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Abstract 

 

 

The human vagina hosts a microbiome formed by dense numbers of diverse bacterial species 

which can be categorised based on their species diversity. Despite the variation, the low-diversity 

communities (i.e. a dominant single species of Lactobacillus) is understood to represent the 

microbiota of healthy premenopausal women. The diversified community, on the other hand, is 

formed mostly by anaerobic microorganisms with several species that are associated with bacterial 

vaginosis (BV). BV is a polymicrobial condition that develops due to the imbalance of the 

microbiome and is linked to a higher risk of acquiring other genital infections, including the infection 

caused by the parasite Trichomonas vaginalis. This flagellated protozoan is a causative agent of 

trichomoniasis, one of the world’s most common non-viral sexually transmitted infections. The co-

existence of these pro- and eukaryotic microorganisms (i.e. bacteria and protozoan) in the vagina, as 

revealed by metagenomics, suggests a functional relationship between vaginal microbiomes and this 

pathogen. Indeed, previous research from our group has shown that microbiome-parasite interactions 

directly modulate pathogenesis. Therefore, in this thesis, I envisaged that these microorganisms 

should engage in some kind of communication between themselves and with the host. 

Extracellular vesicles (EVs) are now a recognised mechanism for cell-to-cell communication. 

They serve as a vehicle for the delivery of bioactive molecules. Once taken up by the target cells, 

EVs can elicit functional responses and promote phenotypic changes affecting physiological or 

pathological status.  

This study proposed that EVs might be an important component of the intercellular and 

interkingdom communication among the triad parasite-bacteria-human. Here, I have explored 

whether these microorganisms produce EVs, examined their molecular cargoes and evaluated how 

the delivery of microbial EVs may alter host and pathogen responses.  

T. vaginalis has been previously shown to produce EVs with protein and RNA cargoes. 

However, the RNA cargo was left uncharacterised. Here, we demonstrated that this RNA cargo is 

indeed encapsulated into these vesicles and is preferentially composed of small size RNAs. 

Importantly, these molecules are efficiently delivered to human cells. By employing the deep 

sequencing and bioinformatic analysis, we identified biotypes of RNAs in T. vaginalis EVs and 

showed preferential packaging of tRNA fragments into these vesicles.  

Aiming to understand how EVs from the vaginal microbiome may influence host-parasite 

behaviour, two bacterial species of the vagina were selected for characterisation of their EVs - 

Lactobacillus gasseri and Gardnerella vaginalis - representatives of a healthy or dysbiotic 
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microbiome, respectively. Both bacteria were shown to release EVs during their normal growth. The 

application of the purification step increased our confidence in their cargo. By applying an advanced 

proteomics approach, SWATH, we demonstrated the specific enrichment of L. gasseri EVs for 

bacteriocins and other antimicrobial compounds while showing that G. vaginalis EVs were enriched 

for virulence factors and potential toxins. To our knowledge, this was the first study to look into the 

EVs proteome of two bacteria belonging to the opposite status of the same microbiome 

simultaneously. 

Finally, I investigated the contribution of bacterial EVs to the modulation of host response 

and parasite behaviour. L. gasseri EVs reduced pathogen T. vaginalis cytoadhesion, motility and 

caused the formation of large parasite aggregates. G. vaginalis EVs, on the other hand, were shown 

to promote the cytoadhesion, motility and growth of T. vaginalis. Both types of bacterial EVs were 

capable of inducing an early innate immune response from the human cells. My research revealed 

that EVs from these vaginal bacteria contribute significantly to host-parasite interactions. Strikingly, 

their cargoes and effects on host and pathogen match with the expected ecological niche of these 

bacteria within the vaginal biome. 

This study shows that microbial EVs largely contribute to the host response and pathogen 

behaviour, highlighting that this knowledge can be explored towards new antimicrobial interventions 

in the future. It shows that EVs have the potential to be exploited in novel therapeutics approaches 

aiming to prevent and combat infections while simultaneously preserving or restoring a healthy 

microbiome. 
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Chapter 1. 

Introduction 

 

 The human vaginal microbiome is a complex community of microorganisms of a different 

organization. The physiological status of this environment is important for host wellbeing and 

reproduction and has a major impact on health and disease [1]. The composition of the vaginal 

microbiome is dynamic and varies greatly during a woman’s life, depending on the menstrual cycle, 

age, contraceptive methods, stress, sexual behaviour, and use of antibiotics [1, 2].  

Recent comprehensive surveys of vaginal microbial communities using culture-independent 

methods have revealed that different species of lactobacilli can be the dominant vaginal bacteria in 

the majority of women [3, 4]. These bacteria are considered indicators of a healthy or normal vagina 

[4]. Different species of lactobacilli are thought to play an important role in the defence of the vaginal 

environment against the colonisation of non-indigenous and potentially harmful microorganisms.  

However, a significant proportion of asymptomatic women have vaginal microbiota lacking 

lactobacilli, but instead have a diverse group of facultative or strictly anaerobic microorganisms, that 

are associated with a higher vaginal pH [5, 6]. This proportion can reach 40% of women but range 

notably among different ethnic groups [4, 7]. The shift from lactobacilli dominance to a polymicrobial 

flora, represented mainly by anaerobic bacteria is common to bacterial vaginosis [5, 8, 9]. Bacterial 

vaginosis is among the most common vaginal conditions of reproductive-age women, resulting in 

millions of health care visits each year [10]. Vaginosis is associated with a wide range of health issues, 

including preterm births, development of pelvic inflammatory disease, a risk factor for acquisition of 

sexually transmitted diseases, and increased susceptibility to HIV infection [9, 11, 12]. 

Bacterial vaginosis has recently been shown to represent a higher risk for acquisition of other 

genital infections, including infection caused by the unicellular parasite Trichomonas vaginalis. This 

flagellated protozoan is responsible for the most prevalent non-viral sexually transmitted infection 

worldwide – trichomoniasis [13, 14]. T. vaginalis causes vaginitis, urethritis, pelvic inflammatory 

disease, leads to negative pregnancy outcomes, correlates with cervical and prostate cancer, and 

increases the risk of HIV transmission [15, 16]. Although bacterial vaginosis and trichomoniasis are 

considered two separate diseases, a recent DNA-based survey has demonstrated that T. vaginalis is 

often accompanied by one or several species of anaerobic bacteria associated with bacterial vaginosis 

[13]. The prevalence and occurrence rates of trichomoniasis and bacterial vaginosis are believed to 
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be underestimated as both these conditions are commonly asymptomatic and do not require 

compulsory reporting [17].  

Interestingly, both conditions also share a number of common features, including a high risk 

of reproductive problems, failure of antibiotic treatment and high recurrence rate, increased risk of 

HIV and other sexually transmitted infections [18, 19]. The idea that these two types of 

microorganisms (prokaryotes and eukaryotic parasite) co-exist in vivo indicates that they might 

engage in some type of communication between themselves and likely with the host. Intercellular 

communication between the different microorganisms and between microbes and host can be 

mediated by extracellular membrane-bound vesicles among other mechanisms [20]. These vesicles 

are now accepted to be produced by most if not all types of the cells and serve as a universal vehicle 

for molecules from one cell to another [21-24]. The mechanism of release and uptake of extracellular 

vesicles is widely used for intercellular communication. The successful delivery of vesicles is known 

to modulate the response of the recipient cells.  

 In this chapter, the biology of the parasite and the vaginal microbiota will be discussed in 

detail. The question about the potential interaction of these vaginal microorganisms with each other 

as well as the host will be also addressed in the following sections in order to introduce the main goals 

of the current project. 

 

1.1 Trichomonas vaginalis and trichomoniasis 

 

Trichomonas vaginalis is an anaerobic flagellated protozoan that parasitizes the human 

vagina, urethra and prostate and is responsible for the world’s most common non-viral sexually 

transmitted disease (STD) – trichomoniasis [13, 14]. The disease affects both genders, but it is more 

frequent in women of reproductive age than men [25]. This infection is associated with a wide range 

of symptoms in women, starting with an asymptomatic carrier state through to a severe inflammation 

state. Trichomoniasis is therefore a disease of both medical and social importance. In addition to 

vaginitis and urethritis, it increases the risks of cervical and prostate cancer, premature rupture of the 

placental membranes and premature labour, birth of low weight infants, and infertility [26]. This 

infection is also a risk factor for HIV transmission and acquisition [18, 27-30]. Despite its medical 

importance, little is known about the interaction and communication of this parasite with the host at 

cellular and molecular levels.  

 T. vaginalis is the most widely studied parasite among others trichomonads. The parasite is 

pear-shaped in axenic culture but changes its appearance to a more amoeboid shape when attached to 
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epithelial cells, with an average size of 10×7 µm (excluding the length of flagella). Morphologically 

T. vaginalis has only the trophozoite stage, i.e., a more simplified life cycle than other protozoan 

parasites. T. vaginalis is a flagellated protozoan with four free flagella located at the anterior end, and 

the fifth one being incorporated within the undulating membrane and is supported by a slender, 

noncontractile costa (Fig. 1-1 A). Both flagella and the undulating membrane ensure the parasite’s 

motility. The cytoskeleton itself is composed of tubulin and actin fibres. The nucleus of T. vaginalis 

is located at its anterior end, the parasite also has a highly developed Golgi apparatus. T. vaginalis, 

unlike most eukaryotes, does not have mitochondria in its cytoplasm. Instead, it uses hydrogenosomes 

– round to oval organelles that produce ATP (anaerobically, at substrate phosphorylation level) and 

hydrogen as an end product of metabolism and participate in energy production and drug activation 

[31].  

 

Figure 1-1. A – Schematic drawing of Trichomonas vaginalis cell: a - anterior flagellum, b - undulating 

membrane, c - costa, d - hydrogenosomes, e - axostyle. B – T. vaginalis life cycle showing a single life form 

(i.e. the trophozoite - 1); which divides by binary fission - 2 and is transmitted via sexual intercourse - 3. 

Reproduced and modified from [32]. Illustration was created with BioRender.com. 

 

The life cycle of T. vaginalis is simple as the parasite is known to exist only as trophozoite 

with no cystic stage [33]. The cell divides by binary fission, producing the parasite population in the 

lumen and on the mucosal surfaces of the urogenital tract (Fig. 1-1 B).  
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Humans are the only host of T. vaginalis [31]. The trichomonal infection has been reported to 

be present at every continent despite the climate and seasonal variations. It has also been identified 

in all racial and socioeconomics groups. This infection is the most common non-viral STD of non-

viral cause in the world. According to the WHO estimate, ~ 156 million new cases of this infection 

are expected annually among individuals aged between 15 and 49 years old. This makes 

trichomoniasis an infection more prevalent than chlamydia (127 million cases) and syphilis (6 million 

cases) combined. The prevalence rates of trichomoniasis vary by region but are higher in African 

regions (13%), Americas (10%) and Pacific Region (8%), as reported by WHO based on 2009-2016 

data [34]. The incidence of infection depends on a number of factors such as age, sexual activity, 

menstrual cycle phase, number of sexual partners, other STDs, diagnostic techniques, social, and 

economic conditions. The infection is known to be transmitted from one person to another almost 

exclusively by sexual activity. The possibility of T. vaginalis transmission other than sexual contact 

was also tested [35]. The flagellates do not survive outside the human body unless they are protected 

from drying [26]. Non-sexual transmission is rarely observed but poorly documented in cases of 

contamination of toilet seats, douche nozzles, or specula. Live protists were found in semen and urine 

after several hours being exposed to air and in swimming pool water. Few sources suggest that new-

borns of infected with T. vaginalis women may also acquire the infection during birth [36, 37]. 

Transmission is described to occur through vulvovaginal contact with the parasite at the time of 

delivery or through ingestion of maternal secretion [14]. 

Trichomoniasis displays a wide range of clinical patterns, starting from the completely 

asymptomatic stage to severe vaginitis. Previous reports showed the infection to be more 

symptomatic in women and asymptomatic in men. However, recent data shows a different trend of 

T. vaginalis infections being largely asymptomatic in both sexes [38]. T. vaginalis primarily infects 

the squamous epithelium. In women, the vagina is a major site of infection, but the urethra and the 

endocervix were also reported infected with trophozoites [19, 38, 39]. The infection is mainly 

observed during reproductive years and rarely before menarche or after menopause [26]. The clinical 

picture in the acute phase includes vaginal yellow/green frothy discharge, pruritus, odour, irritation, 

dysuria and colpitis macularis or “strawberry cervix” – the latter being the most typical clinical sign 

of trichomoniasis although a very rare one. Infection symptoms are cyclic and get more evident during 

the menses period likely because of the effect of iron on parasite pathogenesis [19, 40].  

Besides the symptoms, the main concern about trichomoniasis is its relationship with serious 

health consequences and outcomes [14, 19, 38]. Trichomoniasis was shown to affect the course of 

pregnancy, leading to preterm delivery and low birth weight [41]. Another complication of T. 

vaginalis infection in women is an increased risk of cervical cancer [42-44]. In men, symptoms of the 
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infection are less characterized than in women which may be due to the oxidative nature of male 

genital fluids. Nevertheless, T. vaginalis causes urethritis with discharge, dysuria and mild pruritus. 

Other complications include prostatitis, infertility, prostate cancer [45, 46]. The striking aspect of 

trichomoniasis is its association with HIV acquisition and transmission by causing accumulation of 

HIV-infected or HIV-susceptible cells such as macrophages and lymphocytes on the site of infection 

[27, 28, 30, 47, 48].  

Although treatment of trichomoniasis is widely available and T. vaginalis infection is not 

considered to be life-threatening, it remains one of the most common STDs, impacts an individual’s 

quality of life and cases of drug resistance have been reported recently [38]. Thus, nitroimidazoles 

(metronidazole and tinidazole) are the only recommended drugs and have been used as an 

antitrichomonal treatment for more than 30 years [19, 49]. The recommended dose is 250 mg orally 

three times per day for seven days or 2 g orally as a single dose. Sexual partners, whether symptomatic 

or not, should also be treated to prevent reinfection. Nitroimidazoles are not directly cytocidal against 

the parasite themselves, but it is their metabolic products [26, 50].  

It was demonstrated that metronidazole gets into parasites cells via diffusion and is activated 

in T. vaginalis hydrogenosomes [46, 51]. In here, the nitro group of the drug is reduced anaerobically 

and the activated drug promotes DNA breakage. The parasite cells react rapidly – cell division and 

motility stop within 1 hour and cell death occurs in the next eight hours as demonstrated in the cell 

culture. Despite the fact that metronidazole is relatively inexpensive and generally well tolerated, the 

reliance on a single class of drugs is questionable as resistance to known therapeutics is becoming 

common in T. vaginalis isolates [38]. It is estimated that 2.5 to 9.6% of all cases of trichomoniasis 

display some level of resistance to treatment. The mechanism of metronidazole resistance is not 

completely clear, but it is assumed to be due to several mutations, affecting both aerobic and anaerobic 

mechanisms of metabolism [26].  

