transcription, translation and growth [258]. However, for SCFA to exert their Candida-inhibitory properties an acidic environment is needed [257, 259-261]. In neutral conditions they exist in anion form and no longer exhibit inhibitory effects. Additionally, the presence of lactic acid was shown to mitigate recurrence of BV after treatment with metronidazole [262]. Acetic acid formulations were shown to relieve VVC to some extent [263]. Further investigation into the role of SCFA in Candida inhibition could highlight certain promising SCFA. These SCFA could be developed into a treatment for (R)VVC on its own or a probiotic can be developed based on microorganisms known to secrete the SCFA with Candida-inhibitory properties.






[bookmark: _Toc73983325]Problem statement and objectives

Up to 75% of females worldwide encounter at least one episode of vulvovaginal candidiasis (VVC) in their lifetime. Half of the initially infected women will suffer from a second episode, while 5%-10% of them suffer from four or more VVC infections a year, which is arbitrarily defined as recurrent VVC (RVVC) [22]. Globally, RVVC is reported in about 128 million women a year and the numbers are estimated to increase to 150 million by 2030 [23]. VVC and especially RVVC represent the most frequent mucocutaneous mycosis caused by yeasts of the genus Candida, more specific by C. albicans and C. glabrata [13, 21]. Both VVC and RVVC can cause bothersome symptoms such as itching, pain, discomfort during sexual intercourse, abnormal vaginal discharge, redness and swelling of the vaginal wall [22]. Additionally, the mental wellbeing of patients undergoing an infection is severely impaired as they generally suffer from low self-esteem and mental distress. Consequent to the (R)VVC of their sexual partners, men can suffer from penile irritation [155]. Beside the burden on the affected individual herself, (R)VVC imposes a great financial cost to patients and society. Consequently, the burden forms a loss of productivity leading up to an estimated 12.85 billion euros a year in high-income countries [23]. 

Current treatment of (R)VVC is based on polyene and azole antifungal treatment, despite the fact that they have been proven not to be fully effective [192, 234, 236]. Because of this, together with the fact that current treatment is expensive and resistance can occur over time, the need for alternative, effective therapy strategies has become urgent. The most popular alternative therapy is the use of probiotics, mostly based on lactobacilli and S. cerevisiae [207]. The ScerViCs project (KU Leuven), of which this master thesis project is part, investigates the probiotic tendencies of S. cerevisiae-based treatment of (R)VVC. The ScerViCs project uses a vaginal model platform to select and validate the different probiotic tendencies of a wide array of S. cerevisiae isolates. 

The first objective of this master thesis project focuses on the evaluation of one of these probiotic tendencies, namely the Candida growth inhibiting effect of S. cerevisiae through the secretion of metabolites. The secretion of Candida-inhibiting metabolites will be evaluated by firstly growing S. cerevisiae in a vaginal simulative fed-batch culture after which the cell-free spent medium will be used to evaluate C. albicans and C. glabrata growth. To generate insights into the quantity of these Candida-inhibitory metabolites, the presence of fatty acids, such as acetic and lactic acid, in the S. cerevisiae spent medium will be evaluated using High Performance Liquid Chromatography (HPLC). We focus on the evaluation of these two fatty acids as they have been proven to play an important role in the probiotic qualities of S. cerevisiae in the gut and have been proven to have antimicrobial effects at low pH such as that of the vaginal niche [233, 264-266]. At the end of this objective, we aim to present an overview of potential probiotic S. cerevisiae strains selected based on their capacities to inhibit Candida growth through the secretion of Candida-inhibitory metabolites.

The second objective of this master thesis project focuses on the investigation of lactobacilli and S. cerevisiae-based treatment of (R)VVC, as recent studies provide evidence for synergistic antipathogenic activity of lactobacilli together with S. cerevisiae against enterotoxigenic E. coli [244]. The probiotic tendencies of this combinatorial therapy that will be evaluated in the vaginal context are the inhibition of Candida filamentation and growth upon co-inoculation with lactobacilli and/or S. cerevisiae. By doing so, we aim to investigate whether lactobacilli and S. cerevisiae could compliment and/or ameliorate each other’s Candida-inhibitory probiotic capacities. However, important to take into account when investigating the probiotic tendencies of S. cerevisiae together with probiotic lactobacilli against (R)VVC, is their influence on each other. When developing a probiotic treatment based on two or more microorganisms, it is important to investigate whether the microorganisms can survive together and do not negatively affect each other to large extents. Therefore, we will also investigate the growth of lactobacilli and S. cerevisiae upon their co-inoculation in vaginal simulative medium. At the end of this objective, we aim to present an overview of potential probiotic combinations of S. cerevisiae and lactobacilli selected based on their capacities to inhibit Candida growth and filamentation and their capacity to survive in each other’s presence.
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[bookmark: _Toc73983327]Materials 
The content below describes the different media, buffers and chemicals used during the experiments executed in the context of this master thesis project. 
[bookmark: _Toc73983328]Media 

YPD (yeast peptone dextrose) medium 
YPD is a complete medium used for the propagation and maintenance of S. cerevisiae and Candida strains in liquid or solid cultures. YPD medium was made by dissolving 20 g/L bacteriological peptone (Oxoid), 10 g/L granulated yeast extract (Merck) and 15 g granulated agar (Difco) in case of solid YPD medium, in 950 mL milliQ water (Millipore Corporation). Afterwards, the solution was autoclaved at 120°C for 20 min at 120 kPa. Finally, 50 mL 40% sterile glucose was added. 
1x VSM and 5x VSM (vaginal simulative medium) 
VSM is a medium that simulates the vaginal fluid. 1x VSM medium was prepared by dissolving 3.51 g/L NaCl (Sigma Aldrich), 1.40 g/L KOH (Sigma Aldrich), 0.222 g/L Ca(OH)2 (Sigma Aldrich), 0.4 g/L urea (Sigma Aldrich), 0.2 g/L YNB (Difco) and 5 g/L ammonium sulfate (Honeywell) in 980 mL milliQ water. After homogenization of the solution, 2.35 mL/L lactic acid (85 %) (Sigma Aldrich), 0.952 mL/L acetic acid (100 %) (Ensure) and 4 mL/L BSA (bovine serum albumin, 0.25 g in 50 mL milliQ) were added. Next, the pH was adjusted with HCl to a physiological relevant vaginal pH of 4.2. Subsequently, the solution was sterilized by filtration using a 0.2 μm filter. Lastly, 12.5 mL/L of 40 % glucose (Sigma Aldrich) and 0.13 mL/L glycerol (98 %) (VWR Chemicals) were added. 
5x VSM, important in the establishment of fed-batch cultures, contains the same reagents as 1x VSM, however in concentrations five times as high.
MRS (De Man, Rogosa and Sharpe) medium
MRS is used for the cultivation of lactobacilli strains in liquid or solid cultures. MRS agar was prepared by suspending 61.15 g of MRS agar (Sigma Aldrich) in 1 L milliQ water containing 1 mL of polysorbate 80 (TWEEN® 80, Sigma Aldrich). MRS broth was prepared by dissolving 51 g of MRS broth (Sigma Aldrich) in 1 L milliQ water containing 1 mL of polysorbate 80 (TWEEN® 80, Sigma Aldrich). Afterwards, both solutions were autoclaved. 
40% glucose
40% glucose is used as a carbon source for several of the media. The solution consists of 440 g glucose monohydrate (Fluka analytical) dissolved in milliQ water to obtain a final volume of 1 L. The solution was then autoclaved. 
98% glycerol
98% glycerol is used as a carbon source for several of the media and was obtained from the glycerol stock from VWR chemicals. Before usage, the solution was autoclaved. 
-80°C stock medium for yeast (YP 30% glycerol)
-80°C stock medium for yeast is a medium needed for the stable preservation of yeast over a long period of time. The stock medium was made by dissolving 2 g bacteriological peptone (Oxoid) and 1 g granulated yeast extract (Merck) in 70 mL milliQ water. Afterwards, the solution was supplemented with 30 mL of 98% glycerol stock and autoclaved. 1.5 mL of the autoclaved stock medium was added to a cryovial and a substantial amount of yeast cells were added. Afterwards the solution was homogenized and stored at -80°C. 
-80°C stock medium for bacteria (TSB 15% glycerol) 
-80°C stock medium for bacteria is a medium needed for the stable preservation of bacteria over a long period of time. 846.94 µL of 0.6% tryptic soy broth (TSB ) (Sigma Aldrich) together with a substantial amount of bacterial cells were added to a cryovial. Afterwards, the solution was supplemented with 153.06 µL of autoclaved 98% glycerol stock. Finally, the solution was homogenized and stored at -80°C.
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10 x Tris-EDTA (TE) buffer 
TE buffer was used during DNA isolation and precipitation. DNA isolation and precipitation were needed for the identification of the different lactobacilli strains and for the validation of correct transformation of the transformed vaginal Candida isolate CDAL-44 labeled with green fluorescent protein (GFP). The buffer was made by adapting the pH of 100 mM Tris solution (Sigma Aldrich) to 8, using HCl. Subsequently 10 mM EDTA was added. 


Phenol – chloroform – isoamylalcohol (PCI) 
PCI buffer was used during DNA isolation and precipitation. DNA isolation and precipitation were needed for the identification of the different lactobacilli strains and for the validation of correct transformation of the transformed vaginal Candida isolate CDAL-44-GFP. To obtain 50 mL of PCI, 25 mL Phenol (Merck) was mixed together with 24 mL Chloroform (Merck) and 1 mL isoamyl alcohol (Sigma Aldrich) until two layers became visible. During the experiments only the bottom layer was used. 
1x Phosphate-buffered saline (PBS) 
PBS was used during the washing steps prior to the adaption of the optical density, measured at wavelength 600 nm (OD600),  in similar or a new type of medium. The solution was made using 8 g/L NaCl (Merck), 0.2 g/L KCl (VWR Chemicals), 1.44 g/L Na2HPO4 (Merck) and 0.24 g/L KH2PO4 (Merck). This mixture was dissolved in milliQ water to obtain a final volume of 1 L. Following, the pH was adapted to 7.4 using HCl. The final solution was autoclaved.
LiAc

LiAc was needed during the transformation of CDAL-44 with the CIp10-GFP-plasmid. To obtain 100 mL of 1 M LiAc 10.2 g of LiAc (Sigma Aldrich) was dissolved in 100 mL milliQ water. Afterwards the solution was autoclaved.

PEG 3350 (50%)

PEG was used during the transformation of CDAL-44 with the CIp10-GFP-plasmid. 100 mL PEG (50%) was generated via dissolving of 50 g PEG 3350 (Sigma Aldrich) in 100 mL milliQ water. Afterwards the solution was autoclaved.

LiAc/TE
During the transformation of CDAL-44 with the CIp10-GFP-plasmid, cells were washed and resuspended in LiAc/TE. To obtain 10 mL LiAc/TE, 1 mL sterile LiAc 1 M and 1 mL sterile 10x TE-buffer was suspended in 8 mL sterile milliQ water. 
PEG/LiAc/TE
To obtain 10 mL PEG/LiAc/TE, needed during the transformation of CDAL-44 with the CIp10-GFP-plasmide, 1 mL 10x TE-buffer together with 1 mL LiAc 1 M were dissolved in 8 mL PEG 3350 (50%).
NaAc

To obtain 100 mL of 3 M NaAc, 40.824 g of NaAc trihydrate (Sigma Aldrich) was dissolved in 100 mL milliQ water and adapted to a pH of 5.2 using HCl. Afterwards the solution was autoclaved.

[bookmark: _Toc73983330]Strains
In the next section, all the Candida, S. cerevisiae and lactobacilli strains used during the experiments are listed. The strains’ name, specification, type, origin and reference are annotated. 
Candida strains 
Table 2: The Candida strains used throughout the experiments, annotated with specification, type, origin and reference.
	Name
	Specification
	Type
	Origin
	Reference

	Ca3153
	Vaginal (Debatable)
	C. albicans
	Clinical isolate
	Yano et al. [267]

	BG2
	Vaginal
	C. glabrata
	Clinical isolate
	Cormack et al. [268]

	CDAL-44
	Vaginal
	C. albicans
	Clinical isolate
	Prof. K. Lagrou (UZ Leuven)
Unpublished



Saccharomyces strains 
Table 3: The Saccharomyces strains used throughout the experiments, annotated with specification, type and reference.
	Name
	Specification
	Type
	Reference

	Sc_1
	Lab strain
	S. cerevisiae
	Mortimer RK

	Sc_2
	Lesaffre
	S. cerevisiae
	Pericolini et al. [269]

	Sc_3
	Unknown
	S. boulardii
	Prof. L. Jespersen (University of Copenhagen)

	Sc_4
	SbP SDH1S288c 
	S. boulardii
	Offei et al.[270] 

	Sc_5
	whi2S287*/whi2S287* 
	S. boulardii
	Offei et al.[270]

	Sc_6
	Haploid segregant (P3) of Sb.P and Ethanol Red, MATα 
	S. boulardii
	Offei et al.[270]

	Sc_7
	Unknown
	S. cerevisiae
	DBVPG1

	Sc_8
	Unknown
	S. cerevisiae
	DBVPG

	Sc_9
	Unknown
	S. cerevisiae
	DBVPG

	Sc_10
	Unknown
	S. cerevisiae
	DBVPG

	Sc_11
	Serum
	S. cerevisiae
	NCYC2

	Sc_12
	Unknown
	S. cerevisiae
	NCAIM3


Abbreviations: 1. DBVPG: Collection of Yeasts, Dipartimento di Biologia Vegetale, Perugia, Italy, 2. NCYC: National Collection of Yeast Cultures, 2. NCAIM: National Collection of Agricultural and Industrial Microorganisms 
Lactobacillus strains 
Table 4: The lactobacilli strains used throughout the experiments, annotated with specification, type and reference.
	Name
	Specification
	Reference

	La_1
	Unknown
	Chan et al., Reid & Bruce, Reid & Reid 1999/ ATCC ([271-274]

	La_2
	Unknown
	ATCC1 [275]


	La_3
	Intestinal isolate

	Kankainen et al. [276]


	La_4
	Unknown
	Kleerebezem et al [277]


	La_5
	Unknown
	Anukam et al. [278]


	La_6
	Vaginal isolate

	Prof. S. Lebeer (UAntwerp)

	La_7
	Unknown
	Wuyts et al. [279]

	La_8
	Unknown
	ATTC [280]

	La_9
	Vaginal isolate
	Prof. S. Lebeer (UAntwerp)


Abbreviations: 1. ATTC: American Type Culture Collection
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To investigate and provide answers to the objectives a number of different experiments were executed. The experiments performed in the context of this master thesis are listed below.