Even though T. vaginalis is the most studied trichomonad, the exact way of its pathogenesis 

and molecular interaction with the host is not clearly elucidated [31, 38]. T. vaginalis infection is very 

intricate with a broad spectrum of symptoms and pathogenic processes that are mediated by parasite 

contact-dependent and -independent mechanisms [52].  

To establish infection, the parasite must first create contact with host epithelial cells. Being 

an extracellular pathogen, T. vaginalis adheres to a mucosal surface of the urogenital tract [53-55]. 

This multifactorial process is time-, temperature- and pH-dependent and is a critical step of parasite 

pathogenicity. After adhering to epithelial cells, free-swimming parasites change their appearance to 

the amoeboid form in order to increase cell-to-cell surface contact with target cells [31]. Several 

molecules have been identified to be involved in adhesion to host cells [56-60]. First, a class of 
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metabolic proteins with secondary adhesive properties [61]. These are AP23, AP33, AP51, AP65 and 

AP120, which are the most controversial of the adhesion molecules. Different research groups argue 

about the localisation of these proteins, either in the hydrogenosomes or on the surface of the parasite, 

as well as having a dual function as metabolic proteins and adhesins [61, 62]. To add to that, non-

specific binding of these molecules has been reported, suggesting that this class of proteins does not 

play a key role in pathogenesis [53]. 

A lipophosphoglycan (LPG) is the most abundant surface molecule that activates the 

expression of macrophage inflammatory proteins and proinflammatory transcription factors in 

epithelial cells [61]. The role of T. vaginalis LPG as an adhesion molecule has been described [63-

65]. Another class of proteins responsible for attachment of a parasite to a host are the proteins 

anchored to the parasite’s surface. Several studies demonstrated that trypsinization of the surface of 

T. vaginalis resulted in a loss of adhesion potential to several human cell lines [66]. 

Clinical isolates of the parasite vary in their ability to adhere to host cells and this ability does 

not directly correlate with virulence since virulent strains from symptomatic women demonstrated 

wide differences in attachment to epithelial cells, which also indicates the complexity of parasite-host 

interactions [61, 67].  

Another important factor contributing to T. vaginalis pathogenesis is the cytotoxic effect of 

the pathogen on host cells. The parasite is able to promote cytolysis followed by phagocytosis causing 

damage of cell monolayers [38]. Haemolysis is one more issue related to T. vaginalis cytotoxicity 

since lysis of erythrocytes may be the prime source of important nutrients such as iron and lipids [31, 

38]. The lysis appears to be mediated mainly by pore-forming proteins, phospholipase-A-like proteins 

and surface cysteine proteases (CPs). Haemolytic activity, unlike adhesion, appears to correlate with 

virulence [26]. CPs are enzymes that play an important role in the parasite’s pathogenesis, taking part 

not only in haemolysis but in nutrition, apoptosis induction and benefit parasite invasion. T. vaginalis 

CPs also play an important function in evading host immune defences as they are able to degrade host 

immunoglobulins A and G (IgA and IgG), both being present in the vagina.  

The multifactorial nature of trichomonas pathologies also involves immune system evasion 

[26, 68]. In this situation, avoidance of the complement is one strategy that the parasite uses to 

overcome the host immune system. By residing at cervical mucus and having access to iron from 

menstrual blood, T. vaginalis takes advantages of low complement activity in this area. It was also 

demonstrated by a group of authors [69] that iron is a key factor in the parasite’s resistance to the 

complement. They showed that iron upregulates the expression of CPs, which allows the parasite to 

evade complement-mediated destruction. Another evasion mechanism is phenotypic variation [31]. 

Previous studies reported that two classes of immunogens that are present on the surface of the 
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parasite (P230 and P270) undergo conformational changes and as a result allow it to evade antibodies 

[70]. To add to that, T. vaginalis can hide under host plasma proteins so that the parasite is not 

recognized by the host immune system as foreign.     

Finally, recent studies have brought up the idea that vaginal microbiota might be influential 

to T. vaginalis infection and pathogenesis. Hence, in the next section, I will explore the knowledge 

about the dynamics of the human vaginal microbiota in health and disease with particular attention to 

T. vaginalis.   

 

1.2 Vaginal microbiota in health and disease 

 

The colonisation of microorganisms on the exposed surfaces of the human body (i.e. 

microbiota) has an important impact on human development, physiology, nutrition, and immunity 

[71]. Members of microbial communities associated with humans interact with each other and with 

the host cells and tissues, forming the first line of defence against infection by competitively 

excluding invasion of pathogens and opportunistic pathogens [4].  

The human vagina microbiota is composed of a diverse community of microorganisms that 

exist in a regulated mutualistic relationship with the host (the “microbiome”) [1]. Some of these 

organisms, commensal bacteria as an example, strengthen defence against invasion and colonisation 

by other members of this community – opportunistic pathogens. The composition of the vaginal 

microbiota is dynamic and depends on age, menstruations, hormonal fluctuations throughout a 

woman’s reproductive life, sexual behaviour, stress and use of probiotics or antibiotics that can cause 

microbial imbalance.  

Recent advantages in technologies have led to the expansion of our knowledge and 

understanding of the vaginal microbiome, in normal as well as abnormal states [71]. Together ‘normal 

and abnormal’ vaginal bacteria make more than 250 species. Normal vaginal microbiota usually 

describes all bacteria that are present in healthy women. Overall, despite the diversity and complexity 

of this community, it is believed and accepted that different species of Lactobacillus are predominant 

bacteria in healthy vaginal microbiota in most reproductive-age women [1]. With more than 120 

Lactobacillus species identified since the availability of next-generation sequencing, more than 

twenty different Lactobacillus spp. were found in the vagina of premenopausal woman [1, 72, 73]. 

The most common species are L. crispatus, L. iners, L. gasseri and L. jenseni. Lactobacilli protect 

the vaginal environment by producing lactic acid that lowers the pH to about 3.5 - 4.5, and hydrogen 
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peroxide, which is antimicrobial molecules that could inhibit colonization of potential pathogens [1, 

74, 75].  

Although the human vagina is known to host a vast number of diverse, dynamic and complex 

bacterial communities, which include both commensal and pathogenic microorganisms, it is now 

recognised that the microbiota of healthy premenopausal women is represented predominantly by 

lactobacilli [76, 77]. In 2011, a comprehensive DNA-based study involving 396 asymptomatic 

women representing different ethnic groups was conducted in order to identify species composition 

of the vaginal microbiome. As a result, five groups of bacterial communities were described. 

According to Ravel and co-authors [76], 4 out 5 community state types (CSTs) were dominated by 

one species of Lactobacillus (groups I, II, III and V) – L. iners, L. crispatus, L. gasseri and L. jenseni 

respectively – becoming almost a monoculture.  Group IV comprised of 27% asymptomatic women 

in this study that accommodated vaginal communities with a decreased number of lactobacilli but 

dominated by a diverse range of mostly anaerobic bacteria that are associated with higher pH (up to 

5.5). This proportion may vary in different race/ethnic groups and geographical locations and can 

reach 40%. The microbiota of this community includes species of the genera Atopobium, Prevotella, 

Gardnerella, Megasphaera, Dialister, Peptoniphilus, Mobilincus, and Corynebacterium among 

others. This shift from normal Lactobacillus spp. domination, known as dysbiosis, towards a 

polymicrobial group of anaerobic bacteria is strongly associated with a condition known as bacterial 

vaginosis (BV). BV is the most common vaginal condition of reproductive-age women, it is also a 

risk factor for acquisition of STDs, acquisition and transmission of HIV, development of pelvic 

inflammatory disease [4].  

This discovery, however, challenges the common concept that the occurrence of high numbers 

of lactobacilli and a vaginal pH < 4.5 is equivalent to a “healthy” or “normal” state. There have been 

speculations before [3, 76, 78] that vaginal microbiota without lactobacilli prevalence may be able to 

sustain a functional vaginal ecosystem by preserving lactic acid production and other crucial 

functions. Thus, some species of Atopobium, Streptococcus, Megasphaera and Staphylococcus are 

efficient in homolactic or heterolactic acid fermentation [78, 79]. If no symptoms are present, these 

types of vaginal bacterial communities may be considered “healthy” or “normal”, regardless that their 

composition is very similar to those communities associated with symptomatic BV. Scoring an 

abundance of lactobacilli types as criteria to “normal/healthy” tends to over-diagnose BV. This 

explains high rates of asymptomatic BV in reproductive age women with no reported vaginal 

symptoms and could also clarify treatment failures and recurrence of BV [2]. While it is clear that 

most vaginal lactobacilli contribute to the normal functions of the vagina (as detailed ahead), the 

norm of a ‘healthy vagina’ cannot be established without a real understanding of gene-environment 
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interactions and with longitudinal studies in women of variable ethnic backgrounds. These studies 

are still lacking in the field. 

In the next sections, I will explore the role of host-protective lactobacilli, what happens to the 

host vagina with microbial imbalances and what we know about the interplay of T. vaginalis with 

these microbiomes. 

 

1.2.1 Lactobacillus spp. and their role in the vaginal microenvironment 

 

The Order Lactobacillales is one of the most diverse and phylogenetically heterogeneous 

groups of lactic acid-producing bacteria. Lactobacillus is a genus of Gram-positive facultative 

anaerobic bacteria, no-spore forming rods with over 180 species [80]. Considered as non-pathogenic 

and safe, lactobacilli have been used for fermentation and food production over many years. In 

humans, they are indigenous to the gastrointestinal tract and vagina playing important roles in 

maintaining a healthy ecological balance and protecting the host from pathogens colonization.  

Lactobacillus is the dominant genus in the vagina and ectocervical microbial communities 

and its concentration is about 107-108 CFU/ml of vaginal fluid in healthy women [81]. L. crispatus 

was previously considered as the most common species of lactobacilli in the vagina [72], but the 

application of culture-independent methods revealed that L. iners is the most prevalent vaginal 

species [78, 82]. These studies identified the dominance of L. iners in 42% [83] and 66% [78] of 

samples from reproductive-age women. Further findings [76] from 396 healthy asymptomatic women 

showed that L. iners was detected in 83.5% of the participants and dominated in about 34% of the 

analysed communities. This was followed by L. crispatus (present in 64.5% of participants and 

dominated in 26.2%), L. gasseri (present in about 43% of women and dominated in 6.3%), L. jensenii 

(present in 48%, dominated in 5.3% of the samples). This large-scale survey demonstrated that 

vaginal bacterial communities that have a similar composition of species and their abundance can be 

categorized into five groups or so-called community state types. Four of them that are dominated by 

different species of Lactobacillus represent 73% of the samples, supporting the importance of these 

species among vaginal microbiota. 

Lactobacillus species are thought to be protective not only against pathogenic bacteria 

associated with BV but also against HIV and other STDs by a number of mechanisms [84].  

The production of lactic acid results in maintaining a low and protective physiological pH of 

the vagina (3.4-4.5), which delays the growth of potential pathogens. Lactic acid preferentially 

inactivates other bacteria, leaving Lactobacillus unaffected [85, 86], resulting in bacterial cell death 
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by increasing the permeability of cell membranes to hydrogen peroxide (H2O2) [87], acidifying the 

cytosol, and damaging intracellular functions [88]. Hence, according to [85] lactic acid has been 

demonstrated to completely prevent the growth of BV-associated bacteria, but also successfully 

inactivate a wide spectrum of other reproductive tract pathogens, including Neisseria gonorrhoea 

[89] and uropathogenic Escherichia coli [90]. Furthermore, lactic acid promotes the slowing and 

trapping of HIV-1 virions by cervicovaginal mucus in a dose-dependent manner as previously 

reported [91, 92]. Lactic acid also has some beneficial immunomodulatory impact on the genital tract 

mucosa and other cell types [93-95]. It is able to create an anti-inflammatory state promoting the 

production of great proportions of anti-inflammatory cytokine IL-1ra and inhibiting the production 

of pro-inflammatory cytokines and chemokines [96]. Moreover, it has been described that lactic acid 

leads to improvement of vaginal epithelial cell survival by speeding up the repair of damaged DNA 

through the inhibition of histone deacetylase activity [1]. 

 Many lactobacilli (except L. iners) are also known to produce H2O2 in vitro under aerobic 

conditions [4]. This is another antimicrobial compound that could inhibit the colonization of 

pathogens and was shown to have a virucidal effect on HIV by preventing adhesion and replication 

of the virus [4, 84]. It has been suggested by a group of authors [97] that the presence of hydrogen 

peroxide played a major role in killing pathogenic bacteria. They demonstrated that co-culturing of 

L. gasseri with human cervical cells infected with G. vaginalis and P. bivia resulted in the killing of 

pathogens that were attached to the human cells. Authors highlighted that this activity was not 

attributed to low pH or the presence of lactic acid alone, but rather the presence of H2O2. However, 

the protective role of H2O2 is controversial and questionable [4]. First of all, the vagina has a very 

low level of dissolved oxygen, which makes the production of toxic levels of H2O2 very unlikely. 

Secondly, it was demonstrated in [85] that physiological concentrations of H2O2 did not inhibit the 

growth of a number of BV-associated bacteria and that its antimicrobial action was blocked by vaginal 

fluid. Moreover, the high microbicidal concentration of hydrogen peroxide is even more toxic to 

vaginal lactobacilli and can inhibit their growth more effectively that pathogenic bacteria [85].  

 Vaginal lactobacilli are also known to produce other antimicrobial compounds including 

target-specific bacteriocins and biosurfactants as a part of their defence strategy [1, 98]. Bacteriocins 

are the bactericidal substances synthesized by bacteria and have relatively narrow inhibitory spectra 

[99] to inhibit the growth of similar or closely related bacterial strains. Most of them act by forming 

pores and membrane channels that destroy the energy potential of sensitive target cells [100]. 

Bacteriocins differ from antibiotics not only because of their restricting activity to strains related to 

the producing species, but also because they are ribosomally synthesized and produced during the 

primary phase of growth, yet antibiotics are the secondary metabolites [101]. Because bacteriocins 
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do not cause and promote vaginal irritation they are suitable for human use [102]. Several bacteriocins 

have been identified and reported to be active against G. vaginalis and other pathogenic bacteria [102] 

and play an important role in preventing the growth of these pathogens in the vagina. Biosurfactants 

are also bacteria-produced surface-active compounds that can contribute to the ability to prevent 

infection [103]. Previous studies reported the antibacterial and anti-adhesive effect of biosurfactants 

produces by lactobacilli against bacteria such as Escherichia coli, Staphylococcus saphrophyticus 

and Klebsiella aerogenes [104].  

 In addition to the production of antimicrobial compounds, Lactobacillus spp. are also able to 

adhere to the surface of the vaginal epithelium and competitively exclude or reduce pathogen 

attachment and cell infection [1, 102]. Adhesins, proteins and polysaccharides appear to play the most 

significant roles in the adherence of lactobacilli to epithelial cells [105]. The intensity of this ability 

is species- and strain-dependent, and being an important property that discriminates strains [106]. For 

example, L. crispatus showed greater ability (more than 60%) to stop adherence of Pseudomonas 

aeruginosa and Klebsiella pneumonia [106] than L. jensenii (about 50% of blockage). Moreover, 

lactobacilli actively use surface molecules that target pathogens in a specific manner. These are 

lipoteichoic acids [107], mucin-binding proteins [108], S-layer proteins [109] and aggregation-

promoting factors [110, 111], which were demonstrated to block the adhesion of specific pathogens 

to host cells.   

 Hence, using mechanisms described above, lactobacilli are often regarded as inhibitory 

species against the growth and colonisation of pathogens.  

In the next sections, I will detail the involvement of the vaginal dysbiotic bacteria with BV, 

with emphasis on Garnerella vaginalis (1.2.2), before exploring the knowledge on the interaction of 

T. vaginalis with the vaginal microbiota (1.2.3). 

 

1.2.2 Gardnerella vaginalis and bacterial vaginosis  

 

Over the last several decades, a number of studies (using both culture-based and molecular 

methods) have identified and described different bacterial species that are associated with the 

polymicrobial condition of the vagina known as bacterial vaginosis (BV) [112-114]. Although each 

of this bacterium has unique characteristics, the investigation of their role during the infection has to 

date lacked a consideration of their interactions with each other and with the host. There are multiple 

microorganisms associated with BV that have been identified, including Atopobium vaginae, 

Prevotella bivia, Mobiluncus mulieris, Corynebacterium amycolatum, Fusobacterium nucleatum, 
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Dialister, Enterococcus faecalis, Eggerthella, Leptotrichia, Megasphaera, and Ureaplasma 

urealyticum, and a newly described BV-associated bacteria BVAB1-3 [115-117]. The best-studied 

bacteria of all is currently Gardnerella vaginalis [118].  

Despite the complexity and variability of the microbiome during BV, many studies agree on 

G. vaginalis being the prime suspect in infection establishment and BV pathogenesis as it was 

dominant in BV-positive samples (95-100%) [9, 119-121]. Yet, the role of G. vaginalis in BV is 

controversial. It was initially suggested by Gardner and Dukes as a single etiological agent [122] and 

later investigated by culture-independent methods [6, 119, 123]. However, the presence of G. 

vaginalis in healthy women contradicts the proposed virulence potential of this bacterium [124, 125]. 

Early studies, however, were not accurate and consistent in their definition of “normal” or “healthy” 

microbiota and did not take into account participants who met neither the clinical definition of BV 

nor the definition of normal vaginal microbiota - women with so-called intermediate flora (Nugent 

score of 4-6) [126]. Nevertheless, more recent publications have demonstrated that G. vaginalis has 

significantly higher virulence potential than any other BV-associated bacteria and was described as a 

bacterium with higher initial adhesion and ability to form biofilms as well as with greater cytotoxic 

effect [118]. BV-biofilm, initiated by G. vaginalis, is indeed the most important feature of 

symptomatic BV [121]. 

Gardnerella vaginalis is a facultatively anaerobic, catalase- and oxidase-negative bacterium 

[127]. The cell wall structure of the bacterium is defined as Gram-variable (due to its thin 

peptidoglycan layer). Electron microscopy studies demonstrated a cell wall consistent with Gram-

negative and Gram-positive bacteria and a laminated cell wall typical to neither. In addition, when G. 

vaginalis culture growth has been analysed, it was reported as Gram-positive during the exponential 

growth phase but Gram-negative as it ages and the peptidoglycan layer becomes too thin and cannot 

retain the crystal violet-iodine complex [127]. G. vaginalis is nonmotile, non-encapsulated, non-

spore-forming rods with an average size of 0.4 to 1.5 µm. The cellular surface of G. vaginalis is 

covered with fimbriae, which play a role in attachment to vaginal epithelial cells.  

In order to investigate the pathological potential of G. vaginalis and its role in BV, numerous 

studies have focused on virulent properties of this bacterium [9, 128]. The ability of G. vaginalis to 

adhere to vaginal epithelial cells provides conditions and induces the biofilm formation, which is a 

crucial step in infection establishment. Biofilms provide tolerance to antibiotics, resistance to host 

immune response and make disease chronic [9]. The ultrastructural analysis performed of biofilm 

produced by G. vaginalis [129] demonstrated that this biofilm is highly organised and composed of 

G. vaginalis cells tightly adhered to vaginal epithelium as a monolayer through the production of a 

complex extracellular matrix. Biofilms produced by G. vaginalis that were detected in BV patients 



13 

 

were shown to tolerate higher concentrations of lactic acid and hydrogen peroxide. Several studies 

proposed that G. vaginalis serves as an initial colonizer of the vaginal epithelium, displacing 

lactobacilli and acting as a scaffold to which other species can subsequently attach [9, 130]. G. 

vaginalis was identified as a dominant bacterium in this biofilm, followed by Atopobium vaginae 

which contributed up to 40% of the biofilm mass [129].  

A number of G. vaginalis molecular characteristics can also lead to infection development. 

For example, the production of cytolysins - one of the bacteria virulence factors - causes cell death 

by activation of the protein kinase pathway in host cells [131-133]. Vaginolysin is the most studied 

cytolysin; a pore-forming toxin that causes lysis of vaginal epithelial cells and red blood cells [134]. 

Sialidase, an enzyme commonly found in the Influenza virus and many pathogenic bacteria, is another 

G. vaginalis virulence factor [135]. It promotes pathogens adherence and invasion into host cells, as 

well as causing damage in the mucous layer in the vagina and inducing IgA, which weakens host 

defence [128]. Prolidase and putrescine also contribute to the degradation of mucosal protective 

properties and cause exfoliation of the vaginal epithelium [136]. The production of amines (such as 

putrescine) - breakdown products of amino acids, results in the rise in vaginal pH and favours the 

growth of other microorganisms associated with BV [137, 138]. G. vaginalis peptidases stimulate the 

release of peptides and amino acids, which also provides nutrients and stimulates the growth of other 

BV-related bacteria [9]. Moreover, G. vaginalis was shown to be taken up by the vaginal epithelial 

cells causing a reorganisation of the host cytoskeleton and resulting on the enhancement of the 

adherence of pathogenic E. coli [139].  

Thus, G. vaginalis possesses multiple properties that together contribute to the establishment 

and development of BV as a polymicrobial entity, promoting its growth and survival. As a pioneer 

species of vaginal dysbiosis, G. vaginalis also plays an important role in communication with other 

members in of the microbial community.  

In the past, bacterial vaginosis was called Gardnerella vaginosis since this infection was 

believed to be caused by a single bacterium [9]. Nowadays, BV is a classic example of a medical 

condition that is associated with changes and imbalance of the human microbiome. BV is still the 

most commonly reported microbiological syndrome among women of childbearing age [9]. BV is 

characterized by a shift from normal vaginal lactobacilli to polymicrobial flora, mainly represented 

by anaerobic microorganisms. This replacement of microflora causes an imbalance in the vagina, 

which is a pathophysiologic process responsible for the discharge. BV is associated with a number of 

serious health issues, such as abnormal pregnancies and preterm birth, pelvic inflammatory disease, 

increased risk of acquisition and transmission of STIs, including HIV [5, 9, 120, 130]. It also enhances 

the susceptibility to the human papillomavirus and herpes virus type 2 [120].  
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BV is a clinical condition characterized by a thin, homogenous, grey/white discharge, “fishy” 

volatile amine odour upon adding 10% potassium hydroxide solution (whiff test), high vaginal pH 

(>4.5), and a presence of vaginal epithelial cells heavily coated with bacteria (“clue cells”) when the 

discharge is examined microscopically [5, 9, 140]. Several epidemiological reviews indicate that the 

BV prevalence varies between countries and depends greatly on race/ethnicity, socio-economic 

status, sexual behaviour and irrelevant antibiotic treatment [5, 10]. Thus, this condition is mostly 

common in South and East Africa (up to 68%), moderately high in Norway, Turkey and Poland (up 

to 24%), typically greater than 30% in Southeast Asia and Australia. In the US and Canada, about 

30% of women are affected disproportionally affecting people of African-American and Hispanic 

ethnicities [141]. In New Zealand, according to [142] Maori men and women are more likely than 

other ethnic groups to be diagnosed with STI (BV included) – 18% of men and 32% women, followed 

by Europeans (14% men and 20% women). Asian men and women in New Zealand have the lowest 

rates (5.2%). 

The confusion about BV is partially caused by the usage of subjective diagnostic criteria [4]. 

The Amsel criteria are commonly applied in clinical settings to diagnose BV [78], wherein at least 

three of the following four characteristics must be evident: a homogenous, non-inflammatory 

discharge that covers the vaginal walls; the vaginal discharge with a pH of  > 4.5; a fishy volatile 

amine odour when the discharge is treated with a potassium hydroxide solution; the presence of the 

squamous epithelial cells coated with adherent bacteria when the discharge is examined 

microscopically [4, 9]. However, the accuracy of these markers has been questioned, especially 

during pregnancy when women often experience increased vaginal discharge and also the variation 

of pH readings depending on how and when samples are collected [143]. In research, BV is 

traditionally diagnosed with the Nugent scoring system (the vaginal microenvironment). This test is 

more objective and reliable, has higher sensitivity and reproducibility compared to the Amsel criteria 

[8]. The Nugent score reflects the relative numbers of Gram-positive rods (lactobacilli), a mixed 

microbiota of Gram-negative and Gram-variable rods and cocci (Gardnerella, Prevotella) and also 

curved Gram-negative rods (Mobilincus) [4]. This method allows a rough assessment of bacterial 

loads and morphotypes as well as the presence of Candida spores and fungal hyphae. It is based on a 

linear scale from 0 to 10, where a score of 0-3 is normal, 4-6 intermediate, and 7-10 as indicative of 

bacterial vaginosis [8].  

Apart from causing a range of unpleasant symptoms, BV can lead to serious reproductive and 

obstetric problems [5, 8, 113, 141]. During pregnancy, BV is associated with spontaneous abortion 

and premature labour that causes high levels of prenatal mortality [10, 144]. BV is a risk factor for 

the development of postpartum and post-abortion endometritis and pelvic infection after 



15 

 

gynaecologic surgery. BV-associated microbes and toxins they produce are able to penetrate to the 

placenta and cause brain injury of foetuses. Moreover, the imbalance caused by BV creates increased 

risks of HIV acquisition. Several BV-associated microorganisms were demonstrated to directly up-

regulate HIV replication [10]. The hight concentration of G. vaginalis was found in the vaginal 

discharge of 60% of HIV-positive women. This bacterium was also shown to significantly enhance 

HIV expression in monocydoid cells and certain T cell lines [10]. Other BV-associated bacteria, such 

as Prevotella species, also induce HIV expression. In addition, the replacement of vaginal lactobacilli 

by BV-associated anaerobes results in the elevation of the vaginal pH which makes the vagina more 

favourable for HIV proliferation [10].   

 

1.2.3 T. vaginalis interaction with the host vaginal microbiota 

 

In the previous sections of this chapter T. vaginalis, as well as the vaginal microbiome in 

health and disease, were introduced. This part of the thesis will look at how the microbiological 

environment of the vagina can interact with the parasite. 

After successful colonisation of the host, T. vaginalis changes the vaginal milieu in order to 

support its growth and proliferation. This causes a drop in lactobacilli numbers and pH value. Recent 

studies demonstrated that vaginal composition changes during trichomoniasis [75, 145, 146]. L. 

acidophilus was confirmed to increase T. vaginalis adherence to epithelial cells at the early stages of 

infection [145]. As the number of L. acidophilus grows, the parasite loses its ability to grow, while 

the opposite occurs with a decrease of lactobacilli numbers during menopause and the end of menses, 

causing enhancement of trichomoniasis symptoms [145]. T. vaginalis has also been shown to damage 

L. acidophilus cells by phagocytosis. Other than this, the ability of L. gasseri to significantly reduce 

the adhesive potential of T. vaginalis to human ectocervical cells was described by [111]. Authors 

demonstrated that the aggregation-promoting factor Apf-2 mainly was responsible for inhibition of 

parasites’ attachment. On the other hand, L. plantarum has been reported to enhance parasite’s 

adhesion by modifying its adhesive properties, causing the transformation of a naturally low-adhesive 

strain of T. vaginalis to become a very adhesive one [55]. 

Further investigations revealed that T. vaginalis was associated with the community state type 

IV (described at section 1.2) in 72% of cases (Fig. 1-2) [13]. This group is defined by the absence of 

lactobacilli and overgrowth of mainly anaerobic bacteria, G. vaginalis included. Another study 

showed that T. vaginalis was present in 30% of cases of BV [147].  
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Figure 1-2. The vaginal environment during different states: A – healthy state, without bacterial vaginosis. 

During this state, Lactobacillus spp. acidify the vaginal environment to pH<4.5. This potentially helps to 

inactivate pathogens and generate non-inflammatory conditions. B – vaginal microbiome during bacterial 

vaginosis characterised by the growth of diverse anaerobic bacteria, viral and protozoan STIs. This is 

accompanied by the loss of vaginal acidity pH>4.5, damage of the epithelial barrier, and a pro-inflammatory 

environment. Reproduced and modified from [148]. Illustration was created with BioRender.com. 

 

Coincidently, trichomoniasis and BV share common features: a high risk of reproductive 

problems, failure of antibiotic treatment and a high recurrence rate, increased risk of HIV and other 

sexually transmitted infections [18, 19]. The exact mechanism and nature of this possible interaction 

remain unclear - whether anaerobic bacteria facilitate the acquisition of T. vaginalis, and/or the 

parasite shapes the microbiome causing dysbiosis. Only a few recent studies investigated the 

association of T. vaginalis with vaginal bacteria and looked at the outcomes of this complex 

interaction ex vivo [55, 111, 149-151]. Thus, it was demonstrated [149] that T. vaginalis inhibits the 

growth of lactobacilli, but not the bacterial species associated with BV. Authors also showed that 

combination of BV bacterial species and the parasite had a significant impact on the host immune 

response to the different T. vaginalis virulence factors. The fact that T. vaginalis in alliance with BV 

associated anaerobes induced much higher chemokine responses indicates weakening in the antiviral 

barrier thus promoting co-infection with herpes simplex virus and HIV. The opposite situation was 

reported by [111], where lactobacilli caused inhibition of various T. vaginalis strains adhesion with 

varying degrees, suggesting lthe actobacillus-rich environment to be less welcoming for the parasite. 