[bookmark: _Toc73983332]Evaluation of C. albicans and C. glabrata growth in the presence of Candida-inhibitory metabolites resulting from S. cerevisiae growth in VSM

Collection of Candida-inhibitory metabolites resulting from S. cerevisiae growth in VSM
The S. cerevisiae strains, conserved at -80°C in a glycerol stock solution, were streaked on YPD agar and incubated for 1-2 days at 30°C. After sufficient growth, precultures were made by inoculating a single colony in 5 mL 1x VSM. The precultures were then incubated overnight at 240 rpm at 30°C. Afterwards, the OD600 of the precultures was measured and adapted to 0.5 in Erlenmeyer flasks containing 50 mL 1x VSM and placed in an incubator at 240 rpm at 37°C. After 2 and 4 days fed-batch cultures were created by the addition of 10 mL 5x VSM. At day six the OD600 and pH of the cultures were measured, followed by centrifugation at 3500 rpm for 2 min and filtration using a 0.2 μm filter. The filtered solution, free of yeast cells, contained the Candida-inhibitory metabolites secreted or not consumed by the S. cerevisiae isolates and was supplemented with 10 mL 5x VSM and stored at 4°C.
Analysis of C. albicans and C. glabrata growth in S. cerevisiae spent medium containing anti-Candida metabolites 
Candida strains Ca3153 and BG2, conserved at -80°C in a glycerol stock solution, were streaked on YPD agar and incubated for 1-2 days at 30°C. After sufficient growth, precultures were made by inoculating a single colony in 5 mL 1x VSM. The precultures were then incubated overnight at 240 rpm at 30°C. Afterwards, the samples were washed by centrifugation at 3500 rpm, followed by the resuspension of the cells in 1 mL 1x PBS. This process was repeated 3 times. The OD600 of the final suspension was measured and adapted to 0.2 in tubes containing 5 mL of the S. cerevisiae spent medium containing Candida-inhibitory metabolites. The tubes were incubated at 240 rpm at 37°C. Subsequent OD600 measurements were made at 4, 6, 8, 24 and 48 hour time points. The remainder of the metabolite samples were stored at 4°C and used for HPLC analysis. 


Analysis of Candida-inhibitory metabolites present in S. cerevisiae spent medium

The concentration of lactic and acetic acid, secreted or not consumed by the S. cerevisiae isolates, were measured using a Shimadzu Nexera 2® HPLC together with an Agilent MetaCarb H87 column (300 x 7.8 mm). The HPLC analysis was executed at 70°C, with 5mM H2SO4 as an eluent at a flow rate of 0.7 mL/min. Lactic and acetic acid were measured using refractive index detection, followed by analyzation using LabSolutions software (version 5.86, Shimadzu Corporation).

[bookmark: _Toc73983333]Validation of received probiotic lactobacilli 

DNA isolation and precipitation of probiotic lactobacilli 

To isolate the bacterial DNA, a significant amount of cells was dissolved in a FastPrep tube containing 200 μL 1xTE-buffer, 200 μL PCI and glass beads. This solution was extensively mixed for 30 sec using the FastPrep machine. Afterwards the sample was centrifuged for 10 min at 14000 rpm and 150 μL was taken from the upper layer. This upper layer was subsequently supplemented with 15 μL NaAc 3M pH 5.2 and 450 μL ice cold 100% ethanol. The samples were vortexed and placed in the freezer at -20°C for 20 min. Thereupon, the samples were centrifuged again for 10 min at 14000 rpm at 4°C and the supernatant was discarded. The pellet was resuspended in 500 μL of ice cold 70% ethanol and the sample was vortexed and placed back in the centrifuge for 10 min at 14000 rpm at 4°C. This was followed by the complete removal of the supernatant and the drying of the pellet. The pellet, containing the DNA, was eventually dissolved in 30 μL milliQ water. 

Polymerase chain reaction (PCR)

To amplify the isolated bacterial DNA, a polymerase chain reaction was executed. Therefore a master mix was made using the following primers: forward primer 5’AGAGTTTGATCMTGGCTCAG3’ (C-8653) and reversed primer 5’GCCAGCAGCCGCGGTAA3’ (C-8708). The additional reagents needed for the execution of the PCR for a sample of 1 ng – 1µg DNA were the following (Table 5): 






Table 5: Reagents needed for PCR execution
	Reagent
	Volume (μL)

	DNA template
	1 ng – 1µg

	Forward primer (100 µM)
	0.4 

	Reverse primer (100 µM)
	0.4 

	10 mM dNTP's
	5

	5x Q5 Reaction buffer
	10

	Q5 polymerase
	0.5 

	Water
	to 50

	Total Volume
	50 



The PCR was executed using the following program (Table 6):  
Table 6: PCR program
	
	Temperature (°C)
	Time (s)
	Nr. Of cycles

	Initial denaturation
	98
	30
	1

	Denaturation
	98
	15
	30-35

	Annealing
	54
	30
	30-35

	Extension
	72
	90
	30-35

	Final extension
	72
	120
	1

	Hold
	4-10
	
	


For the verification of correct PCR execution, agarose gel electrophoresis was performed. To make a 1 % agarose gel (1% agarose in 0.5 x TAE buffer), the solution was mixed with SYBR Safe (5 μL/100 mL). Afterwards 5 μL of the samples was mixed with 1 μL of loading dye and loaded on the gel and ran for 30 min at 100 mV. Besides the samples, 6 μL of a DNA kb-ladder (1 kb GeneRulerTM DNA ladder from ThermoFisher) was also loaded on the gel for the comparison of the DNA fragments. The DNA was visualized with UV light. 
Sequencing of the PCR products

The 16s rRNA sequencing was outsourced to Eurofins. The samples were prepared by adding 45 μL of the PCR product in to tubes. Additionally, the primers were also added to separate tubes in a 1/10 dilution. The sequencing results were analyzed using the Basic Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). If the sequencing results matched the expected identity, the bacteria were saved in -80°C stock medium for bacteria. 
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Survival and growth of probiotic lactobacilli in VSM

The probiotic lactobacilli, conserved at -80°C in a glycerol stock solution, were streaked on MRS agar and incubated for 1-2 days at 30°C. After sufficient growth, a preculture was made by the inoculation of a single colony in 3 mL MRS and overnight incubation at 240 rpm at 30°C. The next day the samples were washed by centrifugation at 3500 rpm, followed by the resuspension of the cells in 1 mL 1x PBS. This process was repeated 3 times. The OD600 of the final suspension was measured and adapted to 0.5 in tubes containing 5 mL 1x VSM. The tubes were incubated at 240 rpm at 37°C. Subsequent OD600 measurements were made at 0, 4, 6, 8, 24 and 48 hour time points.

Survival and growth of probiotic lactobacilli in VSM containing S. cerevisiae secretions

The probiotic lactobacilli were grown using the same methodology as explained in section 7.3.1. After growth and washing with 1x PBS the cell concentration was set at 107 cells/mL in 200 μL 1x VSM using flow cytometry (Guava® easyCyte™ Flow Cytometer). The S. cerevisiae secretions were collected using the same strategy as described in section 7.1.1. Next, the lactobacilli were inoculated in the media, containing S. cerevisiae secreted metabolites, in a 96-well plate. The plates were incubated for 4 or 24 hours at 37°C. After 4 hours of incubation, to monitor survival, the samples were diluted 1/1000 in 1x PBS and 100 μL of the suspensions were plated out on MRS medium and placed in the incubator for 2 days at 37°C. Afterwards, the colony forming units were counted. To determine growth, the samples of the 24 hour time point were diluted to 1/200 and the concentration was determined using flow cytometry. 

[bookmark: _Toc73983335]Generation of relevant clinical vaginal C. albicans isolate labeled with GFP

Clinical vaginal C. albicans isolate CDAL-44 transformation

[bookmark: _Toc58662600]The clinical vaginal isolate CDAL-44, conserved at -80°C in a glycerol stock solution, was streaked on YPD agar and incubated for 1-2 days at 30°C. After sufficient growth a single colony was inoculated in 3 mL YPD overnight at 240 rpm at 30°C. 0.3-0.5 mL (OD600 0.3-0.4) of the overnight culture was inoculated in an Erlenmeyer flask containing 50 mL YPD and incubated at 240 rpm at 30°C until the OD600 increased 3 to 4 times. Afterwards the culture was centrifuged for 5 min at 300 rpm followed by a washing step with 5 mL LiAc/TE. After washing, the cell pellet was resuspended in 0.6 mL LiAc/TE. The CIp10-GFP plasmid (containing ACT1 promoter, ACT1 terminator, a multiple cloning site with GFP insertion, an ampicillin resistance marker and a nourseothricin resistance marker) was linearised using the following components (Table 7, Fig.6) [281]:
[image: ]Table 7: Reagents needed for CIp10-GFP linearization
	Reagent
	Volume(μL)

	CIp10-GFP plasmide
	5

	Cutsmart buffer (10x)
	1

	StuI restriction enzyme 
	0.5

	Water
	3.5

	Total Volume
	10


Figure 6: CIp10-GFP plasmid [281].

The reaction was performed for 2-3 hours at 37°C. Afterwards, 100 μL of the CDAL-44 cells was added to 10 μL of the linearised CIp10-GFP plasmid DNA. In addition, 10 μL of ssDNA (10 mg/ml) and 0.7 mL PEG/LiAc/TE were added and the suspension was vortexed, followed by an overnight incubation at 30°C in a shaking heath block. The following day the suspension was heat shocked for 15 min at 44°C, followed by a centrifugation step of 2 min at 4000 rpm. The cells were resuspended in 2 mL YPD and incubated for 4 hours at 240 rpm at 30°C. Once again, the cells were centrifuged and the pellet was resuspended in 500 μL 1x PBS and plated out on YPD plates containing 40 μg/mL nourseothricin. Finally, the plates were stored at 30°C. After sufficient growth, the colonies were restreaked on YPD containing 200 μg/mL nourseothricin and eventually on YPD.




Transformation validation via DNA isolation and precipitation, PCR and fluorescence microscopy

To check the efficacy of the transformation, the DNA from colonies that showed resistance to nourseothricin was isolated and precipitated. To isolate the DNA of the fluorescently labeled CDAL-44 strain, a significant amount of cells was dissolved in a FastPrep tube containing in 400 μL 1xTE-buffer, 400 μL PCI and glass beads. This solution was extensively mixed for 30 sec using the FastPrep machine. Afterwards, the sample was centrifuged for 10 min at 14000 rpm and 300 μL was taken from the upper layer. This upper layer was subsequently supplemented with 30 μL NaAc 3M pH 5.2 and 450 μL ice cold 100% ethanol and the samples were vortexed and placed in the freezer at -20°C for at least 20 min. Thereupon the samples were centrifuged again for 10 min at 14000 rpm at 4°C and the supernatants was discarded. The pellet was resuspended in 500 μL of ice cold 70% ethanol and the sample was vortexed and placed back in the centrifuge for 10 min at 14000 rpm at 4°C. This was followed by the complete removal of the supernatant and the drying of the pellet. The pellet, containing the DNA, was eventually dissolved in 30 μL milliQ water. 

To amplify the isolated DNA, a polymerase chain reaction was executed. Therefore a master mix was prepared using the following primers: for the forward primer 5’CTAGCCATGCCAGAAGGTTAT3’ (check FW-GFP) was used and for the reversed primer 5’CACAGGAAACAGCTATGACC3’ (C-126). The additional reagents needed for the execution of the PCR for a sample of <500 ng of DNA were the following (Table 8): 

Table 8: Reagents needed for PCR execution
	Reagent
	Volume(μL)

	DNA template
	<500 ng

	Forward primer (100 µM)
	0.25 

	Reverse primer (100 µM)
	0.25 

	10 mM dNTP's
	4

	Ex Taq buffer
	5

	Ex Taq polymerase
	0.25

	Water
	to 50

	Total Volume
	50 



The PCR was executed using the following program (Table 9): 



Table 9: PCR program
	
	Temperature (°C)
	Time (s)
	Nr. Of cycles

	Initial denaturation
	94
	240
	1

	Denaturation
	94
	30
	30-35

	Annealing
	50-72
	30
	30-35

	Extension
	72
	60
	30-35

	Final extension
	72
	120
	1

	Hold
	10
	
	


For the verification of the correct PCR execution 10 μL of the colony PCR product was loaded on an agarose gel and electrophoresis was conducted using the same techniques as explained in 7.2.2. When the colony PCR results were visualized with UV light and showed bands with a length of 953 bp, the length of the CIp-GFP fragment, the transformation was further validated by the observation of GFP tagged CDAL-44 using the FluoView FV1000 confocal microscope (Olympus IX81) and its software. The GFP was visualized using the 488 nm argon laser, dichroic mirror (DM) 405/488 with barrier filter (BA) 505-540. Additionally, the 60x UPlanSApo objective lens was used. After validation of GFP tagged CDAL-44, the fluorescent strain was conserved in -80°C stock medium for yeast.
[bookmark: _Toc73983336]The investigation of Candida filamentation in the presence of S. cerevisiae and/or probiotic lactobacilli
The Candida strain used in this experiment was the fluorescently labeled clinical vaginal isolate, CDAL-44-GFP. The S. cerevisiae, Candida and lactobacilli, were grown and inoculated in YPD/MRS, as explained in 7.1.1, 7.1.2 and 7.3.1 respectively. Washing steps with 1x PBS were performed, after which the OD600 of all cultures was adapted to 0.1 in 5 mL 1x VSM supplemented with FBS (10% vol.)(Fetal Bovine Serum). Afterwards, the cultures were incubated at 240 rpm at 37°C and 10 μL samples were taken at the 24 and 48 hour time point. These samples were further investigated using the FluoView FV1000 confocal microscope (Olympus IX81) and its software. The GFP was visualized with the 488-nm argon laser, dichroic mirror (DM) 405/488 and barrier filter (BA) 505-540. Additionally the 60x UPlanSApo objective lens was used. 
[bookmark: _Toc73983337]The investigation of Candida growth in the presence of S. cerevisiae and/or probiotic lactobacilli 

The Candida strain used in this experiment was the fluorescently labeled clinical vaginal isolate, CDAL-44-GFP. The S. cerevisiae, Candida and lactobacilli, were grown and inoculated in YPD/MRS, as explained in 7.1.1, 7.1.2 and 7.3.1 respectively. After washing the cells with 1x PBS, all cell concentrations were set at 107 cells/mL in 200 μL 1x VSM using the flow cytometer in 96-well plates and incubated at 37°C for 24 and 48 hours in a static incubator. Finally, the cell number was monitored using flow cytometry.

[bookmark: _Toc73983338]The investigation of the growth of S. cerevisiae and or probiotic lactobacilli when inoculated together

The S. cerevisiae and lactobacilli, were grown and inoculated in YPD/MRS, as explained in 7.1.1 and 7.3.1 respectively. After washing the cells with 1x PBS, all cell concentrations were set at 107 cells/mL in 200 μL 1x VSM using flow cytometry in 96-well plates and incubated for 24 and 48 hours in a static incubator. Finally, the cell number was monitored using the flow cytometer.


























[bookmark: _Toc73983339]Results

The scope of this thesis project can be divided into two work packages. The first work package focuses on the evaluation of Candida growth inhibition by metabolites resulting from S. cerevisiae strain growth. The second work package investigates the Candida-inhibitory properties of potential probiotic S. cerevisiae strains in combination with different probiotic lactobacilli. The investigated probiotic capacities are the inhibition of Candida growth and filamentation and the influence of S. cerevisiae and lactobacilli on each other’s growth in the vaginal niche. 

[bookmark: _Toc73983340]Work package 1

[bookmark: _Toc73983341]Validation of Candida inhibition in the presence of metabolites resulting from S. cerevisiae growth in VSM shows unexpected results

S. cerevisiae possesses a wide array of potential probiotic traits against Candida, one of them being the production or minimal consumption of Candida-inhibitory metabolites, such as acetic and lactic acid. To investigate whether potential probiotic S. cerevisiae strains are able to inhibit Candida growth through this process, growth assays of C. albicans strain Ca3153 and C. glabrata strain BG2 were performed in the presence of metabolites resulting from S. cerevisiae growth in VSM. The potential probiotic S. cerevisiae strains that were used throughout this experiment were selected during preliminary experiments executed in the scope of the ScerViCs project. This list consisted of Sc_1, Sc_2, Sc_3, Sc_4, Sc_5, Sc_7, Sc_8, Sc_9, Sc_10, Sc_11, Sc_12 and represents a mixture of more and less promising probiotic strains. The metabolites resulting from S. cerevisiae growth in VSM were collected, using the following process. The potential probiotic strains were grown in VSM, which already contains basal amounts of acetic and lactic acid, and fed-batch cultures were established for the maintenance of sufficient nutrients, cell growth and consequently metabolite production/consumption. Next, the cells and metabolites were separated using filter sterilization and the cell-free S. cerevisiae spent medium, containing the metabolites and supplemented with essential nutrients, was then used to grow the C. albicans Ca3153 strain (Fig. 7 left) and the C. glabrata BG2 strain (Fig. 7 right). 

Based on these growth assays (Fig. 7, red graphs), none of the S. cerevisiae strains were able to inhibit Ca3153 or BG2 growth through the presence of their metabolites, as Candida growth was maintained up to the 48h measuring point. Contrary to these results, preliminary data from the ScerViCs project proved that S. cerevisiae strains such as Sc_4, Sc_5, Sc_7, Sc_8, Sc_10, Sc_11 and Sc_12 were actually able to inhibit Candida growth through this mode-of-action. 
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Figure 7: Candida growth is inhibited by metabolites resulting from none of the S. cerevisiae cultures upon the growth of S. cerevisiae in VSM + 1.7 g/L YNB. Upon growth of S. cerevisiae in VSM + 0.2 g/L YNB the metabolites resulting from strains 6886, 6894 and 3076 are able to completely inhibit C albicans and to lesser extents C. glabrata growth. C. albicans strain Ca3153 and C. glabrata BG2 were inoculated in S. cerevisiae spent medium at OD600 0.2 and incubated at 37°C for 48h. At time points 4h, 6h, 8h, 24h and 48h the OD600 of the cultures was measured. The red graph represents the original conditions in which S. cerevisiae were grown in vaginal simulative medium (VSM) containing 1.7 g/L yeast nitrogen base (YNB). The green graph represents the optimized conditions in which the S. cerevisiae were grown in VSM + 0.2 g/L YNB. The black graph shows the growth of Ca3153 and BG2 in 1xVSM. 



[bookmark: _Toc73983342]Availability of Candida-inhibitory metabolites is dependent on the experimental setup

Because of these contradictory results (section 8.1), the parameters that were changed with respect to the preliminary experiments performed in the scope of the ScerViCs projects, were re-evaluated. Hereby insights could be obtained on the parameter-dependence of the Candida-inhibitory effect of metabolites and the protocol could be optimized and adapted.

Investigation of the influence of medium type and incubating conditions on the Candida-inhibitory metabolite profile of S. cerevisiae spent medium 
 
The first parameter that was re-evaluated was the VSM medium used to grow the S. cerevisiae strains. Typically, yeast nitrogen base (YNB) is supplemented to this medium, as growth is extremely slow in VSM lacking this component (preliminary data ScerViCs project). During the most recent experiments a new, freshly opened container (= YNBn) was used. In contrast, during the preliminary experiments, an old container containing expired YNB (= YNBo) was used. The second parameter that was re-evaluated was the use of differential incubators, as they differed in size, 107 cm x 88 cm x 69.5 cm versus 53.3 cm x 69.8 cm x 50.2 cm, and orbital diameter, 2.5 cm versus 1.9 cm, the incubators were termed I1 and I2 respectively. To test the parameter-dependence of the Candida-inhibitory metabolite profile resulting from S. cerevisiae growth in VSM, the same experimental setup as displayed in section 8.1 was used. However, now the potential probiotic S. cerevisiae strain Sc_8 was selected as a representative strain as it showed differential properties during both experiments. This Sc_8 strain was grown under the following differential conditions: (i) YNBo+I1, (ii) YNBn +I1, (iii) YNBo+I2, (iv) YNBn+I2. The growth of Ca3153 (Fig. 8 left) and BG2 (Fig. 8 right) were assessed in the presence of Candida-inhibitory metabolites resulting from the growth of strain Sc_8 in VSM. 

Based on these growth assays, no difference was observed on Candida growth in the presence of Candida-inhibitory metabolites resulting from growing strain Sc_8 in different incubators. We thus could conclude that the difference between the experiments performed earlier and the one performed as part of this thesis project, cannot be ascribed to the use of different incubators to grow the S. cerevisiae. However, when strain Sc_8 was grown in VSM with YNBo compared to YNBn, more pronounced Candida growth inhibition was observed. We can conclude that the availability of Candida-inhibitory metabolites in the S. cerevisiae spent medium is thus dependent on the type of YNB supplemented to the VSM. Additionally, the level of BG2 growth inhibition by Candida-inhibitory metabolites derived from the promising probiotic strain Sc_8, appeared to be less than that of Ca3153. Thereby we can conclude that C. glabrata growth is less prone to be inhibited through metabolites resulting from S. cerevisiae [image: ][image: ]growth in VSM than C. albicans. 

Figure 8: Availability of Candida-inhibitory metabolites and subsequent Candida growth inhibition is dependent on the type of YNB supplemented in the VSM. C. glabrata growth is inhibited to lesser extents through metabolites resulting from S. cerevisiae growth in VSM than C. albicans. C. albicans 3153 and C. glabrata BG2 were inoculated at OD600 0.2 at 37°C for 48h in the spent medium of S. cerevisiae strain Sc_8, grown under differential conditions: (i) YNBo+I1 (ii) YNBn +I1, (iii) YNBo+I2, (iv) YNBn+I2. YNB is a yeast nitrogen base supplemented in the vaginal simulative medium (VSM) to assure in vitro growth of fungal cells. I represents the incubator that was used to grow the 6886 strain. The OD600 of the Candida cultures was measured at time points 4h, 6h, 8h, 24h and 48h. 

Investigation of the influence of different concentrations of YNBn on the Candida-inhibitory metabolite profile of S. cerevisiae spent medium 

We hypothesize that since the previously used YNB was expired, degraded components were harbored. Hereby causing it to be less potent and generating more stressful conditions for S. cerevisiae to grow, consequently changing its metabolite profile into an increased production of inhibitory metabolites or decreased consumption of inhibitory metabolites from the VSM medium. The YNB used during this master thesis project was not expired and thereby obtained the correct amount of active components. However, upon the administration of 1.7 g/L of this newly opened YNB in VSM, the results significantly deviated from what was observed using the expired YNB. The more stressful conditions could be mimicked by adding lower concentrations of the newly opened YNB. Therefore an additional experiment was performed to evaluate the influence of differential concentrations of YNBn supplemented in the VSM, on S. cerevisiae’s metabolite profile. To execute this experiment, the same experimental setup, as mentioned in section 8.1, was used. However, the growth of Ca3153 (Fig. 9 left) and BG2 (Fig. 9 right) was now evaluated in medium containing metabolites resulting from growing Sc_8 in VSM containing different concentrations of YNBn: 0, 0.2, 0.5, 1, 1.5, 1.7, 2 and 2.5 g/L. 
[image: ][image: ]The strongest metabolic inhibition of Candida growth was observed when strain Sc_8 was grown in VSM supplemented with 0 or 0.2 g/L YNBn. At the end of the experiment and after separation of the metabolites from the yeast cells, the medium was supplemented with original VSM medium containing 1.7 g/L YNBo. The lack of growth of Candida in the presence of spent medium from Sc_8 grown in the presence of 0 or 0.2 g/L YNBn can thus not be ascribed to the lack of sufficient nutrients. It is more likely that higher concentrations of YNBn, did not create stressful conditions, hereby allowing faster growth of Sc_8 and consequent higher consumption of inhibiting components from the medium or lower production of inhibiting components. As the supplementation of 0.0 g/L YNB did not allow S. cerevisiae growth in VSM (Addendum Fig. 1), it could be concluded that Candida inhibition by metabolites resulting from S. cerevisiae growth was optimal when the S. cerevisiae strains were cultured in VSM containing 0.2 g/L YNBn. 

Figure 9: Candida inhibition by metabolites resulting from S. cerevisiae growth is optimal upon growth of S. cerevisiae in VSM containing 0.2 g/L YNBn. C. albicans 3153 and C. glabrata BG2 were inoculated at OD600 0.2 at 37°C for 48h in S. cerevisiae strain Sc_8 spent medium, grown in vaginal simulative medium (VSM) containing differential concentrations of yeast nitrogen base (YNB): 0, 0.2, 0.5, 1, 1.5, 1.7, 2 and 2.5 g/L. The OD600 of the Candida cultures was measured at time points 4h, 6h, 8h, 24h and 48h. 