It has also been investigated that the parasite, together with BV associated bacteria, increases the 
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paracellular permeability of human ectocervical cells by 50%, which was 5-10 times more than the 

results from T. vaginalis or bacteria alone [150]. Moreover, the incubation of the parasite with these 

bacteria significantly increased the adhesion of T. vaginalis to host cells [151]. 

The concept that these two types of microorganisms (bacteria and eukaryotic parasite) co-

exist in vivo suggests that they might be employed in some type of communication between 

themselves and likely the host. Cell-to-cell communication between the different microorganisms and 

between microbes and host can be at least partly mediated by extracellular membrane-bound vesicles 

produced by eukaryotes and prokaryotes. That is why the next sections of this chapter will be focusing 

on extracellular vesicles secreted by different organisms and how these vesicles and their cargo 

mediate communication between microbes of interest and the host. 

 

1.3  Extracellular vesicles (EVs): a universal mode of intercellular communication 

 

Cell-to-cell communication is an essential quality of any organism. In multicellular 

organisms, cells depend upon communication with each other in order to maintain the correct 

development and functioning of the organism [152, 153]. This process was thought to be mediated 

by direct cell-to-cell contact or trough transfer of secreted molecules, such as neurotransmitters and 

hormones, that would be recognised by the target cells [21, 154]. In single-cell organisms, 

communication via signalling allows populations of cells to coordinate with one another, work as a 

team, and as a result accomplish tasks no single cell could perform alone [155, 156]. As an example, 

bacteria use chemical signals to detect the density of the population (quorum sensing) and can change 

their behaviour according to that [157]. In the last couple of decades, a new mechanism of intercellular 

communication that involves extracellular vesicles, as a vehicle for transfer of molecules, has 

appeared [158].  

EVs were described about 30 years ago when two groups independently observed that 

multivesicular bodies in reticulocytes release vesicles into the extracellular milieu [159, 160]. It was 

initially thought that these vesicles, found in culture supernatants, were merely the result of cell death 

or released by apoptotic cells.  Since then EVs were purified from a variety if not all, of cells including 

blood cells, immune system cells, tumour cells, epithelial and endothelial cells, and adult and 

embryonic stem cells, both Gram-positive and Gram-negative bacteria, plant cells, yeasts, and 

protozoa [21-24, 161-165]. In multicellular organisms, EVs have been isolated from diverse body 

fluids, such as blood, urine, breast milk, amniotic fluid, saliva, cerebrospinal fluid, bile, semen [22]. 

Only recently, it has been proven that this process is a biologically important mechanism which is 
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driven by the physiological activity of cells and organisms at any living stage [166]. Signals via many 

different biomolecules (e.g. proteins, lipids and nucleic acids) are sent out by EVs and their unique 

cargo, protected within a vesicle-bound membrane, and can be delivered to remote sites within a 

multicellular organism or even between host-microbes [167, 168]. The significance of these EVs 

relies on their ability to transfer information to target cells and affect various physiological and 

pathological functions of both recipient and parental cells [169]. Nowadays, the release of 

extracellular membrane vesicles is generally considered to be a key aspect of the biology of 

prokaryotes and eukaryotes [164]. 

Following sections will further summarize current literature detailing the main types of 

extracellular vesicles produced by both multi- and single-cellular organisms, and the role they 

potentially play in interkingdom communication. 

 

1.3.1 A historical view and classification of EVs 

 

The first observation of EVs, without reference to their functions and role in intercellular 

communication, was reported in 1946 [159], when platelet-derived particles were found in normal 

plasma. Years later, in 1967 [160] these particles were called “platelet dust”. In the following decades, 

several independent observations on EVs occurred. These were EVs released from rectal adenoma 

microvillus cells [170], virus-like particles found in human cell culture and bovine serum [171, 172], 

EVs from seminal plasma, tumour-derived vesicles [173]. In 1983, detailed ultrastructural analysis 

revealed that vesicles were also derived from multivesicular bodies (MVBs) and fuse with cell 

membrane during differentiation [174-176]. In 1996, vesicles released by B lymphocytes and 

dendritic cells were shown to be produced in a similar way (later termed exosomes) and able to induce 

T cells [154, 177]. The major step forward in the field was the demonstration that coding and non-

coding RNAs were also found as cargo of EVs [178, 179]. An important milestone was also the 

foundation of the International Society for Extracellular Vesicles (ISEV) in 2012, an organisation 

aiming to unify nomenclature and methodologies of EVs (https://www.isev.org/).  

 The summarized information highlights that the origin, nature and features of these vesicles 

are heterogeneous, diverse and dynamic. There are many terms for cell-derived membrane vesicles 

in the field, ranging from ectosomes, microparticles, microvesicles, nanovesicles, exosomes and 

membrane particles to exosome-like particles and exovesicles [21, 180-182]. The scientific 

community has classified EVs according to their size and origin and defined three main subgroups of 

vesicles (Fig. 1-3): exosomes (around 30–120 nm); cellular microvesicles (MVs), also named 

https://www.isev.org/
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microparticles, ectosomes, etc. (around 100 nm - 1 μm); and apoptotic bodies (from 2 to 4 μm) [183, 

184]. 

 

 

Figure 1-3. Schematic representation of biogenesis and release of the main types of extracellular vesicles by 

eukaryotic cells. Microvesicles arise as a result of outward budding and fission of the plasma membrane. 

Exosomes are formed when multivesicular bodies fuse to the plasma membrane and release intraluminal 

vesicles. The largest EVs, apoptotic bodies, are formed during programmed cell death and are released by the 

blebbing of an apoptotic cell membrane. EVs have numerous markers ranging from proteins to lipids, to 

nucleic acids. Reproduced and modified from [169, 185]. Illustration was created with BioRender.com. 

 

Exosomes are the smallest EV subtype [182]. These vesicles are homogenous, small cup-

shaped particles and are of specific density (they are known to sediment at 100.000-200.000 ×g and 

have a buoyant density in sucrose of 1.13–1.19 g/ml). They are formed from the endosomes by 

invagination of the membrane, resulting in the formation of multivesicular bodies, which fuse with 

the plasma membrane releasing exosomes out to the extracellular space. Because of their nature, 

exosomes from different cell types enclose a common set of proteins such as endosome-associated 

proteins (Rabs, SNAPEs, Annexins), proteins involved in vesicle formation (Alix, Tsg101), heat 

shock proteins (Hsp70 and Hsp90), several adhesion molecules and tetraspanins (CD9, CD63, CD81, 

CD82) [167]. For the same reason, proteins from the endoplasmic reticulum, mitochondria and 

nucleus are not typically found in exosomes. In addition, these vesicles may also carry cell type-

specific proteins [180, 186]. Despite the fact that some authors [182] argue about the existence of 

specific exosomal markers, the simultaneous assessment of presence/absence of unique proteins from 

these vesicles has enabled their identification as common protein components of the cargo of most, 

if not all, exosomes [187-189].  
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It is always hard to distinguish between exosomes and MVs experimentally because of their 

overlapping biophysical characteristics and the lack of differential markers [190]. However, in 

contrast to exosomes, the release of MVs does not require exocytosis as they are derived by outward 

budding or shedding from the plasma membrane [21, 169]. The population of MVs is heterogeneous 

in size, shape and density with an average diameter of 100-1000 nm [182]. It was also shown that 

MVs sediment at lower speeds in comparison to exosomes (sediment depending on their size between 

10.000 and 200.000 ×g) [190]. There is little published data on the protein content of MVs. This 

composition depends largely on the cell type of origin, though the microvesicles' membrane content 

remains distinct from the parental cell [190-193]. Thus, for both exosomes and MVs, the presence of 

specific contents in their cargo is a strong piece of evidence that active sorting takes place in cells 

producing these vesicles. 

Among the major types of vesicles (Fig. 1-3), the apoptotic bodies have well-defined 

characteristics and are easy to identify; a feature which provides clarity between active secretion of 

vesicles (MVs and exosome) versus apoptosis or cell death [182]. Apoptotic bodies are of large size 

and originate from cells in the process of programmed cell death [194]. During the terminal stage of 

apoptosis, cells shrink and finally fragment into apoptotic bodies [195]. Also, an entire cell can 

develop into an apoptotic body. Apoptotic bodies often contain DNA fragments, histones, and 

organelles. Like MVs, apoptotic bodies are a more heterogeneous population than exosomes and vary 

in size between 50 and 5000 nm [182]. They sediment between 1.200 and 100.000 ×g, because of the 

heterogeneous morphotypes. Apoptotic bodies are described to have buoyant densities between 1.16 

and 1.28 g/ml [195, 196]. The uptake of this type of vesicles has been reported to lead to 

immunosuppression [164]; their role in the horizontal transfer of oncogenes in tumours has been 

discussed [197]. 

Unfortunately, research in the field exploded before we had widely accepted specific markers 

for distinguishing EVs population and standards in isolation and characterisations of these vesicles. 

Hence, we often find contradictions and dispute in the usage of terms in the literature. That is the 

reason why, to unify the nomenclature throughout publications, the term “extracellular vesicles” or 

“EVs” has now been agreed and recommended by ISEV as a general term for lipid bilayer particles 

released from cells [184]. Since then, the usage of the terms has improved but one must be careful 

when reading the literature and using protocols prior to 2018. 

Next, the release and manipulation of EVs by organisms of a different organisation will be 

reviewed.  
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1.3.2 Intercellular communication via EVs in animals 

 

 In animals, EVs play essential roles in various biological functions [167, 180] taking part in 

intercellular communication, immune modulation and immune surveillance, as shown by different 

studies [167, 180, 198-202]. They incorporate various proteins, peptides, lipids, pathogenic factors, 

nucleic acids acting as long-distance vehicles for these molecules to reach their destination in the 

body.  

The protein content of vesicles can determine their functions [169, 197, 203, 204]. EVs are 

highly enriched in proteins involved in vesicle trafficking, but also cytoskeletal, cytosolic, plasma 

membrane, heat shock proteins, and proteins involved in vesicle trafficking. Intracellular organelle 

proteins are mostly absent [22, 169]. Moreover, functionally diverse groups of proteins, such as cell-

surface antigens, immune-modulating proteins, and proteases have been identified recently [163]. 

Proteins enriched in vesicles that are often used as markers (not necessarily specific) include 

tetraspanins (CD9, CD63, CD81, CD82), major histocompatibility complex (MHC), specific stress 

proteins (heat shock proteins and HSPs), and binding protein Alix [169, 182, 205]. As an example, 

mast cell-derived EVs carry high contents of heat shock protein (HSP60 and HSP70) and thus 

promote maturation of dendric cells in mice [206]. Also, by transferring functionally active receptors 

such as CCR5 or MET, vesicles are able to induce phenotypic changes in target cells [169]. Hence, 

vesicles derived from highly metastatic melanoma increased the metastatic behaviour of primary 

tumours via upregulating of MET oncoprotein [207] as well as vesicles, and incorporated chemokine 

receptor CCR5, upon delivery to CCR5- cells can change their phenotype to CCR5+ [208].   

The RNA is a widely detected EVs cargo and is the focus of many functions ascribed to EVs 

[209]. A considerable discovery was the identification of mRNAs and miRNAs inside EVs [178]. 

Once delivered, these RNAs are functional in recipient cells. Transferred mRNAs can be translated 

into proteins, while miRNA can interfere with the translation of mRNAs in the recipient cells [178]. 

Although the role of these RNAs is just being discovered, it is accepted that they could be conveyed 

to recipient cells, affecting their RNA expression and functions [189, 210-213]. The RNA 

composition of EVs often differs from the content of the donor cell suggesting that, such as the protein 

cargo, RNA packaging into EVs is also a selective process [214]. Recent bioinformatics analysis of 

specifically exported RNA sequences demonstrated a putative RNA export sequence [215]. In 

mammals, EVs were found to carry miRNAs. When delivered to a target cell within the organism, 

these miRNAs can affect gene expression in distant cells [211, 216-219]. This type of functional 

transfer has been reported by several groups, using vesicles released by different cell types – murine 

dendric cells, monocytes and Epstein-Barr virus. Authors demonstrated the inhibition of expression 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/rna-packaging
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of a target (reporter) gene in recipient cells that did not express themselves [22]. Similar to mRNA, 

miRNAs are selectively packaged for EVs transport as has been demonstrated by a comprehensive 

comparison of intra- and extracellular miRNA [165]. A recent analysis of EVs RNA by deep 

sequencing demonstrated that vesicles also incorporate a large variety of other small non-coding RNA 

types, such as tRNA fragments, structural RNA, YRNA, and small interfering RNA [154].  

In contrast to RNA, the presence of DNA in EVs has been less investigated and reported 

[220], even though, transport of DNA within EVs to neighbouring cells and further uptake by fusion 

or endocytosis has been shown at [221, 222]. These molecules, once delivered, were able to influence 

the function of target cells by increasing DNA-coding mRNA and protein level.  

Functions of EVs in physiological and pathological processes relay on their ability to interact 

with target cells and successful delivery of molecular cargo into recipient cells [169]. The specificity 

of target cell recognition was demonstrated by a number of publications [154, 223]. For instance, 

vesicles isolated from human intestinal epithelial cells interacted preferentially with dendric cells but 

not with T or B lymphocytes [224]. Host cell specificity for binding of EVs can be regulated by 

adhesion molecules, such as integrins that are present in EVs. Also, specific EVs proteins, including 

MHC II, tetraspanins, and transferrin receptors, are active in downstream signalling pathways of 

recipient cells by causing signalling of integrins and calcium, or signalling of natural killer group 2D 

(NKG2D) [24, 204, 225-229]. 

 

1.3.3 Intercellular communication via EVs in microorganisms 

 

EVs are not restricted to animals. To date, we now have a clear understanding that the 

production and release of membrane-bound vesicles is a universally conserved cellular process across 

all domains of life – Eukarya, Bacteria, Archaea [23, 230], suggesting that all cells are potentially 

capable of EVs production. Although the biology of EVs derived from mammalian cells and other 

higher eukaryotes is widely accepted and well-published, the investigation of those particles produced 

by microorganisms, unicellular eukaryotes and bacteria, has been done more recently. 