Additional to the conditions being optimal for generation of a Candida-inhibitory metabolite mixture, it is important to note that these conditions are also more physiologically relevant. The vaginal niche does not naturally contain YNB. This is added, as growth is extremely slow in VSM lacking this component (preliminary data ScerViCs project). It is thus even better to use a lower concentration of YNB compared to the standard 1.7 g/L as added to regular culture medium. Additionally, we show that the pH of Sc_8 cultures is far lower when 0 or 0.2 g/L are added, in comparison to higher doses (Fig. 10). As the physiological pH of the vaginal niche is around or below 4.2, it is recommended to stay near this break point when investigating interactions and processes. 
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Figure 10: pH of strain 6886 spent medium is lower when 0 or 0.2 g/L of YNB are added into the VSM in comparison to higher doses. S. cerevisiae strain Sc_8 was grown in a fed-batch culture of vaginal simulative medium (VSM) containing differential concentrations of yeast nitrogen base (YNB): 0, 0.2, 0.5, 1, 1.5, 1.7, 2 and 2.5 g/L. After six days of the fed-batch culture at 37°C, the pH was measured. 

The fact that the pH increases when more YNB is added, also indicates that the inhibiting component from the Sc_8 spent medium might be an acid. Acetic acid or lactic acid are in this sense the most probable candidates. To determine the role of these fatty acid metabolites in inhibiting Candida growth, their levels were measured in the Sc_8 spent medium, using HPLC. Figure 11 shows the levels of acetic and lactic acid observed in the media from the 6886 fed-batch cultures. Each VSM medium type was composed of one of the following YNBn concentrations: 0, 0.2, 0.5, 1, 1.5, 1.7, 2 and 2.5 g/L. The results indeed show that upon supplementation of the VSM with 0 and 0.2 g/L YNBn the most weak acids remain present. As the remaining concentration of acetic and lactic acid is always a result from production and/or consumption, we cannot distinguish between both processes. Upon growth of Sc_8 in the presence of 0 or 0.2 g/L YNBn, the net result from consumption and production remains the highest, leading us to speculate that one or both acids exert the Candida-inhibitory effect in previously discussed experiments. 











[image: ]Figure 11: The net result from consumption and production of acetic and lactic acid remains the highest upon growth of 6886 in the presence of 0 or 0.2 g/L YNBn. S. cerevisiae strain 6886 was grown in a fed-batch culture of vaginal simulative medium (VSM) containing differential concentrations of yeast nitrogen base (YNB): 0, 0.2, 0.5, 1, 1.5, 1.7, 2 and 2.5 g/L. After six days of the fed-batch culture at 37°C, the levels of acetic and lactic acid were measured in the Sc_8 spent medium, using High Performance Liquid Chromatography (HPLC). Statistical analysis was conducted using one-way analysis of variance (ANOVA) with Bonferroni correction (***P < 0.01 and ****P < 0.001), comparing all values to 1.7 g/L YNBo.

[bookmark: _Toc73983343]Re-evaluation of Candida growth in the presence of metabolites resulting from S. cerevisiae growth in VSM under optimized conditions
Taking into account the results of previously performed experiments in sections 8.1 and 8.2, the protocol was optimized and adapted to the growth of the promising S. cerevisiae strains in VSM containing 0.2 g/L YNBn, instead of VSM containing 1.7 g/L YNBo. Growth of strain 6886 in this medium showed to result in higher net levels acetic and lactic acid and a concomitant lower pH, hereby establishing the strongest Candida growth inhibition. A following experiment was executed evaluating the effect of all the initially selected potential probiotic strains, used in section 8.1, on Candida growth inhibition in the presence of metabolites resulting from S. cerevisiae growth in VSM, using the new protocol. 
Based on these growth assays (Fig. 7, green graphs), Ca3153 growth appeared to be inhibited by the metabolites resulting from S. cerevisiae growth in VSM of the following strains: Sc_8, Sc_9, Sc_10, 3 Sc_11, Sc_12, Sc_1. BG2 on the other hand, was inhibited, however to a lower degree than Ca3153, by strains Sc_8, Sc_10 and Sc_11. Taking into consideration the Candida-inhibitory effect on both species, a selection of the most promising probiotic S. cerevisiae strains was made, namely: Sc_8, Sc_10 and Sc_11. 


[bookmark: _Toc73983344]Work package 2

The second work package in the scope of this thesis project focuses on the investigation of the probiotic capacities of S. cerevisiae strains in combination with different probiotic lactobacilli. A number of probiotic lactobacilli were obtained from the laboratory of Prof. Dr. Sarah Lebeer (University of Antwerp), an expert in the field of probiotic lactobacilli. 

[bookmark: _Toc73983345]Validation of received probiotic lactobacilli strains
To validate the probiotic lactobacilli strains, received from the laboratory of Prof. Dr. Sarah Lebeer, their genomic DNA was isolated and precipitated. A PCR and 16s rRNA sequencing were performed. The DNA was sequenced by an external company, Eurofins and the sequencing results were analyzed using BLAST. The results are shown in Table 10. All the strains matched their expected identity. 
Table 10: All received lactobacilli strains from the laboratory of Prof. Dr. Sarah Lebeer matched their previously given determination. 
	Received lactobacilli strain
	Identification

	La_1
	Limosilactobacillus reuteri

	La_2
	Lacticaseibacillus rhamnosus

	La_3
	Lacticaseibacillus rhamnosus

	La_4
	Lactiplantibacillus plantarum

	La_5
	Lactiplantibacillus pentosus

	La_6
	Limosilactobacillus fermentum

	La_7
	Lacticaseibacillus casei

	La_8
	Lacticaseibacillus paracasei

	La_9
	Limosilactobacillus gasseri 



[bookmark: _Toc73983346]Evaluation of lactobacilli growth in VSM and S. cerevisiae spent medium

Growth of probiotic lactobacilli in VSM

One of the strengths of the ScerViCs project compared to previously published studies, is the use of a relevant vaginal simulative medium, mimicking the composition of the vaginal fluid. It can be expected that using such a relevant medium yields different results from experiments performed in rich laboratory medium, such as YPD for yeasts or MRS for bacteria. As detailed before, growth of Candida and S. cerevisiae in VSM containing YNB was efficient. Since we want to investigate growth of lactobacilli, it is vital to assess whether these bacteria can also survive/grow in this medium. An exploratory experiment was executed to evaluate if lactobacilli were able to grow to sufficient levels in VSM. The growth in VSM of the following probiotic lactobacilli was evaluated: La_1, La_2, La_3, La_4, La_5, La_6, La_7, La_8, La_9.
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Automatisch gegenereerde beschrijving][image: ]Based on the growth assay (Fig. 12), none of the probiotic lactobacilli were able to establish growth in the VSM. 

Figure 12: None of the probiotic lactobacilli are able to establish growth in VSM. Probiotic lactobacilli strains were inoculated at OD600 0.5 in vaginal simulative medium (VSM) for 48h at 37°C. The OD600 of the lactobacilli cultures was measured at time points 4h, 6h, 8h, 24h and 48h.

Survival and growth of probiotic lactobacilli in VSM with S. cerevisiae secretions 

However, because the main scope of this work package is the investigation of the potential probiotic capacities of probiotic lactobacilli together with S. cerevisiae, it is possible that the presence of S. cerevisiae metabolites in VSM could establish and maintain lactobacilli survival/growth. Therefore, two of the most promising probiotic lactobacilli, La_2 and La_3  strains were inoculated in the filter sterilized spent medium of the S. cerevisiae strains used in the previous section (Section 8.1). The following S. cerevisiae strains were used: Sc_8, Sc_9, Sc_10, 3 Sc_11, Sc_12, Sc_1. 

The results showed that the growth of La_2 in the growth medium of the S. cerevisiae strains was enhanced after 24 hours with respect to its growth in 5 x VSM (Fig. 13). All the S. cerevisiae strains were able to enhance La_2 growth to a similar degree, however strain Sc_1 enhanced lactobacilli growth to the largest extent. Contrary, growth of La_3 in the growth medium of the S. cerevisiae strains did not occur. Additionally, the concentration of L. rhamnosus GG even seemed to be decreased with respect to the start concentration of 107 cells/ mL, indicating a low survival rate.
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Figure 13: The growth of La_2 is enhanced upon growth in S. cerevisiae spent medium whilst La_3 showed low survival rates. La_2 and La_3 were inoculated at a concertation of 107 cells/mL for 24h at 37°C in cell-free spent medium of S. cerevisiae, grown in a vaginal simulative medium (VSM) fed-batch culture. After 4h and 24h the concentration of surviving lactobacilli cells was measured using flow cytometry.

[bookmark: _Toc73983347]Generation of relevant clinical vaginal C. albicans isolate labeled with GFP 

Parallel to this thesis project, a new clinical vaginal Candida isolate, named CDAL-44 was added to the ScerViCs project. This strain was evaluated for all its virulence factors in a vaginal context and proved to be more virulent than the previously used Ca3153 strain. Therefore, the remainder of the experiments were performed with the CDAL-44 strain. Additionally, the planned experiments required the Candida strain to be fluorescently labeled as it was obligatory to be able to distinguish S. cerevisiae from the Candida cells since they were inoculated together. Therefore, the CDAL-44 Candida strain was transformed with the fluorescent GFP probe to CDAL-44-GFP. The results of this transformation showed that the transformation was successful as the CDAL-44-GFP showed fluorescence when investigated under the confocal microscope (data not shown).

[bookmark: _Toc73983348]Investigation of C. albicans filamentation in the presence of S. cerevisiae and/or probiotic lactobacilli 

The formation of hyphae is one of the most important virulence factors of C. albicans in the establishment of (R)VVC. Therefore, it was important to investigate the possibility that potential probiotic S. cerevisiae strains and/or probiotic lactobacilli strains could inhibit the degree of C. albicans filamentation. This was examined by growing CDAL-44-GFP in VSM in the presence of a potential probiotic S. cerevisiae strain and/or a probiotic lactobacilli strain. After co-inoculation, the degree of C. albicans filamentation, more specifically the ratio of cells in hyphal morphology compared to cells in yeast morphology, was empirically assessed and qualitatively categorized (Fig. 14). The categories were the following: 0, 1, 2, 3 or 4, with 0 indicating no filamentation, 1 indicating low degrees of filamentation, 2 indicating average degrees of filamentation, 3 indicating high degrees of filamentation as seen in the absence of any other microorganisms and 4 indicating very high degrees of filamentation. The S. cerevisiae and probiotic lactobacilli that were used in this experimental setup were the same as mentioned in [image: ]sections 9.1 and 9.2.
Figure 14: The degree of C. albicans CDAL-44-GFP filamentation categorized by the ratio of cells in hyphal morphology compared to cells in yeast morphology. The categories are the following: 0, 1, 2, 3 or 4, with 0 indicating no filamentation, 1 indicating low degrees of filamentation, 2 indicating average degrees of filamentation, 3 indicating high degrees of filamentation as seen in the absence of any other microorganisms and 4 indicating very high degrees of filamentation.

The results showed that a degree of filamentation of 3 could be observed when C. albicans was inoculated alone in VSM containing 10% serum (Fig. 15 bottom right corner). Upon co-inoculation of the C. albicans cells solely with the S. cerevisiae, the lowest degrees (0-1) of filamentation could be observed (Fig. 15 rightmost column). Contrary, when the C. albicans cells were solely inoculated with the probiotic lactobacilli, the degree of filamentation stayed the same or even increased (3-4) compared to the condition in which the C. albicans cells are inoculated alone (Fig. 15 bottom row). Medium degrees of filamentation (1-3) were observed when the C. albicans cells were co-inoculated with both a S. cerevisiae and a probiotic lactobacilli strain, depending on the exact combination. When looking further into the differences between the different S. cerevisiae strains, the following strains: Sc_7, Sc_8, Sc_11, Sc_1 and Sc_2 showed the highest degree of filamentation inhibition. Upon the inoculation of S. cerevisiae strain Sc_11 together with La_4 or La_8 the inhibition of C. albicans filamentation was ameliorated compared to the conditions where strain Sc_11 was inoculated alone. This was also the case when S. cerevisiae strain Sc_1 was co-inoculated together with La_7. The comparison of the different probiotic lactobacilli with each other showed that La_4, La_5, La_6 and La_8 established the highest levels of C. albicans filamentation inhibition. Upon co-inoculation of the probiotic lactobacilli with S. cerevisiae, C. albicans filamentation inhibition was ameliorated in all cases except upon the inoculation of La_9 with S. cerevisiae strain Sc_12. When comparing the degree of inhibition of C. albicans filamentation over time, it can be seen that most S. cerevisiae, ameliorate their filamentation inhibiting properties over time. However, some probiotic combinations containing strains Sc_11, Sc_12 and Sc_2 seem to impose less inhibition when incubated longer.
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Automatisch gegenereerde beschrijving]All taken together, the probiotic combinations that show the highest degree of C. albicans filamentation inhibition after 48 hours are strain Sc_7 with approximately all lactobacilli, strain Sc_11 with La_4 or La_8, strain Sc_12 with La_8 and strain Sc_1 with La_7. 
[image: ][image: ]Figure 15: Presence of S. cerevisiae and lactobacilli alters filamentation levels in C. albicans. C. albicans CDAL-44-GFP was co-inoculated with S. cerevisiae and/or lactobacilli in vaginal simulative medium (VSM) containing 10% serum, at OD600 0.1 and grown for 24 or 48 hours at 37°C prior to microscopic evaluation. The degree of filamentation was empirically assessed and qualitatively categorized as 0, 1, 2, 3 or 4, with 0 indicating no filamentation, 1 indicating low degrees of filamentation, 2 indicating average degrees of filamentation, 3 indicating high degrees of filamentation as seen in the absence of any other microorganisms and 4 indicating very high degrees of filamentation.