Due to the focus of my research, I will present below the knowledge from the current literature 

about extracellular vesicles in protozoans and bacteria. I aim to demonstrate that EVs produced by 

commensal and pathogenic microorganisms contribute to their success of colonisation/infection but 

also to the way we respond to the presence of these microorganisms in our body.  
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1.3.3.1 EVs produced by parasitic protozoa 

 

Protozoans are represented by a very diverse, polyphyletic group of unicellular eukaryotes 

whose phylogenic classification remains undefined [231]. Some of these organisms may represent 

very evolutionarily ancient or deep-branching eukaryotes. Protozoa have been divided traditionally 

into four major groups on the basis of their means of locomotion which do not bear any taxonomic 

significance: Flagellates, Amoeboids, Sporozoans, and Ciliates. While many protozoans are free-

living organisms, there is a number of medically important protozoan parasites, causing diseases such 

as malaria (by Plasmodium), amoebiasis, giardiasis, toxoplasmosis, cryptosporidiosis, 

trichomoniasis, Chagas disease, leishmaniasis, African trypanosomiasis (sleeping sickness), amoebic 

dysentery, acanthamoeba keratitis, and primary amoebic meningoencephalitis (naegleriasis) [232, 

233]. 

Numerous studies have revealed that EVs can be produced by some human pathogenic 

protozoan parasites, including Trichomonas, Leishmania, Plasmodium and Trypanosoma [234-239]. 

As in animals, EVs released by parasites transfer biologically active molecules (proteins, lipids, and 

nucleic acids) to recipient cells [240, 241]. These recipient cells can be either other parasites or host 

cells [242]. The delivery of EVs and their cargo alters responses of parasite and host cells and 

represents a new mechanism of parasite pathogenicity and survival [243].  

 

Plasmodium 

Plasmodium species are the causative agents of malaria, and infection of red blood cells and 

an endemic disease of tropical areas of the globe affecting an estimated 207 million individuals with 

an estimation of  627.000 deaths in 2004 [244, 245]. The abundance of EVs circulating in the blood 

has been shown to increase in a response to infection, as demonstrated in human infections and murine 

models of malaria. Different studies have shown that the rise of circulating vesicles was directly 

correlating with symptoms (fever and cerebral dysfunction) during infections by the human parasites 

- Plasmodium vivax and Plasmodium falciparum [246, 247]. This suggests a role of these vesicles in 

the pathogenesis of malaria [248, 249]. In a mouse model of malaria (by Plasmodium berghei), 

vesicles were isolated from plasma derived mainly from the infected erythrocytes. In the same model, 

knockout of the gene (ABCA1) not only stopped vesicle production in mice but also protected them 

from cerebral malaria, thus demonstrating the connection between EVs and pathogenesis [250]. EVs 

production has also been shown during another non-lethal malaria animal model, where parasites 

present a tropism for reticulocytes. These vesicles were identified as exosomes and contained host 
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and parasite proteins and modulated host immune responses [251]. Recently, two independent groups 

described EVs as mediators of intercellular communication in malaria. They have shown that 

Plasmodium-infected erythrocytes produce vesicles that contain host and parasite-specific proteins 

(particularly, proteins involved in parasite invasion of red blood cells and parasite antigens associated 

with host cell membrane) and that they are transferred to other infected red blood cells in vitro 

demonstrating immunomodulatory properties on a host as well as causing the production of 

transmission stage parasites [248, 252]. Altogether, these findings demonstrate a connection between 

EVs and the pathogenesis of cerebral malaria. 

 

Trypanosoma  

Trypanosoma cruzi and Trypanosoma brucei are agents of Chaga’s disease in the Americas 

and African trypanosomiasis (sleeping sickness), respectively. Chagas’ disease affects 8–10 million 

people mostly in South America and sleeping sickness threatens millions of people in 36 countries of 

sub-Saharan Africa [253]. Trypanosomes are able to produce and release different types of EVs that 

play important roles in the parasite-host interaction, presumably by enabling pathogen survival and 

replication within the host. These vesicles are able to interact directly with target cells, cause long-

distance effects on the host immune system, and promote life-cycle transitions within their own 

population [254-256]. At least two types of EVs have been identified from the infective (metacyclic 

trypomastigote) and non-infective (epimastigote) forms of T. cruzi parasites; both forms release 

extracellular vesicles from the plasma membrane as well as exosomes presumably deriving from the 

endocytic pathway [257]. The extracellular stage of T. cruzi (trypomastigota) produces EVs that 

incorporate surface components like glycoproteins, proteases, cytoskeleton proteins. This cargo is 

taken up by host cells and accumulated in phagocytic/endocytic compartments. In addition to 

proteins, the presence of small RNA, including tRNAs, in EVs derived from stressed T. cruzi has 

been demonstrated [258, 259]. These vesicles were actively secreted into the extracellular medium 

and acted as a vehicle for the transfer of these molecules to other parasites and to mammalian cells. 

Furthermore, the ability of EVs derived from T. cruzi epimastigotes to induce epigenetic changes in 

host cells was shown [260]. T. cruzi also stimulates the production of microvesicles by infected host 

cells, including lymphocytes and monocytes in vitro and erythrocytes in vivo. These vesicles express 

surface transforming growth factor-beta (TGF-b), which has been shown to facilitate host cell 

invasion allowing the parasite to mature and continue its development and life cycle [261]. The 

microvesicles also protect extracellular life cycle stages of T. cruzi from complement-mediated 

attack, including epimastigotes in the vector and trypomastigotes derived from the disrupted cells in 

the mammal host [262]. 
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Leishmania 

There are more than 20 species of parasites of the genus Leishmania that cause Leishmaniasis 

[263]. Leishmania is a parasite that resides within host macrophages, initiating a chronic, non-

resolving disease in humans. According to calculations, about 12 million people are currently infected 

with 2 million new cases expected per year [264, 265]. The production of vesicles by Leishmania 

donovani during contact with mammalian cells was demonstrated after a proteomic analysis of the 

supernatant from the infection of macrophages in culture [265]. Furthermore, vesicle budding was 

shown for another three species of Leishmania. Authors demonstrated that the release of these 

vesicles was sensitive to pH and temperature, that the specific uptake took place, and also showed 

active participation of these vesicles in host immune response [193]. It has also been described that 

vesicles produced by Leishmania species were responsible for the modulation of cytokine production 

by human monocytes and the phenotype of dendric cells [266]. Moreover, the analysis of the 

proteome of uninfected and infected macrophages revealed the specificity of the vesicles’ cargo and 

identified for the first time its major virulence factor GP63 in vesicles produced by the protozoa 

infected cells [267]. Then it was shown that vesicles produced by Leishmania-infected cells, 

containing this surface protease GP63, are capable of down regulating the production of specific 

miRNAs in the recipient cell aiding infection of the liver [268]. 

 

Giardia 

Giardia duodenalis (synonym Giardia lamblia) is a human intestinal parasite, which causes 

diarrheal illness in both developing and industrialized countries [269]. Some researchers have 

described that production of EVs by G. duodenalis is associated with the encystation process [270, 

271]. In these studies, the production of encystation-specific secretory vesicles has been 

demonstrated. The dependence of G. duodenalis-derived EVs from different environmental 

conditions was described by Deolindo et al. in 2013. Authors suggested that these vesicles could help 

the parasite adapt to the host changing environment during the infection and avoid innate immunity 

[272]. Another group of authors characterised the proteome of EVs released during G. duodenalis 

encystation, suggesting that this process could be mediated by these vesicles [273]. 

 

Trichomonas 

T. vaginalis has also been demonstrated to produce EVs of different sizes. The first study 

[242] has shown the delivery of parasite EVs to target cells and their ability to alter parasite virulence 

and host immune response. This paper established that the protein content of T. vaginalis vesicles 
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overlaps more than 70% with mammalian exosomes, they also share physical characteristics with 

mammalial vesicles, suggesting that this parasite secretes exosomes. T. vaginalis exosomes were 

shown to enhance parasite cytoadherence in a strain-dependent manner – extracellular vesicles from 

a high adherent strain, once transferred to a low adherent strain enhance its adherence. The parasite-

derived EVs were shown to incorporate RNA, conserved exosomal proteins as well as parasite-

specific proteins. The fusion, as well as modulation of recipient cells’ immune response, was 

demonstrated to T. vaginalis-derived exosomes. The same group of authors showed that these EVs 

modulate the expression of pro-inflammatory cytokines IL-6 and IL-8 from human ectocervical cells, 

facilitating successful colonisation. Another group showed that pretreatment of mice with T. vaginalis 

exosomes resulted in a reduction of IL-17 production and reduction of the gross inflammation score 

overall, highlighting that EVs can be the way in which parasites dampen the immune response down 

in mice infected with the parasite [68]. More recently, authors [274] investigated the formation and 

release of different types of EVs from both plasma and flagellar membrane of T. vaginalis. The 

research demonstrated that this production was stimulated by the presence of host cells, suggesting 

that parasite-derived EVs play a role in modulating cell interactions. Detailed protein analysis of these 

vesicles confirmed the previous finding that although a significant fraction of the proteome of T. 

vaginalis EVs is shared with mammalian exosomes, there are many hypothetical proteins and 

virulence protein candidates which functions are mostly unknown. In addition, these vesicles carry 

RNA cargo which composition has not been described yet. Furthermore, the latest publication by 

[275] demonstrated that T. vaginalis -derived EVs use proteins located on their membranes to 

specifically bind to molecules present on a surface of target cells and so enhance the uptake process.  

 

1.3.3.2 EVs produced by bacteria 

 

Interestingly, the release of EVs is evolutionally distributed across all domains of life [276]. 

Both Gram-positive and Gram-negative bacteria have been reported to produce EVs [162]. The 

production of EVs by Gram-negative bacteria was reported more than 50 years ago [277, 278]. First 

observed in 1967, EVs from Vibrio cholearae during normal growth were described as membrane 

sacs [279]. Since then, a number of pathogenic and non-pathogenic Gram-negative bacterial species 

were described to produce EVs [280, 281]. Significantly less is known about the process of EVs 

formation in Gram-positive bacteria. The first evidence of EVs produced by the Gram-positive 

bacterium Bacillus subtilis was published in 1990 [282], but no functional role was described. Later, 

the release of EVs by other Gram-positive bacteria, including Staphylococcus aureus, and 
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Mycobacterium ulcerans was described, indicating that vesicle production is a common phenomenon 

among different bacterial species regardless of their cell envelope. 

Since the first observation in the 60s, the number of studies related to the release of EVs from 

Gram-negative bacteria has increased steadily. It was demonstrated that these vesicles range in size 

from 20 to 200 nm and are produced by many different species [283, 284] belonging to various natural 

environments: e.g., water, soil, sewage, dust and as commensal and pathogens of animals and plants. 

EVs were found to be produced from planktonic bacteria and from biofilms and consistently detected 

under different experimental conditions [169]. From commensals and pathogens, bacterial EVs have 

been detected and purified from cultures, tissues and biological fluids. EVs from Gram-negative 

bacteria are known to originate mainly from the outer membrane of the bacterial envelope by a 

pinching-off process, encapsulating components from periplasmic space [162, 283]. EVs from Gram-

negative bacteria, similar to eukaryotic EVs, carry proteins, lipids, and genetic material, which 

directly represent their functions. Major cargo components of Gram-negative bacterial EVs include 

antigenic LPS and nucleic acids that act as pathogen-associated molecular patterns, and RNA which 

facilitate gene transfer and communication and virulence factors such as Shiga toxin found in E. coli 

EVs [161].  

Vesicles from Gram-negative bacteria have been demonstrated to have a number of 

physiological and pathological functions during bacteria-bacteria and bacteria-host interactions. Both 

types of interaction were mediated by vesicles through either direct activation of target cells or by 

transferring active vesicular cargo to host cells [285].  

Several studies have revealed that bacteria can use their vesicles to get into contact with 

surrounding bacteria and thereby modulate the microbial environment and bacterial cells themselves 

[286]. This process facilitates the coordinated behaviour of bacteria via cell-to-cell signalling and 

increases genetic diversity through horizontal gene transfer. Bacterial EVs can also function on 

quorum sensing, the formation of biofilms and bacterial competition [287-289]. The participation of 

EVs in biofilm formation was reported for vesicles released by several bacterial species 

(Pseudomonas aeruginosa, Porphyromonas gingivalis) by providing beneficial proteins or by acting 

as nucleation sites with extracellular DNA.  

Bacterial EVs can also destroy competing neighbouring bacteria. Thus, P. aeruginosa EVs 

were reported to kill both Gram-positive and Gram-negative bacteria by transferring murein 

hydrolase and degrading bacterial peptidoglycan [168, 290]. Vesicles produced by different species 

of Lysobacter also carry bacteriolytic molecules that kill other competing Gram-negative bacteria. 

Conversely, EVs produced by Gram-negative bacteria can also support bacterial survival in several 

ways. As an example, it was described that P. aeruginosa EVs transfer β-lactamase protein that 
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promotes short-term survival of surrounding bacteria those susceptible to antibiotics [291]. The 

further survival support could also be provided by EVs acting as decoying entities – Moraxella 

catarrhalis EVs enhance survival of Haemophilus influezae during complement-mediated attacks. 

Also, the release of vesicles helps bacteria to get rid of misfolded proteins, and thereby reducing 

internal stress [292].  

The involvement of bacterial EVs on bacteria-host interactions includes pro-inflammatory 

responses, non-immunogenic responses, cytotoxic responses, and might depend on the type of 

bacteria, target cells and number of produced vesicles [293-295]. The ability to stimulate host 

response by bacterial EVs has been demonstrated in epithelial, endothelial and numerous immune 

cells in vitro. EVs from Gram-negative bacteria use specific adhesins to attach to target cells – BabA, 

SabA, VacA from Helicobacter pylori EVs, adhesin and UspA1 from Moraxella catarrhalis vesicles. 

By carrying LPS and porins, these vesicles can trigger a strong inflammatory response in endothelial 

cells. In addition, EVs actively use toxins to affect the target cells [296, 297] – P. aeruginosa EVs 

carry multiple toxins (Cif, alkaline phosphatase) that induce cytotoxicity in human bronchial 

epithelial cells [296]. The in vivo provocation of pathological conditions by EVs from Gram-negative 

bacteria was suggested as well. E. coli-derived vesicles could activate sepsis-like symptoms, 

including systemic cytokine expression, hypotension and lung dysfunction among others observed 

during in vivo experiments [298, 299]. Another example is EVs produced by M. catarrhalis and 

Klebsiella pneumonieae mediating pulmonary inflammation by inducing neutrophil and lymphocyte 

infiltrations into the lungs [300]. 