[bookmark: _Toc73983349]The investigation of C. albicans growth in the presence of S. cerevisiae and/or lactobacilli 

Another important probiotic characteristic of the combination of S. cerevisiae and probiotic lactobacilli could be its capacity to inhibit Candida growth. To evaluate this inhibition of Candida growth, CDAL-44-GFP was inoculated in VSM alone, together with potential probiotic S. cerevisiae strains, together with probiotic lactobacilli or together with both S. cerevisiae and probiotic lactobacilli strains. The S. cerevisiae strains and probiotic lactobacilli that were used in this experimental setup were the same as mentioned in sections 9.1 and 9.2. After 24h and 48h, the rate of C. albicans growth inhibition relative to C. albicans single inoculation was evaluated. 

The heat maps show the degree of Candida inhibition, with a degree of Candida inhibition of 0.00 when Candida was inoculated alone and a degree of 1.00 when Candida growth is fully inhibited (Fig. 16 bottom right corner). The results show that all conditions are able to inhibit C. albicans growth (> 0.0). Both the conditions in which C. albicans was co-inoculated with S. cerevisiae or lactobacilli showed medium effects of growth inhibition, with S. cerevisiae’s capacity to inhibit C. albicans growth on its own being slightly higher than that of the probiotic lactobacilli. When looking further into the differences in growth inhibition between the different S. cerevisiae strains, the strains Sc_9, Sc_10 and Sc_2 showed the largest degree of C. albicans growth inhibition. However, these differences cannot be seen when evaluating the lactobacilli, except for La_9 that showed inhibition of C. albicans growth up to 98%. The conditions in which C. albicans was co-inoculated together with a S. cerevisiae strain and a probiotic lactobacilli strain showed an additional growth inhibition of approximately 5-10%. Examples of promising probiotic combinations, based on their ability to inhibit Candida growth, are strain Sc_4 together with La_3, strain Sc_9 together with La_6, La_9, La_7 and La_9, strain Sc_10 with approximately all probiotic lactobacilli strains and strain Sc_12 together with La_1 and La_9. Strain Sc_2 also shows highest levels of C. albicans growth inhibition together with La_2, La_4, La_5, La_7, La_8 and La_9. Over time, the inhibition of growth appears to [image: Afbeelding met tafel
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Automatisch gegenereerde beschrijving][image: ][image: ][image: ][image: ]remain at equal levels or decreased with approximately 10%. 

Figure 16: Presence of S. cerevisiae and lactobacilli inhibits C. albicans growth. C. albicans CDAL-44-GFP was co-inoculated with S. cerevisiae and/or lactobacilli in vaginal simulative medium at a concertation of 107 cells/mL and grown for 24 or 48 hours at 37°C prior to monitoring the cell number using flow cytometry. The heat maps show the degree of Candida inhibition, with a degree of Candida inhibition of 0.00 when Candida is inoculated alone and a degree of 1.00 when Candida growth is fully inhibited.

[bookmark: _Toc73983350]Investigation of the growth of S. cerevisiae strains and/or lactobacilli strains when inoculated together 

Important to take into account when investigating the probiotic tendencies of S. cerevisiae strains together with probiotic lactobacilli against (R)VVC, is their influence on each other. Therefore, the growth of the potential probiotic S. cerevisiae strains and probiotic lactobacilli strains was evaluated upon their co-inoculation in VSM. The S. cerevisiae and probiotic lactobacilli strains that were used in this experimental setup were the same as mentioned in sections 9.2.1 and 9.2.2.

Growth of S. cerevisiae strains when inoculated together with probiotic lactobacilli
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Automatisch gegenereerde beschrijving][image: ][image: ][image: ]The co-inoculation of S. cerevisiae and probiotic lactobacilli strains in VSM showed an overall decrease (<1.0) of S. cerevisiae strain growth compared to its standard growth in VSM (= 1.0) (Fig. 17 rightmost column). The levels in which the S. cerevisiae could be found compared to single inoculation were approximately 70-80%. The growth of several S. cerevisiae strains, such as Sc_7, Sc_8 and Sc_9 showed to be more negatively impacted by the presence of the probiotic lactobacilli. Contrary, the growth of strains such as Sc_9 and Sc_1 showed to be enhanced upon co-inoculation with certain probiotic lactobacilli. The probiotic combinations that showed optimal growth of S. cerevisiae, were strain Sc_9 together with La_5, La_6, La_5, La_8, La_9, strain Sc_12 with L. paracasei AMC334, strain Sc_1 together with La_4, La_5, La_6, La_7, La_8 and strain Sc_2 together with L. pentosus KCA1. The different probiotic lactobacilli strains did not show differential effects on S. cerevisiae growth. Over time some S. cerevisiae strains such as Sc_9, Sc_1 and Sc_2 showed to recover from a decrease in growth. Whilst other strains retained their diminished growth levels or decreased by an additional 10%.

Figure 17: Influence of probiotic lactobacilli on potential probiotic S. cerevisiae growth is species specific. S. cerevisiae strains were co-inoculated with lactobacilli in vaginal simulative medium at a concertation of 107 cells/mL and grown for 24 or 48 hours at 37°C prior to monitoring the cell number using flow cytometry. The heat maps represent S. cerevisiae growth promotion (> 1.0) or inhibition (< 1.0) compared to its standard growth in VSM (= 1.0). 





Growth of lactobacilli when inoculated together with S. cerevisiae strains
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Automatisch gegenereerde beschrijving][image: ][image: ]The co-inoculation of the promising probiotic S. cerevisiae and lactobacilli strains in VSM showed an overall increase (> 1.0) of lactobacilli growth compared to growth of these bacteria alone (= 1.0) in VSM (Fig. 18 bottom row). The growth of certain promising probiotic lactobacilli, such as La_2, La_4, La_5, La_6, La_8 and La_9 showed to be increased in the presence of potential probiotic S. cerevisiae strains up to 14 times as much compared to their solo inoculation in VSM. On the other hand, the growth of La_3 and La_7 appeared to be inhibited by the presence of S. cerevisiae strains. The different promising probiotic S. cerevisiae strains did not show strong differential effects on promising probiotic lactobacilli growth. The growth inhibiting/promoting effects by S. cerevisiae appeared to be more dependent on the Lactobacillus species. Over time the patterns in probiotic lactobacilli growth seem to develop further, making the growth promotion or growth inhibition develop in to higher or lower numbers, respectively. 

Figure 18: Influence of potential probiotic S. cerevisiae on probiotic lactobacilli growth is species specific. Lactobacilli  were co-inoculated with S. cerevisiae strains in vaginal simulative medium at a concertation of 107 cells/mL and grown for 24 or 48 hours at 37°C prior to monitoring the cell number using flow cytometry. The heat maps represent lactobacilli growth promotion (> 1.0) or inhibition (< 1.0) compared to its standard growth in VSM (= 1.0). 
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(R)VVC is established in 80% of the cases by C. albicans and 2-5% by C. glabrata whilst the remainder of the cases is caused by other Candida species [13, 21]. Therefore, research on (R)VVC mainly focuses on the development of a treatment that acts against (R)VVC caused by these two Candida species. Despite their differences, C. albicans and C. glabrata predominantly rely on the same virulence factors to establish a vaginal infection: adhesion, invasion, secretion of hydrolases, biofilm formation (remains debatable) and adaptation to its environment [39]. The ability to adapt its morphology to the specific niche, is a unique trait for C. albicans. As the need for effective and cheaper treatment of (R)VVC rises, probiotic based treatment of (R)VVC is gaining interest. Probiotics not only preserve or restore the microbiome, which has been proven to be an important factor in human health, they have also been proven to be highly effective to treat dysbiosis of the intestinal tract [3]. Therefore, probiotic based treatment seems to be a promising therapy strategy to treat vaginal infections. Up till now, most probiotic treatments of (R)VVC is lactobacilli-based, as lactobacilli are the most prevalent microbial species in the healthy vaginal microbiome of most women [107]. However, due to some arguable characteristics of lactobacilli as vaginal probiotics, it is interesting to investigate other microorganisms in this respect as well. Comparison of the vaginal flora of RVVC patients to healthy subjects showed some remarkable differences. Guo et al. (2012) showed that fewer RVVC women contain S. cerevisiae in their vaginal mycobiomes compared to healthy subjects [235]. Therefore, in case a causative relation could be established between both fungi, it is likely that S. cerevisiae-based treatment would restore the vaginal microbiome during RVVC. 

The potential of using S. cerevisiae as a probiotic has recently been investigated by other research groups. Certain yeast isolates are able to exert Candida-inhibitory effects through the inhibition of Candida coaggregate structure formation, inhibition of yeast-to-hyphae switching, inhibition of Sap expression and through influencing the host immune system [236, 237, 239]. However, despite its well-known probiotic qualities in the gut, through the production of metabolites, little is known about the Candida-inhibitory properties of S. cerevisiae through the production of metabolites in the vaginal context [233, 265, 266]. Additionally, the main mode-of-action in which probiotic lactobacilli are said to exert their Candida-inhibitory properties is through the production of metabolites, such as lactic acid [218]. Metabolites such as lactic acid and acetic acid also have been proven to have antimicrobial effects at low pH such as that of the vaginal niche [264]. This, together with the fact that experiments, executed in the scope of the ScerViCs project, proved that Candida growth was inhibited by acetic, butyric and propionic acid application, has lead us to further investigate the Candida-inhibitory properties of metabolites resulting from S. cerevisiae growth in a vaginal context. 

[bookmark: _Toc73983353]Availability of Candida-inhibitory metabolites from S. cerevisiae culture is dependent on the experimental setup 

The use of VSM and its limitations

To test the Candida-inhibitory properties of metabolites resulting from S. cerevisiae growth in the vaginal context, S. cerevisiae strains were grown for several days in a fed-batch culture simulating the vaginal environment, after which the metabolites were collected. The vaginal niche was simulated in vitro using vaginal simulative medium (VSM). One of the strengths of the ScerViCs project compared to previously published studies, is the use of such a relevant vaginal simulative medium, mimicking the composition of the vaginal fluid. This vaginal fluid is mainly composed of salts such as Na+, K+, Ca2+ and Cl-, proteins, carbohydrates, acetic and lactic acid, glycerol, urea, glycogen and glucose [33]. All these components originate from the vaginal microbiota or can be contributions from the host herself [36]. The composition of VSM was determined by the investigation on the constituents of human vaginal secretions, with a focus on establishing a relevant pH and osmolarity [33]. In addition to these components directly identified from the human vaginal fluid, yeast nitrogen base (YNB) and ammonium sulfate are supplemented to the VSM, as growth is extremely slow in VSM lacking these components (preliminary data ScerViCs project).

S. cerevisiae is an organism that is in constant interaction with its abiotic and biotic environment [282]. Even though VSM does replicate the abiotic environment of the vagina very closely, with an exception to the micro-aerophilic conditions, it lacks the representation of the biotic components such as the VEC, mucus, host immune cells and other microorganisms. Additionally, the vaginal niche is a very harsh environment thereby causing some S. cerevisiae strains to fail to proliferate and survive. This can be due to the a higher susceptibility to acetic and lactic acid and the prevalence of minimal glucose levels [283, 284]. However, in the context of this thesis project the growth of S. cerevisiae in VSM appeared to be the best option to perform large scale screening whilst maintaining a relevant context. 

Availability of Candida-inhibitory metabolites from S. cerevisiae culture is dependent on YNB concentration in the VSM

To test if S. cerevisiae is able to inhibit C. glabrata and C. albicans growth through production of metabolites in the vaginal niche, C. albicans and C. glabrata were grown in the medium resulting from S. cerevisiae growth in VSM. This growth evaluation of C. albicans and C. glabrata showed that none of the metabolites resulting from S. cerevisiae growth in VSM were able to inhibit Candida. However, this was unexpected, since the experiment was a repetition of previously performed experiments, in which it was observed that Candida could indeed be inhibited by the presence of S. cerevisiae derived metabolites. To identify the apparently contradictory results, the experimental setup was re-evaluated. 

Two parameters of which we thought they could cause variation in the metabolites produced by S. cerevisiae culture, were the type of YNB used to supplement VSM and the incubator used to grow the yeast cultures. Thorough experimental analysis showed that the differential use of YNB was the cause of the deviating results, thereby providing evidence that the parameters composing the VSM highly influence the metabolization capacity of S. cerevisiae. The previously performed experiments in the scope of the ScerViCs project were executed using 1.7 g/L YNB in VSM. This is the consensus concentration of YNB in microbiological research. Unfortunately, the YNB that was used, appeared to be expired, thereby most likely harboring degraded components, making it less potent and generating harsher conditions for S. cerevisiae to grow. At the start of this master thesis, a newly opened YNB container was used. This YNB was not expired and hereby obtained the correct amount of active components. However, upon the administration of 1.7 g/L of this newly opened YNB in VSM, the results significantly deviated from what was observed using the expired YNB. We hypothesized that lower amounts of nutrients, generated a more stressful situation for S. cerevisiae to grow and thereby caused the yeast to produce certain inhibitory metabolites or fail to consume inhibiting components from the VSM medium. If this hypothesis were true, then adding lower amounts of the new YNB, would also lead to a yeast spent medium that inhibits Candida growth. This re-evaluation showed that the strongest metabolic inhibition of Candida growth was observed when spent medium was used from S. cerevisiae grown in VSM supplemented with 0 or 0.2 g/L YNBn. The supplementation of 0 g/L YNB did not allow S. cerevisiae growth in VSM due to the lack of a sufficient nitrogen source and could therefore not be used during the experiments. The lack of growth of Candida in the presence of spent medium from S. cerevisiae grown in the presence of 0.2 g/L YNBn cannot be ascribed to the lack of sufficient nutrients as at the end of the fed-batch culture, the growth medium of S. cerevisiae in VSM was supplemented (20 %) with original VSM medium containing 1.7 g/L YNBo. The lack of Candida growth inhibition upon the addition of higher amounts of YNBn to the VSM is most likely due to the fact that indeed higher concentrations of YNBn allow for faster growth of S. cerevisiae and consequent higher consumption of inhibiting components from the medium or lower production of inhibiting components. 