Even though the production of EVs from Gram-negative bacteria was first recorded over 50 

years ago, the release of these particles from Gram-positive bacteria was questioned for a long time 

due to the rigidity of their cell walls. The first confirmation of vesicles produced by two Gram-

positive bacteria (Staphylococcus aureus and Bacillus subtilis) was published in 2009 [301]. The 

study described vesicles as spherical, bilayered membrane structures, with a size of 20-100 nm, which 

is comparable to EVs isolated from Gram-negative bacteria. Detailed proteomic analysis, as well as 

confirmation from electron microscopy, was performed. Since then, the number of publications 

dedicated to EVs from Gram-positive bacteria has increased significantly [282, 302-305]. All these 

findings agree that EVs production is an evolutionarily conserved process in bacteria and that they 

also undoubtedly contribute to the pathological conditions during bacterial infection. Studies have 

found evidence that connects S. aureus-produced EVs and the development of atopic dermatitis [306]. 

Authors examined that these vesicles were capable of activating fibroblasts on the expression of 

proinflammatory mediators. Later [307], another group of authors reported skin barrier disruption 

and atopic dermatitis-like inflammation mediated by S. aureus-derived EVs. Similar to EVs by Gram-
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negative bacteria, vesicles secreted from S. aureus take part in bacteria-bacteria interactions. One 

example of this is β-lactamase-carrying EVs helping the survival of other ampicillin-susceptible 

Gram-positive and Gram-negative bacteria [308]. Vesicles from the Gram-positive bacterium B. 

subtilis were shown to actively contribute to biofilm formation [309]. Bacteria-host interaction of 

these EVs was also described though cytotoxic activity on various target cells [307, 310-312].  

EVs produced by some Gram-positive bacteria can also be beneficial to the host. In particular, 

studies from [313, 314] demonstrated the protective potential of EVs produced by different species 

of Lactobacillus against bacterial infection and HIV. The first paper described the role of L. 

plantarum-derived EVs in the modulation host response to enterococci infection by increasing the 

transcription of host defence genes – cpr-1, clec-60. These observations were confirmed using both 

C. elegans worms and human cells showing extended survival of target cells and suggested that 

bacteria-derived vesicles can be used instead of probiotic bacteria themselves. The second interesting 

study was dedicated to the protective anti-HIV effect of lactobacilli-released EVs. Authors 

demonstrated that EVs secreted by two out of four Lactobacillus species showed a protective effect 

on human cervicovaginal and tonsillar tissues against HIV-1 infection by at least 50% due to the 

decrease of the viral attachment to the target cells. They specified that this effect was not due to the 

cytotoxic effect of EVs, but rather due to a decrease of viral adhesion to target cells and viral 

penetration. Furthermore, authors [315] also provided evidence that EVs from three kefir-derived 

strains can mediate beneficial effects on the host by inhibiting the production of pro-inflammatory 

cytokines.  

 

1.4  Hypothesis and aims of the current research 

 

To contextualise the information above, it is important to highlight that T. vaginalis is an 

extracellular parasite of the human urogenital tract. Hence, in particular, to a vaginal infection, T. 

vaginalis is accompanied by bacteria, either commensal or potentially pathogenic bacteria (section 

1.2.3). In this study, I envisaged that extracellular vesicles might be an important component of the 

intercellular and interdomain communication among the triad parasite-bacteria-human. T. vaginalis 

has been shown to produce EVs with protein and RNA cargo which upon delivery results in the 

modulation of host and parasite responses. The RNA cargo of this vesicle, however, remains elusive. 

In addition to that, I also envisage that the vaginal bacteria escorting this parasitic infection might 

also secrete and use their EVs to actively participate in this intricate microbial communication within 

themselves (parasite-bacteria) and/or with the host. 
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Based on this scenario, as summarised with literature-based evidence as above, I hypothesise 

that extracellular vesicles produced by vaginal commensal bacteria and the protozoal pathogen T. 

vaginalis contribute to the function of this biome and thus can influence the oucome of this infection. 

 

In order to investigate this hypothesis, the following specific aims were set: 

 

1. To describe the composition of the RNA cargo of T. vaginalis extracellular vesicles and 

investigate its dynamics of delivery to host cells (Chapter 3).  

2. To characterise the production of EVs from two predominant species of vaginal bacteria - the 

potentially pathogenic bacterium G. vaginalis and the host-protective bacterium L. gasseri - 

by developing protocols for purification and characterisation and describing their distinctive 

molecular cargo (Chapter 4). 

3. To examine the role of the bacterial secreted vesicles by investigating the dynamics of their 

delivery to parasite and host cells and alterations on parasite virulence and host response 

(Chapter 5). 
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Chapter 2.  

 

Materials and Methods 

 

2.1 Cell culture 

 

Bacterial and Trichomonas work was carried out in a Biological Safety Cabinet Class II Hood. 

Work related to continuous cell culture and seeding of human cells was performed in a Heal Force 

class II laminar flow cabinet. All work was completed under PC1 conditions approved by the Ministry 

of Primary Industry, New Zealand. 

 

2.1.1 The protozoan Trichomonas vaginalis 

 

Trichomonas vaginalis strain B7RC2 (ATCC 50167) was kindly gifted to us by Dr. Peter and 

Jacqui Upcroft from Queensland Institute of Medical Research, Brisbane, Australia. Trichomonas 

vaginalis strain G3 (ATCC PRA-98) was donated by Prof. Patricia Johnson, UCLA, USA. 

T. vaginalis was cultured in Diamond’s media (Per 1 L of media: Tryptose 22.1 g, Yeast 

extract 11.12 g, Maltose 5.56 g, L-ascorbic acid 0.22 g, L-cysteine 1.112 g, Potassium phosphate, 

monobasic 0.88 g, Potassium phosphate, dibasic 0.88 g), supplemented with 10% heat-inactivated 

horse serum and 10 U/ml penicillin plus 10 µg/ml streptomycin, at 37°C and passaged daily. Cell 

count was performed under an inverted microscope using a haemocytometer, to ensure that >95% of 

cells were motile and viable. 

 

2.1.2 Vaginal bacteria 

 

Bacterial strains Lactobacillus gasserei ATCC 9857 and Gardnerella vaginalis ATCC 14018 

were obtained from American Type Culture Collection (ATCC).  

L. gasserei was grown in de Man, Rogosa and Sharpe (MRS) and G. vaginalis were grown in 

1685 NYC III medium (Per 1 L of media: Sodium chloride 5 g, Yeast extract 10 g, Hepes 4 g, Proteose 

peptone No.3 15 g) supplemented with 5% of glucose and 10% heat-inactivated horse serum . Both 
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were grown at 37°C overnight in microaerophilic conditions (i.e., sealed tubes filled with media to 

the top and incubated without agitation).  

In order to measure bacterial growth and generate the growth curves, samples of 1 ml were 

taken from the growing culture and absorbance at 600 nm was measured using the spectrophotometer 

Novaspec II (Pharmacia Biotech). Each medium without bacteria was used as a blank. 

To enumerate Colony Forming Units (CFU/ml), a sample of 100 µl of a growing culture was 

mixed with PBS and serial dilution was performed. An aliquot of each dilution was spread onto agar 

plates. After 24 h incubation, single colonies were counted and cells per ml were calculated to 

measure CFU/ml of the original culture. 

 

2.1.3 Human cell lines 

 

Human cervical carcinoma cells (HeLa, ATCC CCL-2) and human ectocervical cells 

(Ect1/E6E7, ATCC CRL-2614) or hECs were obtained from ATCC. 

HeLa cells were cultured in Dulbecco’s Modified Eagle media (DMEM), supplemented with 

10% heat-inactivated fetal bovine serum. hECs were cultured in a Keratinocyte-Serum Free medium 

(KSFM), supplemented with 0.1 ng/ml human recombinant EGF, 0.05 mg/ml bovine pituitary extract 

and 0.4 mM calcium chloride. Both human cell cultures were also supplemented with 10 U/ml 

penicillin plus 10 µg/ml streptomycin and grown in 75 cm2 tissue culture flasks at 37°C under 5% 

CO2 humidified atmosphere. 

Both cell lines were grown to 80-90% confluency, to be sued for experiments or cell passage. 

Culture medium was removed, cells were washed twice with PBS and 5 ml of 0.25% (w/v) Trypsin-

0.03% (w/v) EDTA solution was added to the flasks at 37°C for 5 minutes until cells detached the 

surface. An equal volume of bovine serum was added to neutralise trypsin-EDTA after the 

detachment had been confirmed under the microscope. Cells were pelleted down by centrifugation at 

2500 g for 10 minutes, supernatants were discarded, and cells were resuspended in the appropriate 

pre-warmed medium before being seeded into sterile T75 flasks. Media change was done every 2-3 

days. The trypan blue exclusion method was applied to count viable cells under a haemocytometer. 

 

 

 

 



33 

 

2.2 Isolation of extracellular vesicles (EVs)  

 

 The general steps involved in isolation of extracellular vesicles from the parasite or bacteria 

are presented in Figure 2-1 and detailed in the following sections. 

 

 

Figure 2-1. Flow chart demonstrates stages (numbers in boxes) involved in isolation of EVs: 

1 – Cultivation of microorganisms; 2 – Centrifugation to remove cells; 3 – Filtration to remove cells debris; 4 

– Concentration of supernatant containing EVs; 5 – Ultracentrifugation to pellet EVs; 6 – Resuspension of 

obtained EVs pellet and its further concentration; 7 – Resuspension of the final EV pellets (~ 1 ml); 8 a – 

further purification of EVs with SEC and DGC (bacterial EVs) or 8 b – following downstream analysis (T. 

vaginalis EVs). Illustration was created with BioRender.com. 



34 

 

2.2.1 EVs isolation from protozoan 

 

EVs were isolated from T. vaginalis as described previously [242] with minor modifications. 

Briefly, a fresh culture of T. vaginalis (2 L of 1-1.2 × 106 parasites/ml with >95% viability) was 

washed three times in phosphate-saline buffer (PBS) by centrifugation at 7000 ×g for 20 minutes at 

room temperature. Washings were done to remove vesicles potentially present in the medium sera. 

Cells were resuspended in Diamonds media without sera and incubated for 4 hours at 37°C for 

vesicles production. After the incubation, parasite cells were pelleted by centrifugation (7000 ×g for 

20 minutes at 4°C) and the supernatant containing extracellular vesicles was filtered through a 0.22 

µm membrane to remove remaining cell debris. Then, the supernatant was concentrated to a volume 

of ~ 40 ml using a 100 kDa Vivaflow 200 cassette (Sartorius AG) connected to a NE-9000B peristaltic 

pump (New Era Pump Systems Inc.). EVs were pelleted by ultracentrifugation (100,000 ×g for 75 

minutes at 4°C). The vesicle pellets were resuspended in PBS, re-filtered and further concentrated to 

a volume of ~ 1 ml using 100 kDa Vivaspin 20 tubes (Sartorius AG). EVs were aliquoted and stored 

at -80°C for further manipulation.  

 

2.2.2 EVs isolation from vaginal bacteria  

 

Before the isolation procedure of bacterial EVs, the time for optimal production and release 

of vesicles was found and vesicle production curves were generated. For that, 25 ml of growing L. 

gasseri culture was taken every hour for 24 hours based on previously generated growth curves 

(section 2.1.2) to represent various stages of bacterial growth. In the case of G. vaginalis, samples for 

analysis were taken during the serum-free incubation time (up to 4 hours). First, bacteria cells were 

removed by centrifugation at 7000 ×g for 20 minutes, and the supernatant was filtered through a 0.22 

µm syringe filter. Supernatants were concentrated to ~ 1 ml using 100 kDa Vivaspin 500 tubes and 

analysed at Nanosight NS300 system for vesicle count.  

 

2.2.2.1 Isolation of crude bacterial EV preparations 

 

For crude preparations of L. gasserei EVs, bacteria were grown in 50 ml of MRS broth at 

37°C overnight and then diluted OD600 (optical density measured at 600 nm) = 0.05 to be grown to 

an early stationary phase for ~10 hours in 2 L volume. After that (OD600 = 1.1), the viability of cells 
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was assessed using a LIVE/DEAD Bacligth kit (Thermo Fisher Scientific) following the 

manufacturer’s recommendations and bacterial culture was taken for EVs isolation. The viability of 

the cells was determined to make sure that EVs are produced by healthy and viable cells rather than 

apoptotic cells.  L. gasseri cells were removed by centrifugation at 7000 ×g for 20 min at 4°C. The 

supernatant was filtered using a 0.22 µm cap-filter to remove cell debris and then concentrated using 

100 kDa Vivaflow 200 cassettes (Sartorius AG). EVs were pelleted by ultracentrifugation at 75,000 

×g for 150 minutes at 4°C. Vesicles were then resuspended in PBS, filtered through 0.22 μm filter 

syringe, concentrated using 100 kDa Vivaspin 20 tubes (Sartorius AG) and stored at -80°C for further 

manipulation.  

For crude preparations of G. vaginalis EVs, bacteria were grown in 50 ml for 12 hours. The 

culture was then diluted to OD600 = 0.05 to be grown overnight to an early stationary phase (OD600 = 

1.3) in 2 L volume. G. vaginalis culture in 2 L volume was washed three times with PBS in order to 

remove vesicles contained in sera, resuspended in NYC III media without sera and incubated for 1 

hour at 37°C for vesicle production. As with L. gasseri, the viability of cells was first determined 

with LIVE/DEAD Bacligth kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. 

Samples were then centrifuged at 7000 ×g for 20 minutes and filtered using a 0.22 µm cap-filter. 

Supernatants were concentrated using 100 kDa Vivaflow 200 cassettes (Sartorius AG). EVs were 

pelleted by ultracentrifugation at 75000 ×g for 150 minutes at 4°C. Vesicles were then resuspended 

in PBS, filtered through a 0.22 μm filter syringe, concentrated using 100 kDa Vivaspin 20 tubes 

(Sartorius AG) and stored at -80°C for further manipulation. For further purification of bacterial EVs, 

two methods were used and compared: density gradient centrifugation (DGC) and size exclusion 

chromatography (SEC).  

 

2.2.2.2 Purification of crude EV preparations 

 

For DGC, six 2 ml layers (45, 40, 35, 30, 35, 20%) of OptiPrep density gradient medium 

(Sigma-Aldrich) were placed in 15 ml ultracentrifuge tubes (Beckman Coulter). Layers were added 

to the tube using the bottom loading technique (from the lowest density to the highest), and a 5 ml 

syringe with a catheter needle. First, 2 ml of 20% was loaded to the bottom of the tube, followed by 

the 25% underneath and then the rest of the layers. 500 µl of crude EV preparations were mixed with 

OptiPrep medium, adjusted to 45% (final layer) and loaded to the bottom of the tube. Tubes were 

centrifuged in a swing bucket rotor (JS24.15) at 100,000 ×g for 18 hours at 4°C (centrifuge Avanti J-

30 I, Beckman Coulter). After the centrifugation, resulting fractions were collected from the top 
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according to their visual banding patterns. The volume of each fraction was recorded, transferred to 

50 ml falcon tubes and topped up with PBS. In order to remove OptiPrep medium from these samples, 

they were spun down using 100kDa Vivaspin 20 tubes (Sartorius AG) to a volume of approximately 

700 l.  