The adaptation to VSM containing 0.2 g/L YNBn was not only beneficial for the production/minimal consumption of Candida-inhibitory metabolites by S. cerevisiae but also appeared to be more physiologically relevant. As previously mentioned, one of the most important and beneficial properties of working with VSM is that it mimics the human vaginal fluid [33]. However, since the vaginal niche normally does not contain YNB, it is preferential that the levels of YNB remain low. Additionally, it was observed that upon the addition of higher concentration of YNB in the VSM the pH reached levels up to 6, hereby causing the VSM to become neutral and lose its relevance. This change to a more neutral pH causes the microorganisms to change their metabolic processes and interactions, thereby possibly changing the production/consumption of Candida-inhibitory metabolites [285]. 

As the increase in YNB supplementation coincided with an increase in pH of the spent medium, and a decrease in Candida-inhibitory properties, we hypothesized the inhibiting component present in the S. cerevisiae spent medium to be an acid, such as acetic and lactic acid. Using HPLC, we determined the concentration of these acids in the spent medium. An important remark here is that we cannot distinguish production and consumption using this setup. We can only observe the final level of acid in the medium, without knowing whether consumption and/or production occurred during growth. The results showed that upon supplementation of the VSM with 0 and 0.2 g/L YNBn there was less reduction of weak acids, relative to the control medium, in comparison with the other conditions. Since the conditions in which the weak acids are present in higher levels correlate with the conditions which attribute to the highest Candida growth inhibiting levels, we insinuated that acetic and/or lactic acid exert the Candida-inhibitory effect in previously discussed experiments. In the case of C. albicans and C. glabrata, it is proven that at physiologically relevant concentrations, acetic acid is able to significantly inhibit the growth of both C. albicans and C. glabrata, although at different rates since the C. glabrata is more stress tolerant [286]. This inhibition of Candida growth is the consequence of intracellular acidification and internal accumulation of the negatively charged acetate which leads to an increase in turgor pressure, oxidative stress, depletion of ribosomal RNA, etc. [287]. However, lactic acid was not able to significantly inhibit growth of C. albicans or C. glabrata in a vaginal context (preliminary results ScerViCs project). Therefore, we believe that it is acetic acid that exerts this Candida-inhibitory effect, however as the remaining concentration of acetic acid is always a result from production and/or consumption and we cannot distinguish between both processes, it is hard to say whether S. cerevisiae would be a good probiotic in this respect.


[bookmark: _Toc73983354]Evaluation of C. albicans and C. glabrata growth in the presence of Candida-inhibitory metabolites resulting from S. cerevisiae grown in optimized conditions

Upon the re-evaluation of C. albicans and C. glabrata growth in the presence of metabolites resulting from S. cerevisiae grown in optimized conditions, meaning VSM with 0.2 g/L YNB, we now found S. cerevisiae strains that were able to inhibit Candida growth through this mode-of-action. Strains such as strain Sc_8, Sc_9, Sc_10, Sc_11, Sc_12, Sc_81(all selected from large databases of yeast isolates of the host lab) proved to be able to inhibit C. albicans Ca3153 growth. C. glabrata BG2 was inhibited as well, however to a lower degree than C. albicans, by Sc_8, Sc_10 and Sc_11. Taking into consideration the Candida-inhibitory effect on both Candida species, a selection of the most promising probiotic S. cerevisiae strains was made, namely: Sc_8, Sc_10 and Sc_11. 

The difference in the potential of S. cerevisiae isolates to metabolically inhibit Candida growth, is due the variability in origin, as the strains are obtained from different geographical and nutritional sources. S. cerevisiae is in constant interaction with its environment and under the right circumstances, mutations are able to establish. In some cases these adaptations could turn out to be beneficial and useful for the probiotic treatment of (R)VVC [288]. It is this variability in origin that establishes the variability in antifungal activity of different S. cerevisiae isolates. Importantly, the rates in which C. albicans and C. glabrata growth are inhibited also differs. C. glabrata is always inhibited to a lesser extent than C. albicans. As mentioned before, this can be explained by C. glabrata’s stronger stress adaptation skills [289]. Another explanation could be that because of its closer relatedness to S. cerevisiae, C. glabrata has a similar method of responding and adapting to acetic acid stress [26]. 

As discussed in section 10.1.2 it is likely that acetic acid causes the Candida-inhibiting effect, it would therefore be interesting to measure the concentration of acetic acid present in the growth medium of each of the promising probiotic strains. However, acetic acid will be not the only metabolite resulting from S. cerevisiae growth that contributes to the Candida growth inhibition in vivo. Because of the small anogenital distance in women, the gut and vaginal microbiota are in constant communication with each other [128]. Species such as Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria and Fusobacteria were found in both niches [290, 291]. During horizontal transfer it is likely that metabolites, such as propionate and butyrate, resulting from Saccharomyces metabolism in the gut, end up in the vaginal niche. This Candida-inhibitory effect of propionate and butyrate has been proven by several research groups as well as in the framework of our lab’s ScerViCs project [292-294]. 

[bookmark: _Toc73983355]Work package 2
Up till now, most probiotic treatments of (R)VVC are lactobacilli-based, as lactobacilli are the most prevalent microbial species in the healthy vaginal microbiome of most women [107]. However, the role of lactobacilli as a probiotic to treat (R)VVC is not univocal [219]. To date contradicting results keep arising on whether lactic acid produced by the lactobacilli has, at low pH, the ability to inhibit Candida growth and hyphal formation [220-223]. A proof-of-concept study performed by the lab of Prof. Dr. Lebeer formulated a gel-based system carrying three different Lactobacillus species and investigated its influence on the vaginal microbiome. They proved that treatment with this vaginal gel, administered daily before bedtime over a course of 10 days, is effective against VVC in almost ten out of the twenty participants [218]. However, clinical reports on the effect of these bacteria on (R)VVC remain debatable. The influence of lactobacilli on the vaginal microbiome is strongly species dependent [225]. For example, a L. crispatus-dominated vaginal microbiota is always correlated to a healthy vagina, while a L. iners-dominated vaginal microbiota is more prone to vaginal dysbiosis, such as (R)VVC [229]. Additionally, other experiments performed by the lab of Prof. Dr. Lebeer show the inhibition of Candida albicans morphogenesis by chitinase from L. rhamnosus GG, providing evidence for a potential positive influence against (R)VVC [295]. However, in vivo and clinical studies showed that use lactobacilli-based probiotic treatment for (R)VVC are not fully effective [218]. Therefore we opt to use lactobacilli in combination with other probiotic microorganisms for the development of (R)VVC treatment.
As detailed before, it is likely that supplementation of S. cerevisiae could restore the vaginal microbiome upon (R)VVC as it has been shown that S. cerevisiae positively affects the clearance of C. albicans from the mouse vaginal tract [235, 236]. Additional and more recent studies performed as part of the ScerViCs project showed more evidence for the potential use of S. cerevisiae as a probiotic to treat (R)VVC. Moreover, recent studies at the University of Ghent showed in vitro evidence for synergistic antipathogenic activity of L. rhamnosus GG and S. boulardii against enterotoxigenic E. coli [244]. The growth of L. rhamnosus GG and concomitant fast depletion of available carbohydrates increased the proteolytic activity of S. boulardii towards the toxins produced by E. coli. Since probiotic entities proven to be active in the gut, often show the same capacities in the vagina, there is a certain probability that lactobacilli and S. cerevisiae strains will show synergistic effects in the vaginal microbiome as well and can work together against Candida pathogenicity [218, 245]. Additionally, it has been proven that S. cerevisiae has a viability-enhancing effect on probiotic lactobacilli under acidic conditions, such as that of the vaginal niche [246].



[bookmark: _Toc73983356]Evaluation of lactobacilli growth in VSM and S. cerevisiae spent medium

Current composition of VSM does not allow probiotic lactobacilli growth

As previously mentioned, one of the strengths of the ScerViCs project compared to previously published studies, is the use of a relevant vaginal simulative medium, mimicking the composition of the vaginal fluid. It can be expected that using such a relevant medium yields different results from experiments performed in rich laboratory medium, such as YPD for yeasts or MRS for bacteria. As detailed before, growth of Candida and S. cerevisiae in VSM containing YNB was efficient. Since we want to investigate growth of lactobacilli, it is vital to assess whether these bacteria can also survive/grow in this medium. The results showed that none of the lactobacilli were able to establish growth in VSM. Contrary to our results, other research groups were able to establish lactobacilli growth in VSM. However, it should be noted that their composition of the VSM deviated from the one used in the scope of this master thesis [296, 297]. The factor missing from the currently used VSM could be α-amylase. α-Amylase is an enzyme, present in the female lower genital tract, that breaks down glycogen into maltose, maltotriose, maltopentaose and maltodextrin. Glycogen present in the vaginal niche is essential for lactobacilli to establish growth and colonization in vivo, but lactobacilli are not able to utilize it in vitro [298]. However, lactobacilli are able to establish growth in vitro in the presence of the glycogen breakdown products [299]. Therefore, in future experiments α-amylase will be added to the VSM hereby hopefully allowing lactobacilli growth. Nonetheless, this adaptation of the VSM will not cause lactobacilli to grow to similar densities as observed in MRS but it provides the opportunity, important for the scope of the master thesis, for fungi and bacteria to be grown in the same medium, simulating the vaginal niche [296]. 

Survival and growth of probiotic lactobacilli in VSM with S. cerevisiae secretions is Lactobacillus species specific	

Because the main scope of this work package is the investigation of the potential probiotic capacities of probiotic lactobacilli together with S. cerevisiae, it is possible that the presence of S. cerevisiae metabolites in VSM could establish and maintain lactobacilli growth. Therefore, two of the most promising probiotic lactobacilli, La_2 and La_3 strains were inoculated in the cell-free spent medium of the S. cerevisiae strains used in the previous section [218, 300]. The results showed that the growth of La_2 was enhanced by all metabolites derived from S. cerevisiae strains, with strain Sc_1 enhancing lactobacilli growth to the largest extent. This enhancement in growth cannot be ascribed to higher nutrient availability as the growth of lactobacilli in the presence of S. cerevisiae secretions is higher than that in 5x VSM. Contrary, this enhancement in growth was not seen when La_3 was inoculated in S. cerevisiae spent medium. Not only did growth not occur, the concentration of La_3 even seemed to be decreased with respect to the start concentration of 107 cells/ mL, indicating a lower survival rate. This difference in growth between La_2  and La_3 can be annotated to the fact that some probiotic lactobacilli strains inherently are more adapted to the vaginal environment than others [296]. Certain studies show that lactobacilli that at first show no to minimal growth in VSM, appear to improve overtime, it is possible that La_3  just needs a longer time period to be able to grow in VSM [296].

A possible explanation for the difference in growth by La_2 in VSM and VSM with S. cerevisiae secretions could be the following. As detailed before, lactobacilli are not able to utilize glycogen, present in the VSM, in vitro [298]. However, upon the inoculation of La_2 in S. cerevisiae spent medium, the S. cerevisiae cells most likely already metabolized the glycogen and glucose present in the VSM [301]. Therefore, instead of glycogen, now its breakdown products such as maltose and maltotriose are present. These breakdown products in their turn can be used by La_2 and growth could be established. Another mechanism that could stimulate lactobacilli growth is the secretion of a growth-stimulating factor by S. cerevisiae. Research performed by Sieuwerts et. al (2018), determined that this growth-stimulant is most likely not a protein, as the growth stimulating effect was retained in protease and heat treated spent medium [302]. They hypothesized, based on the fact that yeast is able to synthesize a plethora of vitamins whilst many lactobacilli are not, that the growth-stimulant will likely be a vitamin or cofactor produced by S. cerevisiae. Lastly, S. cerevisiae could also enhance lactobacilli growth through the production of CO2 and/or removal of O2, as many lactobacilli appear to be stimulated by CO2 [303]. 

[bookmark: _Toc73983357]The presence of S. cerevisiae and lactobacilli alters filamentation levels in C. albicans

The formation of hyphae through the yeast-to-hyphae transition is one of the most important virulence factors of C. albicans in the establishment of (R)VVC and is considered a new antifungal target [304]. Several studies already report the effectiveness of lactobacilli in inhibiting the yeast-to-hyphae transition in vitro [305, 306]. However, it should be taken into account that most of these studies do not use vaginal simulative medium and even utilize medium that does not contain the same pH as the human vaginal niche. As detailed before, the vaginal niche is a unique environment, therefore it is likely that the Candida-inhibitory effects exerted by lactobacilli that are found in other niches with higher pH’s, are no longer applicable to the vaginal niche. Additionally, the effects of S. cerevisiae on the yeast-to-hyphae transition are promising as data from Pericolini et al. (2017) and preliminary data from the ScerViCs project show that certain S. cerevisiae strains are able to inhibit this transition [236]. 
To investigate the possibility that potential probiotic S. cerevisiae strains and/or probiotic lactobacilli strains could inhibit the degree of C. albicans filamentation, the clinical vaginal isolate CDAL-44-GFP was inoculated in VSM in the presence of a potential probiotic S. cerevisiae strain and/or a probiotic lactobacilli strain. The results showed that S. cerevisiae indeed inhibited Candida filamentation. Overall, all S. cerevisiae inhibited filamentation of CDAL-44-GFP to basal levels, whilst strains Sc_7, Sc_8, Sc_11 and Sc_2 were able to establish complete inhibition of filamentation. It is important to acknowledge that the level of C. albicans filamentation in the presence of S. cerevisiae is higher after 24 than after 48h. This indicates that C. albicans cells are initially able to form hyphae and that S. cerevisiae is able to stimulate the hyphae-to-yeast transition. This was the general consensus for all S. cerevisiae except for strain Sc_12 which inhibited hyphae formation immediately. The inhibition of C. albicans filamentation by S. cerevisiae can be caused by different mechanisms. Hyphae formation in C. albicans is linked to the expression of hypha-associated proteins, such as Als3, Sap4, Sap5, Sap6, Ece1 and Hyr1, that do not actually play a role in establishing hyphal formation directly, however upon their deletion C. albicans fails to form hyphae [39]. Research by Pericolini et al. (2017) showed that S. cerevisiae are able to significantly inhibit the expression of SAP2 and SAP6 [236]. This inhibition in expression by S. cerevisiae will most likely cause the lack of filamentation of the C. albicans cells. The inhibition of hyphae formation/maintenance can also be due to the consumption of the serum by the S. cerevisiae cells, which was added to induce C. albicans hyphae formation [236, 307]. On the other hand it is also likely that S. cerevisiae interacts with the production of quorum sensing molecules by C. albicans which regulates its filamentation [308]. 

Contrary to S. cerevisiae, the probiotic lactobacilli were not able to inhibit C. albicans filamentation and some strains even worsened the degree of filamentation compared to the condition in which the C. albicans cells were inoculated alone. Contrary to the findings in this experiment, in vitro studies on the effect of lactobacilli against C. albicans filamentation, do show inhibition of C. albicans filamentation [305, 306]. However, as mentioned before these studies were not performed in a relevant medium. Therefore the mode-of-actions that have been proposed to establish the inhibition in C. albicans filamentation by lactobacilli in other environments, may not apply in the vaginal niche. For example it has been proposed that lactobacilli modulate the expression of hypha-specific genes of C. albicans hereby suppressing Candida filamentation. It is possible that these mechanisms do not apply in the vaginal niche [305, 309]. 

Upon the inoculation of CDAL-44-GFP with a S. cerevisiae strain and a probiotic lactobacilli strain, medium degrees of filamentation were observed. In some cases the degree of filamentation inhibition was increased compared to the inoculation of C. albicans with S. cerevisiae alone. This was the case for strain Sc_11, when inoculated together La_4 or La_8 and for strain Sc_1 when co-inoculated together with La_7. However in the remainder of the conditions lactobacilli worsened or had no effect on the degree of filamentation compared to the inoculation of C. albicans with S. cerevisiae alone. This insinuates that the presence of lactobacilli has either none or a negative influence on the C. albicans filamentation inhibition by S. cerevisiae. This can be due to the fact that the growth of lactobacilli and S. cerevisiae together decreases the growth of S. cerevisiae. Therefore, because of the fact that there are lower quantities of S. cerevisiae cells, less inhibition of filamentation will occur. To confirm this hypothesis, a sample of the suspension could be taken and analyzed for cell number of lactobacilli and S. cerevisiae via flow cytometry. On the other hand, from the point of view of lactobacilli, which are normally present abundantly in the vagina, the presence of S. cerevisiae has a positive influence on their abilities to inhibit C. albicans filamentation. 

Despite the fact that optimal inhibition of C. albicans filamentation occurs when inoculated with S. cerevisiae alone, there are advantages to using S. cerevisiae and lactobacilli together. As detailed before, lactobacilli appear to be able to cure VVC with an average success rate, however one mode-of-action through which they probably cannot diminish Candida virulence is through inhibition of filamentation. Therefore, the addition of S. cerevisiae to lactobacilli-based probiotic treatment for (R)VVC may ameliorate the success rate of the treatment. The same accounts for S. cerevisiae-based treatment of (R)VVC, which also will most likely not be able to diminish Candida virulence based on all its virulence factors and could benefit from the addition of lactobacilli-based inhibition of Candida virulence. Based on this assay, probiotic combinations of strain Sc_7 with approximately all lactobacilli, strain Sc_11 with La_4 or La_8, strain Sc_12 with La_8 and strain Sc_1 with La_7, appear to inhibit C. albicans filamentation to the largest degree. However, this does not mean that these combinations will create the best probiotic to treat (R)VVC as other virulence factors may not be impacted by these probiotic combinations. 

[bookmark: _Toc73983358]The presence of S. cerevisiae and lactobacilli inhibits C. albicans growth

Another important probiotic characteristic of the combination of S. cerevisiae and lactobacilli could be its capacity to inhibit Candida growth, as Candida would not be able to establish an infection without growing. Several studies already report the effectiveness of lactobacilli in inhibiting C. albicans and C. glabrata growth in a vaginal context [218, 310]. Additionally, the effects of S. cerevisiae on Candida growth are promising as data from Pericolini et al. (2017) and preliminary data from the ScerViCs project show that certain S. cerevisiae strains are able to inhibit Candida growth [236]. 
To evaluate inhibition of Candida growth by S. cerevisiae and/or lactobacilli, CDAL-44-GFP was inoculated in VSM alone, together with potential probiotic S. cerevisiae strains, together with probiotic lactobacilli or together with both S. cerevisiae and probiotic lactobacilli strains. The results show that both S. cerevisiae and lactobacilli were able to inhibit C. albicans growth, with S. cerevisiae’s capacity to inhibit C. albicans growth on its own being slightly higher than that of the probiotic lactobacilli. The S. cerevisiae strains that are able to establish the highest levels of C. albicans growth inhibition are the strains Sc_9, Sc_10, Sc_12 and Sc_2. Little is known about the mode-of-action through which S. cerevisiae inhibits Candida growth but a few hypotheses can be made. It is possible that S. cerevisiae competes with Candida for the use of nutrients and growth stimulators, hereby diminishing their availability for Candida [236]. Additionally, as detailed in work package 1, it is likely that S. cerevisiae produces metabolites hereby directly inhibiting Candida growth. The Candida-inhibitory metabolite most likely to have such an effect is acetic acid, but additional research is needed to further investigate and identify other metabolites secreted by S. cerevisiae in the vaginal niche. 

Similar to S. cerevisiae, all lactobacilli were able to inhibit Candida growth. There were no differences found in the degree of inhibition between the different probiotic lactobacilli, except for La_9 that showed inhibition of Candida growth up to 98%. There are several modes-of-action by which lactobacilli are hypothesized to inhibit Candida growth. Firstly, it is possible that in the addition to organic acids, primarily lactic acid, lactobacilli produce an antifungal compound that inhibits Candida growth [311, 312]. This antifungal could be biosurfactants or H2O2 [313]. A second mode-of-action could be that lactobacilli compete with Candida for the use of nutrients and growth stimulators, hereby diminishing their availability for Candida and consequently inhibiting Candida growth [314]. The high levels of growth inhibition of Candida by La_9 can be explained by the following. La_9 together with La_5, are the only vaginal isolates from the list of probiotic lactobacilli that were used in this master thesis. During the experiments, compared to the other lactobacilli, they reside in the niche in which they normally can be found, namely the vaginal niche. Therefore, La_9 and La_5 are not exposed to stresses that come a long with changing environments and can execute their functions at a normal level without being compensated by stress [296]. This can be seen by the results as La_9 and La_5 from all lactobacilli, depict the highest Candida growth inhibition levels, 98% and 61% respectively. 

The conditions in which Candida was co-inoculated together with a S. cerevisiae strain and a probiotic lactobacilli strain showed an additional growth inhibition of 5-10% compared to inoculation with S. cerevisiae or lactobacilli alone. This additional Candida growth inhibition can be explained by the previously mentioned competition with Candida for the use of nutrients and growth stimulators, hereby diminishing their availability for Candida and consequently inhibiting Candida growth, as there are now three microbes using the same pool of nutrients [314]. This depletion of the nutrient pool most likely generates a more stressful situation for S. cerevisiae to grow and thereby caused the yeast to produce certain inhibitory metabolites or fail to consume inhibiting components from the VSM medium. Important to note in these circumstances is that in the conditions in which the three species are inoculated together, the lactobacilli and S. cerevisiae can also influence each other’s growth. The results (data not shown) showed that lactobacilli cell count increased when in coculture, whilst those of S. cerevisiae decreased. However, it should be noted that despite the fact that S. cerevisiae diminishes in cell number it still shows a beneficial effect on Candida growth inhibition when supplemented together with lactobacilli. Therefore it can be concluded that a probiotic based on S. cerevisiae and lactobacilli has an additive or synergistic effect compared to single species-based probiotics. From this experiment the following probiotic combinations appear the most promising in inhibiting Candida growth: strain Sc_3 together with La_3, strain Sc_9 together with La_6, La_8, La_7 and La_9, strain Sc_10 with approximately all probiotic lactobacilli strains and strain Sc_12 together with La_1 and La_9. Strain Sc_2 also shows highest levels of C. albicans growth inhibition together with La_2, La_4, La_5, La_7, La_8 and La_9. However, this does not mean that these combinations will create the best probiotic to treat (R)VVC as other virulence factors may not be impacted by these combinations.  
An additional remark that should be made is that the inhibitory effect on C. albicans growth, established by S. cerevisiae and or lactobacilli, is able to persist over time as similar growth inhibitory effects are observed after 48h. 

[bookmark: _Toc73983359] Investigation of the growth of S. cerevisiae strains and/or lactobacilli strains when inoculated together

Important to take into account when investigating the probiotic tendencies of S. cerevisiae strains together with probiotic lactobacilli against (R)VVC, is their influence on each other. When developing a probiotic treatment based on two or more microorganisms, it is important to investigate whether the microorganisms can survive together and do not negatively affect each other to large extents. To investigate whether S. cerevisiae and lactobacilli can co-exist in a vaginal niche without one out competing the other, the growth of the potential probiotic S. cerevisiae strains and probiotic lactobacilli strains was evaluated upon their co-inoculation in VSM.

Influence of probiotic lactobacilli on potential probiotic S. cerevisiae growth is species specific

The results showed an overall decrease of S. cerevisiae strain growth compared to its standard growth in VSM. The levels in which the S. cerevisiae could be found compared to single inoculation were approximately 70-80%. This decrease in S. cerevisiae growth by the presence of lactobacilli was expected since lactobacilli are known for their anti-yeast properties in food preservation [315]. And since S. cerevisiae similar to Candida belong to the kingdom of the Fungi it is likely that when lactobacilli exert Candida-inhibitory properties, such as detailed before, some of them will also affect S. cerevisiae. The mechanisms by which lactobacilli could inhibit S. cerevisiae growth could be via the production of H2O2 and antimicrobial substances [316]. Additionally, as previously mentioned, lactobacilli could compete with S. cerevisiae for the use of nutrients and growth stimulators, hereby diminishing their availability for S. cerevisiae and consequently inhibiting its growth [314]. However, it should be noted that the level of S. cerevisiae inhibition by lactobacilli is much lower than Candida growth inhibition. S. cerevisiae growth is only 20-30% inhibited whilst Candida growth is inhibited by 50-60%. Additionally, the levels of inhibition do not seem to increase over time as lower levels of inhibition are seen at the 48 hours measuring point compared to the 24 hour measuring point. 

The level in which lactobacilli inhibit S. cerevisiae growth is dependent on the S. cerevisiae strain and lactobacilli strain that are co-inoculated. The growth of S. cerevisiae strains Sc_7, Sc_8, Sc_10 and Sc_2 showed to be the most negatively impacted by the presence of the probiotic lactobacilli. The growth of strains Sc_9 and Sc_1 showed to be enhanced upon co-inoculation with certain probiotic lactobacilli. The difference in the potential of S. cerevisiae isolates to withstand growth inhibition by lactobacilli is due to their variability in origin as the strains are obtained from different geographical and nutritional sources. The S. cerevisiae are in constant interaction with its environment and under the right circumstances mutations establish that turn out to be beneficial for their growth in the presence of lactobacilli [288]. 

The S. cerevisiae strains whose growth seemed to be enhanced by the presence of certain probiotic lactobacilli were strain Sc_9 together with La_5, La_6, La_7, La_8, La_9, strain Sc_12 with La_8, strain Sc_1 together with La_4, La_5, La_6, La_7, La_8 and strain Sc_2 together with La_5. This can be taken into account when developing a probiotic formulation, however, as previously mentioned, this experiment was performed in vitro and the circumstances in vivo are more complex and therefore can give different results than those obtained in these experiments. 