For size exclusion purification (SEC), qEV original columns (IZON, New Zealand) with 70 

nm pore size were used according to manufacturer’s recommendations. The column was left for 30 

minutes at room temperature before being washed with 10 ml of PBS. After washing the column, 500 

µl of crude EV preparations was loaded on the top filter of the column. Six to ten ml of PBS was 

added to the column to maintain the flow through the column. According to the manufacturers 

reconditions, the first six fractions (3 ml) are the void volume with no vesicles present and were 

discarded. The resulting fractions (20 fractions, 0.5 ml each) were collected automatically using an 

Automatic Fraction Collector (IZON, New Zealand) into separate 1.5 ml Eppendorf tubes. After that, 

the column was washed with 10 ml of PBS followed by washing with 10% ethanol and stored at 4°C. 

DGC and SEC fractions were aliquoted and stored at -80°C before further analysis. 

 

2.3 Structural features of EVs  

 

2.3.1 Nanoparticle tracking analysis  

 

The size of the EVs and their concentration in samples were assessed by nanoparticle tracking 

analysis (NTA). Particle numbers in a sample are calculated based on Brownian motion, by capturing 

the light scattered from the particles when they are illuminated by a laser. The machine’s camera and 

software capture this light and track particles motion. The size of the particles is calculated using a 

special algorithm. EV samples, isolated either from bacteria or protozoan, were diluted 100 - 1000 

times in PBS to reach the recommended measurement rate (107-109 particles/ml) and subjected to 

NTA using the NanoSight NS300 system (Malvern Instruments Ltd.). Samples were administered at 

a constant flow rate (50 AU) with an automated syringe pump at 25°C and recorded in sets of three 

videos of 30 seconds with a 5 second delay between recordings under the same settings. Each sample 

was measured in triplicate. Data was combined for analysis using NTA software version 3.0 to 

calculate the mean and mode particle diameters, concentration, and size distributions of each sample.  
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2.3.2 Transmission electron microscopy  

 

EV samples (50 μl), isolated either from bacteria or protozoan, were diluted in 2 ml deionised 

water pre-treated with diethylpyrocarbonate and concentrated to ~50 μl using 100 kDa Vivaspin 500 

tubes (Sartorius AG) to replace PBS and remove its crystals from samples that can interfere with 

microscope imagining. For negative staining, these EVs were adsorbed onto Formvar-coated copper 

grids (ProSciTech Pty Ltd.) for two minutes. Excess sample was removed with filter paper. The grid 

was transferred to a 20 μl drop of 2% (w/v) aqueous uranyl acetate for two minutes. All grids were 

viewed in a Tecnai G2 Spirit TWIN (FEI, Hillsboro, OR, USA) transmission electron microscope at 

120 kV accelerating voltage. Images were captured using a Morada digital camera (SIS GmbH, 

Munster, Germany).  

 

2.4 Analysis of the molecular cargo of EVs  

 

2.4.1 Protein cargo 

 

2.4.1.1 Protein quantification 

 

EV preparations, either from bacteria or protozoan, were quantified for protein concentration 

using a bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. Two sets of standards were prepared from the stock albumin (2000 mg/ml). 

A broad range set with 2000, 1500, 1000, 500, 250, 125, 25 and 0 mg/ml was used for crude EV 

preparations. A hight (enhanced) sensitivity set with 250, 125, 50, 25, 5 and 0 mg/ml was used for 

detection of protein in purified EV fractions. A working mix was made from reagents A and B 

(included in the kit) in a ratio 50:1. First, 5 l of filtered 10% SDS was added to each well. 20 l of 

standard was pipetted into allocated wells in duplicate. Samples in duplicate were diluted in PBS (5 

l crude EVs preparations + 15 l PBS) or added without dilution (20 l of purified fractions) in 

order to fit with the standard curve. 200 l of a working mix was added to each well. Plates were 

incubated for 30 minutes or 2 hours (high sensitivity) at 37oC. Absorbance at 562 nm was quantified 

at an EnVision Plate Reader (PerkinElmer). Protein values were obtained by fitting into a standard 

curve as per the manufacturers protocol. 
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2.4.1.2 Protein visualisation 

 

Protein profiles were assessed using SDS-PAGE gel. For that, 16.25 µl of EV samples (crude 

or purified) were mixed with 2.5 µl of 1 M DTT and 6.25 µl of a loading dye (NuPage) and heated at 

95°C for 10 minutes. 25 µl of sample and 10 µl of protein ladder (Novex Sharp Pre-stained Protein 

Standard, Thermo Fisher Scientific) were loaded onto pre-made NuPAGE Bis-Tris 4-12% gels 

(Thermo Fisher Scientific). 1X MOPS SDS running buffer (NuPage) was used to fill the 

electrophoresis chamber. The gel was run at 200V for 50-55 minutes to separate denatured proteins 

by size. After electrophoresis, the gel was transferred to a container with 100 ml of fix solution (50% 

methanol, 7% acetic acid) and kept on an orbital shaker for 30 minutes. This process was repeated 

twice with a fresh fix solution. After that, 60 ml of SYPRO Ruby stain (Thermo Fisher Scientific) 

was added to the gel for overnight staining on an orbital shaker. After staining, the gel was transferred 

to a new container and washed in 100 ml of washing solution (10% methanol, 7% acetic acid), 

followed by two 5-minute washes in ultrapure water, and photographed using a Chemidoc Touch 

Imaging System (Bio-Rad). 

 

2.4.2 Nucleic acid cargo 

 

2.4.2.1 RNA extraction from EVs  

 

RNA was extracted from EVs samples (both crude and purified) using a mirVana RNA 

isolation kit for both total and small size RNAs (Thermo Fisher Scientific). Briefly, 200 μl of EVs 

sample was mixed with 600 μl of TRIzol LS (Thermo Fisher Scientific), 100 µl of chloroform and 

2µl of glycogen (5 mg/ml) and incubated on ice for 10 minutes. Samples were spun down at 10000 

×g for 10 minutes. After that aqueous upper phase was removed and mixed with 1.25 volumes of 

100% molecular grade ethanol in a new tube. Following RNA extraction steps were performed using 

the manufacturer’s protocol. The mix of aqueous phase/ethanol was transferred to a filter cartridge 

and spun at 10000 ×g for 15 seconds. This step was repeated until all the mix passed through the 

filter. The filter was washed once with 700 μl of Wash Solution 1 (10000 ×g, 15 seconds), and then 

twice with 500 μl of Wash Solution 2/3 (10000 ×g, 15 seconds), and additionally spun to remove 

excess liquid on the filter. The RNA was eluted with 35 μl of Ultrapure DNase/RNase-free distilled 

water pre-heated to 95°C (10000 ×g, 15 seconds).  



39 

 

RNA from T. vaginalis cells was also obtained following the protocols above. The RNA pellet 

was further purified using a mirVana RNA isolation kit for both total and small size RNAs (Thermo 

Fisher Scientific). RNA was stored at -80oC.  

 

2.4.2.2 RNA quantification 

 

Concentrations of RNA were determined by a Qubit 2.0 fluorometer using a Qubit RNA High 

Sensitivity (HS) assay kit (Thermo Fisher Scientific). A working solution was prepared by mixing 

Qubit HS RNA reagent and Qubit HS RNA buffer in a ratio of 1:200. Tubes with standards contained 

190 μl of the Qubit working solution and 10 μl of one of the standards. Sample tubes contained 195 

μl of the working solutions and 5 μl of the corresponding RNA sample. The tubes were incubated at 

room temperature for 2 minutes and vortexed for 2-3 seconds and yields were analysed by a Qubit 

2.0 fluorometer (ThermoFisher Scientific).  

The Agilent 2100 Bioanalyser (Agilent Technologies) and TapeStation 4200 (Agilent 

Technologies) were used to obtain the RNA size profile and in order to compare RNA profiles 

between EVs and cells. 

The quality of extracted RNA was characterised using the Agilent 2100 Bioanalyzer 

instrument using either the RNA 6000 Nano RNA kit (Agilent Technologies) or the Agilent Small 

RNA Kit (Agilent Technologies), according to the manufacturer’s instructions. Briefly, dye 

concentrate was added to an aliquot of filtered gel and thoroughly mixed by vortexing, then 

centrifuged for 10 minutes. The gel-dye mix (0.9 μl/well) was then added to a chip using the supplied 

chip priming station. RNA marker (5 μl) was added into the 12 sample wells. RNA samples (1 μl) 

and the ladder were denatured at 70°C for 2 minutes and then added to the wells. The chip was then 

analysed using 2100 Expert Software running a protocol corresponding to the chip being used. 

For analysis at the TapeStation, samples (2 μl) were mixed with 1 μl of HS RNA Sample 

Buffer (Agilent Technologies) before being vortexed and spun down. The mix was then heated at 

70°C for 3 minutes, incubated on ice for 2 minutes, briefly spun down again and then loaded into the 

TapeStation instrument to be analysed by the TapeStation Analysis Software (version A.02.01). 
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2.4.2.3 DNA extraction from EVs 

 

DNA was extracted from EVs preparations using a QIAamp DNA Mini Kit (QIAGEN) 

following the manufacturer’s instructions. 200 µl of EV samples were mixed with 20 µl of proteinase 

K and 200 µl lysis buffer (AL) included in the kit. This mix was incubated at 56°C for 10 minutes 

and briefly centrifuged. 200 µl of 100% ethanol was added, and the sample was centrifuged again to 

remove drops from the lid. The mixture was eluted through a QIAmp spin column and collection tube 

by centrifugation at 6000 g for 1 minute. The filtrate was discarded and 500 µl of buffer washing 

buffer (AW1) was added. The mixture was eluted and discarded again, with 500 µl of buffer washing 

buffer (AW2) added. This was centrifuged at 17000 g for 3 minutes, followed by another 1-minute 

spin after the filtrate was discarded. 50 µl of elution buffer (AE) was added and centrifuged at 6000 

g for 1 minute. Extracted EVs DNA was stored at -20°C. DNA quantification was similarly 

performed by a Qubit 2.0 fluorometer using a Qubit DNA HS assay kit (Thermo Fisher Scientific). 

 

2.5 The RNA cargo of T. vaginalis EVs 

 

 The full workflow implemented to investigate RNA cargo from parasite vesicles is presented 

in Figure 2-2 and included stages from RNA extraction until identification of fragments. The details 

of each stage are given in the following sections. 
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Figure 2-2. Diagram demonstrates the workflow that was used to analyse RNA cargo of T. vaginalis EVs. The 

main steps are named and numbered on the figure, and include: 

1 – RNA extraction; 2 – Preparation of cDNA; 3 – Construction of library; 4 – RNA Sequencing; 5 – Post-

sequencing quality check; 6 – Trimmed RNA seq reads; 7 – Mapping of reads back to the reference genome; 

8 – Categorisation into RNA biotypes; 9 – Identification of the topmost abundant clusters and fragments; 10 – 

Detection and quantification of the fragments with PCR.  Illustration was created with BioRender.com. 

 

2.5.1 Preparation of small RNA libraries and RNA-sequencing 

 

The purified small RNA fraction (200 ng) obtained from T. vaginalis EVs, without any 

enzymatic treatment or rRNA depletion step, was used for library preparation as per the 

manufacturer’s instructions (NEBNext® Small RNA Library Prep Set for Illumina from New 

England BioLabs, USA). Six libraries were produced from three independent EV preparations 

(experimental replicates A, B and C) and two technical replicates (1 and 2), giving libraries: A1, A2, 

B1, B2, C1 and C2. The technical replicates, done with the same starting RNA sample (A, B or C), 

only differed at the final stage of size selection when half of the cDNA sample was size-selected 

using AMPure XP Beads (Beckman Coulter Life Sciences, USA) and the other half was size-selected 

after electrophoresis on a pre-cast 6% polyacrylamide gel between 140–180 bp, as recommended by 
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the protocol. These libraries were individually indexed with the NEBNext Multiplex Oligos for 

Illumina (New England BioLabs, USA). Indexed libraries, adjusted to 10 nM each, were pooled 

together in one lane for the sequencer HiSeq 2000 (Illumina, USA) producing single-end reads to a 

maximum length of 50 nt. 

 

2.5.2 Bioinformatics: demultiplexing, quality check and trimming of RNA-sequencing data 

 

Raw sequencing files, obtained from the sequencing platform in “qseq” format, were split by 

sequencer lane and tiles. Files were converted to “fastq”, using the qseq2fastq.pl script 

(http://www.dna.bio.keio.ac.jp/~krisp/qseq2fastq), merged by lane and then demultiplexed (Truseq 

barcodes) using fastx_barcode_splitter.pl and subseq scripts from seqtk package 

(https://github.com/lh3/seqtk). Quality check was obtained for the “fastq” files from each library 

using fastqc (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequences within these 

files were trimmed from adapters using trim_galore 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and sequences smaller than 15 nt 

were filtered out. Final sequences in “fastq” format were deposited at the European Nucleotide 

Archive (https://www.ebi.ac.uk/ena), accession: PRJEB23615. 

 

2.5.3 Bioinformatics: annotations, transcript mapping and predictions 

 

The bioinformatic analysis was performed with a great help of Tulio Campos (Bioinformatics 

Core Facility, Instituto Aggeu Magalhães, Fundação Oswaldo Cruz (IAM-Fiocruz), Recife, Brazil). 

The genome of T. vaginalis strain G3 (FASTA) and its annotation (GFF - General Feature 

Format) were downloaded from trichdb.org [316]. Trimmed reads from each library were then 

mapped back to the genome using the ShortStack [317] pipeline with “--nostitch” parameter for the 

identification of small RNA clusters. ShortStack summary outputs for each library were sorted by the 

number of mapped reads to small RNA clusters. The most abundant fragment from each of the top 

30 most abundant RNA clusters was identified and its relative abundance was evaluated across 

libraries.  

Using local BLAST searches (e-value >1e−5) against the transcripts and genome, the mapping 

location of each fragment was identified. Fragments were categorised into three RNA biotypes 

(mRNA, tRNA or rRNA), if annotated in the genome. In addition to the de novo prediction of clusters, 

http://www.dna.bio.keio.ac.jp/~krisp/qseq2fastq
https://github.com/lh3/seqtk
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.ebi.ac.uk/ena
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as per above, a reference-based approach was employed. The featureCounts script 

(http://subread.sourceforge.net) re-used the GFF annotation file together with the alignment BAM 

(Binary Alignment) files, generated by ShortStack, to count the reads that were mapped to the 

reference RNAs (mRNAs, tRNAs or rRNAs), generating summary statistics. Using the counts files 

for each RNA type standardised by the total number of reads of each sample, the pheatmaps package 

in R (https://www.r-project.org) was used to generate heatmaps which were normalised by individual 

feature [-2,2] for best visualisation.  