Influence of potential probiotic S. cerevisiae on probiotic lactobacilli growth is species specific

The results of the co-inoculation of the S. cerevisiae and lactobacilli strains in VSM showed an overall increase of lactobacilli growth compared to growth of these bacteria alone in VSM. This was expected as previous experiments (Section 11.1) showed that growth of lactobacilli in VSM was not possible, unless S. cerevisiae metabolites were added. This overall growth stimulating effect by S. cerevisiae can be caused by several mechanisms explained in section 11.1.2. 

The investigation of the difference of growth stimulation of the different Lactobacillus species by S. cerevisiae was shown to be species dependent. Even though in general the growth was stimulated, such as the growth of La_2, La_4, La_5, La_6, La_8 and La_9, some strains such as La_3 and La_7 appeared to be inhibited by the presence of S. cerevisiae strains. This difference in growth between the different lactobacilli can be annotated to the fact that some probiotic lactobacilli strains are inherently more adapted to the vaginal environment than others [296]. As other studies show that lactobacilli that firstly show no to minimal growth in VSM, appear to improve overtime, it is possible that some lactobacilli just need a longer time period to grow in VSM. The different promising probiotic S. cerevisiae strains did not show strong differential effects on probiotic lactobacilli growth. The growth inhibiting/promoting effects by S. cerevisiae were more dependent on the lactobacilli strain and their ability to establish growth in VSM. 

For the development of a probiotic treatment of (R)VVC some strains such as La_3 and La_7 should preferably not be selected as their growth shows to be diminished in the presence of VSM and S. cerevisiae. However, important to note is that in vitro experiments are limited and do not represent the in vivo environment completely. 


















[bookmark: _Toc73983360]Conclusion
As up to 75% of females worldwide encounter at least one episode of vulvovaginal candidiasis (VVC) in their lifetime whilst 5%-10% of them suffers from recurrent infections (RVVC) and current treatment of (R)VVC is insufficient and resistance occurs frequently, the development of alternative and effective therapy strategies has become urgent. This master thesis research, which is part of the ScerViCs project, aimed to generate insights into the Candida-inhibitory properties of S. cerevisiae and lactobacilli-based probiotics against (R)VVC. In a first work package we more specifically focused on the evaluation of Candida growth inhibition by metabolites resulting from S. cerevisiae strain growth. Our results proved that the S. cerevisiae strains Sc_8, Sc_9, Sc_10, Sc_11, Sc_12, Sc_1 are able to inhibit C. albicans Ca3153 growth through their residual metabolites. C. glabrata growth was inhibited through metabolites resulting from growth by S. cerevisiae strains Sc_8, Sc_9 and Sc_11, however to a lower degree than C. albicans. Based on preliminary data, the metabolite causing these observed Candida-inhibitory effects is most likely acetic acid. Previously performed experiments executed in the scope of the ScerViCs project proved strain Sc_12, Sc_7 and Sc_8 to inhibit Candida growth, adhesion and filamentation. Taken into account all the different Candida-inhibiting factors, it appears that S. cerevisiae strain Sc_8 has the best overall probiotic capacities against (R)VVC. However, the strain’s probiotic Candida-inhibitory properties should be validated in an in vivo model as this would include a vaginal microbiome, vaginal epithelial cells and the host immune response. 
The second work package investigated possible probiotic treatment for (R)VVC based on S. cerevisiae together with probiotic lactobacilli. The results showed that lactobacilli on its own is not able to inhibit C. albicans filamentation whilst S. cerevisiae is. The co-inoculation of both species together with C. albicans showed a decrease in inhibition of filamentation, compared to the co-inoculation with S. cerevisiae alone. On the other hand the co-inoculation of S. cerevisiae and probiotic lactobacilli did show an additive or synergistic effect on C. albicans growth inhibition. The survival of S. cerevisiae and lactobacilli when inoculated together is highly species dependent. However the general consensus that could be observed from our results is that S. cerevisiae experienced more disadvantages than lactobacilli upon their co-inoculation, however these disadvantages were minimal as S. cerevisiae was still able to exert high levels of Candida-inhibitory actions. We can thus conclude that a probiotic therapy based on both S. cerevisiae and lactobacilli would be preferred over single species-based probiotics as they complement each other on their effectivity in some ways, whilst allowing each other’s growth and survival. 
After thorough investigation of 72 potential probiotic S. cerevisiae-lactobacilli combinations for their Candida-inhibitory properties, we believe that the probiotic combination Sc_12 together with La_8 has the best overall Candida-inhibitory properties whilst maintaining survival of both probiotic species (Table 11). This combination proved to inhibit C. albicans filamentation to the highest degree, inhibit C. albicans growth with 41% whilst stimulating growth of S. cerevisiae and lactobacilli up to 145% and 229% respectively. Additionally, the probiotic combination of strain Sc_9 together with La_6 inhibits C. albicans filamentation to the second highest degree, inhibits C. albicans growth with 65% whilst stimulating growth of S. cerevisiae and lactobacilli up to 122% and 262% respectively. An additional promising probiotic combination consists of strain Sc_2 together with La_5. This combination proved to inhibit C. albicans filamentation to the second highest degree, inhibit C. albicans growth with 57% whilst stimulating growth of S. cerevisiae and lactobacilli up to 121% and 1124% respectively. These probiotic combinations are therefore the first candidates for investigation in future experiments.
Table 11: Overview of top-performing probiotic combinations of S. cerevisiae and lactobacilli in two anti-Candida assays and two probiotic survival assays. Strains depicted in grey appear in multiple lists and are thus potentially more interesting compared to the others. 
	Inhibition of filamentation
	Inhibition of growth
	Survival of S. cerevisiae
	Survival of lactobacilli

	


Sc_7
	La_2
	Sc_3
	La_3
	

Sc_9
	La_5
	





All except La_3 and La_7

	
	La_4
	
Sc_9
	La_6
	
	La_6
	

	
	La_5
	
	La_7
	
	La_7
	

	
	La_6
	
	La_8
	
	La_8
	

	
	La_7
	
	La_9
	
	La_9
	

	
	La_8
	Sc_10
	all
	Sc_12
	La_8
	

	
	La_9
	Sc_12
	La_1
	Sc_1
	La_4
	

	Sc_11
	La_4
	
	La_9
	
	La_5
	

	
	La_8
	


Sc_2
	La_2
	
	La_6
	

	Sc_12
	La_8
	
	La_4
	
	La_7
	

	Sc_1
	La_7
	
	La_5
	
	La_8
	

	
	
	La_7
	Sc_2
	La_5
	

	
	
	La_8
	
	

	
	
	La_9
	
	



Lastly, both work packages proved the need for further optimization of the VSM used during the in vitro experiments since probiotic tendencies of S. cerevisiae and lactobacilli growth are highly depended on the composition of this VSM. However, once optimized, VSM provides results that are highly relevant to the unique environment of the vaginal niche.


[bookmark: _Toc73983361]Future perspectives

This thesis project, which is part of the ScerViCs project, aimed to generate insights into the Candida-inhibiting properties of S. cerevisiae and lactobacilli-based probiotics. Both projects already provided evidence for the in vitro Candida-inhibiting properties of S. cerevisiae through the investigation of direct inhibition of growth, filamentation and adhesion and metabolite-based inhibition of Candida growth. Additionally, the investigation of Candida-inhibiting properties via direct inhibition of growth and filamentation by S. cerevisiae when inoculated together with lactobacilli, should be complemented with in vitro Candida adhesion inhibition assays. If these goals can be fulfilled in the future, these in vitro studies will provide a first selection of possible probiotic treatment for (R)VVC. However, in vitro experiments do not fully depict how S. cerevisiae and lactobacilli will exhibit their curative or preventive properties against Candida in the human vaginal niche. As detailed before, S. cerevisiae and lactobacilli will interact with the other microorganisms and human cells present in the vaginal niche. This will most likely influence its metabolism and might influence its Candida-inhibitory traits. To evaluate their probiotic properties in vivo, additional experiments need to be executed using a mice or rat VVC model system. Another technique that will be established in the near future as part of the ScerViCs project is the vagina-on-chip model [317]. This model will mimic the vaginal niche through a chip that carries the components of the human vaginal microbiome, human vaginal epithelial cells, immune cells and vaginal fluid and will therefore even more closely resemble the characteristics of S. cerevisiae (and lactobacilli) treatment in the human vaginal niche. 

However the need for (R)VVC specific research does not stop here. The biggest hurdle that should be overcome is breaking the stigma surrounding vulvovaginal infections and female specific research. Many women suffer from (R)VVC but only few dare to address their discomfort and pain as they often are ashamed and do not dare to tell their partner or doctor. This, together with the fact that grants supporting female specific research are scarce, makes that the problem surrounding (R)VVC is underestimated and under-funded. Additionally, diagnosis of (R)VVC is flawed, causing many women to be wrongly treated. We therefore believe that correct diagnosis together with correct treatment is the only way to target this common female specific disease. 
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[bookmark: _Toc73983363]Addendum

[bookmark: _Toc73983364]Risk assessment 
During the performance of experiments, executed in the scope of this master thesis project, a great variety of chemical and biological material are handled. Therefore, it is necessary to evaluate each substance on its specific properties and possible hazardous effects. This will not only maintain the safety of the executer but also that of fellow workers and of the environment. The content below describes the risk assessment on all the different substances used in the scope of this master thesis project.
[bookmark: _Toc73983365]Organism related risks 

General
The experiments in the scope of the master thesis were performed in a L2 laboratory because of the use of C. albicans and C. glabrata, which are classified as hazard class 2 pathogens. This hazard class includes pathogens that show a moderate risk for individuals, are unlikely to spread to the community, show low infection capacity and obtain prophylactic or effective treatment. Wearing a lab coat and gloves are mandatory working at a L2 laboratory. The doors and windows should always be closed during working activities. It is prohibited to drink or eat in the laboratory. Hands and benches always need to be decontaminated using 70% ethanol or Dettol® before and after usage. Waste derived from L2 laboratories is always handled as hazardous biological waste. The hazardous biological waste that resides on instruments that can be reused is inactivated by autoclavation at 120°C for 20 min at 120 kPa. Other hazardous biological waste is collected in plastic or cardboard HMW/HBW-containers. The containers are collected by the VGM. 
Upon sudden distress or severe injuries, people with a degree in first aid can be called to the scene. Additionally, the lab is equipped with eye-showers, fire extinguishers and a first-aid kit. Upon more severe accidents the emergency number of the KU Leuven 016/32 22 22 or 112 can be called.
C. albicans
As previously mentioned, C. albicans belongs to the pathogen hazard class 2. C. albicans is a commensal pathogen inhabiting mucosal areas of the oropharyngeal area, gastrointestinal tract and vaginal region. However in immunodeficient and immunocompromised individuals C. albicans is able to establish mild to severe infections. All experiments or manipulations with C. albicans are therefore obliged to be carried out in a laminar flow. Afterwards workspace and hands should be decontaminated with 70 % ethanol or Dettol®.
C. glabrata
Similar to C. albicans, C. glabrata belongs to the pathogen hazard class 2. It can be found as a commensal inhabiting mucosal areas of the oropharyngeal area, gastrointestinal tract and vaginal region. However in immunodeficient and immunocompromised individuals C. glabrata is able to establish mild to severe infections. Because of these similarities to C. albicans, the same guidelines should be followed.
S. cerevisiae
All S. cerevisiae strains used in the scope of this master thesis are non-pathogenic organisms that belong to the pathogen hazard class 1. Since al experiments are executed in a L2 laboratory no additional measures need to be taken. 
Lactobacilli
All lactobacilli used in the scope of this master thesis are non-pathogenic organisms that belong to the pathogen hazard class 1. Since al experiments are executed in a L2 laboratory no additional measures need to be taken. 
[bookmark: _Toc73983366]Chemical related risks 

70% ethanol
70% ethanol, used for the decontamination of the work space and during DNA purification/ extraction, is highly flammable and therefore must be removed from areas containing heat sources such as Bunsen burners, especially in the laminar flow cabinets. Additionally, 70% ethanol can cause serious skin and eye irritations.
100% ethanol

100% ethanol, used during DNA purification/ extraction, is highly flammable and therefore must be removed from areas containing heat sources such as Bunsen burners, especially in the laminar flow cabinets. Additionally, 100% ethanol is able to cause serious skin and eye irritations, may cause respiratory irritation and causes damage to organs. 



SYBR Safe
SYBR Safe is a fluorescent nucleic acid stain for the visualization of DNA in agarose gels that intercalates with DNA and RNA. SYBR Safe is carcinogenic and can cause skin and eye irritations. Upon the handling of SYBR Safe a lab coat and gloves should be worn. The contaminated gloves need to be disposed in HMW/HBW-containers after us. 
PCI
PCI used during DNA extraction and purification is a corrosive agent that is toxic upon inhalation or swallowing. Therefore, it is obliged to wear a lab coat, gloves and handle it under a fume-hood. The contaminated waste needs to be collected in a category 6 chemical waste container. 
[bookmark: _Toc73983367][image: ]Supplementary data 

Addendum Figure 1: OD600 of 6886 spent medium is physiologically relevant when 0 or 0.2 g/L of YNB are added into the VSM in comparison to higher doses. Strain 6886 was grown in a fed-batch culture of vaginal simulative medium (VSM) containing differential concentrations of yeast nitrogen base (YNB): 0, 0.2, 0.5, 1, 1.5, 1.7, 2 and 2.5 g/L. After six days of the fed-batch culture at 37°C, the OD600 was measured. 
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