The top most abundant RNA clusters, ranked by the number of transcripts they contained, 

were retrieved and compared across libraries. These clusters were mapped to the T. vaginalis genome 

(+/− 10 nt) and categorised into RNA biotypes (trichdb.org). The most abundant small RNA fragment 

from each of the top clusters was retrieved and these fragments were identified by BLAST searches 

against transcripts and the genome (100% coverage and identity). The number of gene copies and the 

position of the fragment relatively to the full-length transcript were found at trichdb.org. Trichomonas 

vaginalis codon usage was calculated as a relative percentage using the kazusa.or.jp/codon/ database. 

Identification of miRNAs was attempted by BLAST (against miRNA sequences previously 

described in T. vaginalis [318, 319] and via the mirdeep package for de novo prediction [320]. Briefly, 

we used the mapper.pl script to map reads from “fastq” files onto the T. vaginalis genome with 

parameters “-e -h -i -j -l 17 -m -p -s -t”, generating “fasta” files (collapsed using 

collapse_reads_md.pl) and arf mapping files. Finally, we ran miRDeep2.pl using the outputs from 

mapper.pl with the T. vaginalis genome and parameter “none” for miRNA references, to obtain de 

novo miRNA predictions. 

 

2.5.4 Enzymatic treatment of EVs 

 

In order to assess internalisation of the RNA cargo within vesicles, isolated EVs (200 μl) were 

treated with Triton X-100 detergent and/or the combinations of enzymes (Proteinase K and/or RNase 

A) or left untreated. Untreated samples received an equal volume of PBS instead. When treated, EVs 

firstly received 0.1% Triton X-100 and were vortexed for 30 sec. Samples were then incubated with 

Proteinase K (20 mg/ml) for 10 min at 37°C, followed by inactivation with PMSF (100 mM) for 10 

min at room temperature. Next, where indicated, EVs were treated with RNase A (10 mg/ml) for 15 

min at 37°C. After treatments, RNA was extracted and purified using the methods described before. 

The purified RNAs were analysed by the TapeStation (Agilent Technologies) for yields and quality. 

 

http://subread.sourceforge.net/
https://www.r-project.org/
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2.5.5 Detection and quantification of small RNAs in EVs and cells 

 

RNA targets, identified from the RNA-seq, were detected by reverse transcription and PCR 

following a customised protocol as detailed here. 10 µg of small RNAs purified from T. vaginalis 

from cells and vesicles (after the treatments above) were used as input templates. These RNAs were 

firstly poly-adenylated in a 50 µl reaction volume using the Poly(A) Polymerase Tailing Kit 

(Epicentre). Polyadenylated RNA was then purified by phenol and chloroform extractions and 

precipitated with salt and ethanol as conventionally. The RNA pellet was resuspended in RNase-free 

water and taken to cDNA synthesis using SuperScript III First-Strand Synthesis System 

(Thermo Fisher Scientific) and the poly(dT) -adapter (5’-GCG AGC ACA GAA TTA 

ATA CGA CTC ACT ATA GGT TTT TTT TTT TTT TTT TTT TTT VN-3’, where V is 

any nucleotide except T).  PCR was carried out using the reverse primer for the poly(dT)-adapter 

sequence (underlined sequence) and a forward primer specific to the target small RNA. PCRs were 

used for detection and quantification of the RNA targets from the cDNA above.  

Regular end-point PCR was done with Dream Taq DNA Polymerase (Thermo Fisher 

Scientific) and amplicons were resolved on 2.5% agarose gels in Tris-Borate EDTA buffer and 

stained with ethidium bromide as conventionally. Where needed, PCR bands were gel-eluted and 

cloned in Escherichia coli (CloneJET PCR Cloning kit, Thermo Fisher Scientific). Recombinant 

plasmids were extracted from bacterial colonies (GeneJET Plasmid Miniprep Kit, Thermo Fisher 

Scientific) and their inserts were identified by Sanger sequencing.  

Digital droplet PCR (ddPCR) reaction was optimized using a concentration range of DNA 

template and primers, as recommended by the manufacturer (Bio-Rad). Our pre-optimized PCR 

reaction mix contained either 0.2 ng or 75 ng of cDNA template from T. vaginalis cells or EVs, 

respectively, and primers at 100 nM. The EvaGreen Supermix (Bio-Rad) composed the reaction to a 

final volume of 22 µl. Droplets were generated by mixing 20 µl of PCR mix with 70 µl of Droplet 

generation oil in a QX200 droplet generator (Bio-Rad). Samples were then transferred to the thermal 

cycler for PCR amplification following the manufacturer’s protocol (PCR Thermal cycler 96 well, 

Applied Biosystems 9700). Droplet readings were done at a QX200 Droplet Reader and analysed 

using a QuantaSoft software (Bio-Rad). ddPCR reactions without template DNA were performed to 

eliminate any possible contamination and, for quality control, a cut-off of 10,000 droplets was used.  
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2.5.6 Uptake of T. vaginalis EVs and delivery of RNA cargo to human cells 

 

2.5.6.1 Labelling of EVs with fluorescent dyes  

 

Purified vesicles were stained with either the lipophilic membrane dye PKH67 (Sigma 

Aldrich) or the RNA-specific dye SYTO RNASelect (Life Technologies), after concentrating 4-16 X 

from original preparation by ultracentrifugation. For PKH67, 4 µl of the dye diluted into 1 ml of 

Diluent C was added to 25 µl of EVs. After 5 minutes of incubation at room temperature, labelling 

was terminated by adding one equal volume of 1% (w/v) BSA and EVs were pelleted by 

ultracentrifugation at 100,000 ×g for 1 hour. The supernatant containing excess dye was removed and 

the EVs were resuspended in 3 ml of media without sera and concentrated to ~ 800 µl. For the SYTO 

RNASelect, the dye was added to 100 µl of EVs to a concentration of 10 µM. After incubation at 

37°C for 20 minutes, the excess dye was removed using Exosome Spin Columns (Life Technologies).  

 

2.5.6.2 Co-incubation of human cells with labelled EVs 

 

Confluent monolayers of HeLa cells in 48-well plates were used for the uptake of the labelled 

EVs. The culture supernatant was removed and replaced by 600 µl DMEM with or without sera and 

the cells were incubated at 37°C for 1 hour. Each well received 25 µl of labelled EVs following 

incubation at 37°C or 4°C (negative control) from 1 to 24 hours. After incubations, cells were washed 

with PBS, trypsinized and resuspended in PBS with 1% sera, and subjected to flow cytometry 

analysis. 

 

2.5.6.3 Visualisation of labelled EVs uptake 

 

 A flow cytometer (BD Accuri C6, BD Bioscience) was used first to analyse the fusion of EVs 

to HeLa cells. The machine is equipped with 488 nm and 635 nm laser excitations. The fluorescent 

signal from the HeLa cells that incorporated labelled EVs or their RNA cargo was detected at the FL1 

Channel. Data were analysed using BD Accuri C6 Plus Analysis Software (BD Bioscience). 

For confocal microscopy analysis, a confluent monolayer of HeLa cells was prepared onto 

Ibidi culture plates (Ibidi GmbH). Before microscopy, the cells were washed with PBS but not 
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detached by trypsin. Instead, they were stained with 300 nM DAPI (Thermo Fisher Scientific) and 

fixed with 4% formaldehyde. Confocal fluorescence imaging was achieved using the Andor 

Revolution inverted confocal microscope equipped with an Andor Ixon 885 camera at 60×/1.20 water 

objective. Images were analysed using ImageJ and Imaris 9.2.0 software. 

 

2.5.6.4 Cells viability and proliferation 

 

Upon delivery of parasites EVs to HeLa cells, EVs toxicity and cells viability were measured 

using a CyQUANT Direct Cell Proliferation Assay Kit (Thermo Fisher Scientific). 100  of working 

solution (prepared by mixing CyQUANT direct nucleic acid stain and CyQUANT direct background 

suppressor in the ratio recommended by manufacturers protocol) was added to each well. A plate was 

incubated for 1 hour at 37°C. Fluorescence intensity was measured using a microplate reader 

(SpectraMax iD3 Microplate Reader), applying wavelengths of 480 nm and 535 nm for excitation 

and emission, respectively. 

 

2.6. The protein cargo of vaginal bacteria EVs 

 

2.6.1 Samples preparation 

 

A total of 24 samples were prepared from both bacterial strains and were sent to Macquarie 

University Australian Proteome Analysis Facility (APAF) for further analysis. 

Six study groups from bacterial cells and EVs were prepared in quadruplicate.  

Group 1 - L gasseri cells lysates (samples L1 - L4, study group LA) and Group 4 - G. vaginalis 

cells lysates (samples G1 - G4, study group GA). Cells were grown as indicated in section 2.1.2 of 

the current chapter. Cells were harvested by centrifugation before extraction of EVs and washed with 

PBS. Cells were then lysed in a 200 l of lysis buffer (7 M Urea, 2 M thiourea, 10 mM DTT, 50 mM 

Ammonium bicarbonate) and sonicated (Q700 Stick Sonicator, QSonica).  

Group 2 - L. gasseri crude EVs preparation (samples L5 - L8, study group LB) and Group 5 

- G. vaginalis crude EVs preparation (samples G5 - G8, study group GB). EVs were extracted from 

four biological replicas as described in section 2.2.2 of this chapter and stored at PBS.  

Group 3 - L. gasseri EVs purified by SEC (samples L9 - L12, study group LC) and Group 6 - 

G. vaginalis EVs purified by SEC (samples G9 - G12, study group GC). Crude EVs preparations 
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from a study group LB and GB were purified further using SEC qEV columns as described in 2.2.2 

of this chapter. Fractions with a maximum concentration of particles and protein content were pooled 

together to generate one sample. Samples were stored at SBS.  

The protein concentration of each sample was determined by BCA protein assay as described 

earlier in section 2.4.1.1 before shipment. 

The workflow used in the proteomics study is presented in Figure 2-3. The main steps are 

shown with the details provided in the next subsections. 

 

 

Figure 2-3. Flow chart demonstrates main stages (numbers in boxes) involved in proteomic analysis of 

bacterial cells and EVs: 

1 – Sample preparation from two bacteria L. gasseri and G. vaginalis; 2 – Protein extraction; 3 – Protein 

digestion; 4 and 5 – Data acquisition on Triple TOF 6600 mass spectrometer; 6 – Statistical analysis of the 

data; 7 – Demonstration of results. Illustration was created with BioRender.com. 
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2.6.2 Sample processing 

 

2.6.2.1 Digestion 

 

For samples L1-L4 and G1-G4, chloroform/methanol clean-up was performed. The 

precipitated pellets were resuspended in 8M urea and 100 mM Tris-HCl (pH 8.8) before digestion. 

All 24 samples were then reduced with dithiothreitol (10 mM) at 60°C for 1 hour with shaking 

followed by alkylation with iodoacetamide (25 mM) in the dark at room temperature for 1 hour. Each 

sample was digested with trypsin overnight with shaking. The digested sample was purified using a 

SDB disk stage tip. 

For the SWATH and IDA analysis, purified samples were resuspended in a loading buffer 

(2% acetonitrile, 0.1% formic acid) and subjected to nanoLC MS/MS analysis (IDA-LC-MS/MS and 

SWATH-LC-MS/MS). 

After completion of SWATH and 1D-IDA, the left-over samples were pooled to perform high 

pH (HpH) fractionation. 

 

2.6.2.2 HpH RP Peptide Fractionation 

 

 For ion library generation trough HpH fractionation, the pooled sample was fractionated using 

a Pierce High pH Reverse-Phase Fractionation Kit (Thermo Fisher Scientific). 

 The spin column was conditioned with acetonitrile (centrifugation at 5000 g for 2 minutes, 

repeated twice), followed by 0.1% trifluoroacetic acid (centrifugation at 5000 g for 2 minutes, 

repeated twice). The sample was resuspended in 300 l of 0.1% trifluoroacetic acid and loaded onto 

the column. The flow-through fraction was collected by centrifugation at 3000 g for 2 minutes then 

washed by adding 300 l Milli-Q water and spun at 3000 g for 2 minutes. A total of eight fractions 

were eluted using the eight step-hight-pH elution solutions. These fractions were dried and 

resuspended in loading buffer and then subjected to 2D-IDA. SWATH acquisitions were acquired in 

random order with one blank run after each sample. 
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2.6.3 Data acquisition 

 

 Data were acquired on a Triple TOF 6600 mass spectrometer (Sciex) with an Eksigent Ultra 

nanoLC system (Eksigent). 

 

2.6.3.1 Data (information) dependent acquisition (IDA) 

 

 Sample (10 l) was injected onto a reverse-phase C18 self-packed peptide trap for pre-

concentration and desalted with loading buffer, at 5 l/min for 3 minutes. The peptide trap was then 

switched into line with the analytical column. Peptides were eluted from the column using the linear 

solvent gradient from mobile phase A: mobile phase B (95:5) to mobile phase A: mobile phase B 

(65:35) at 600 nl/min over 120-minute period. After the peptide elution, the column was cleaned with 

95% buffer B (99.9% acetonitrile, 0.1% formic acid) and then equilibrated with 95% buffer A (2% 

acetonitrile, 97.9% water, 0.1% formic acid) for 10 minutes before the next sample injection. The 

reverse phase nanoLC eluent was subject to positive ion nanoflow electrospray analysis in an 

information dependant acquisition mode (IDA).  

 In the IDA mode a TOF-MS survey scan was acquired (m/z 350-1500, 0.25 second) with the 

20 most intense multiply charged ions (2+ - 5+, exceeding 200 counts per second) in the survey scan 

sequentially subjected to MS/MS analysis. MS/MS spectra were accumulated for 100 milliseconds in 

the mass range m/z 100-800 with rolling collision energy. 

 

2.6.3.2 Data independent acquisition (SWATH) 

 

 Sample (10 l) was injected onto a reverse-phase C18 self-packed peptide trap for pre-

concentration and desalted with loading buffer, at 5 l/min for 3 minutes. The peptide trap was then 

switched into line with the analytical column. Peptides were eluted from the column using the linear 

solvent gradient from mobile phase A: mobile phase B (95:5) to mobile phase A: mobile phase B 

(65:35) at 600 nl/min over 120-minute period. After the peptide elution, the column was cleaned with 

95% buffer B (99.9% acetonitrile, 0.1% formic acid) and then equilibrated with 95% buffer A (2% 

acetonitrile, 97.9% water, 0.1% formic acid) for 10 minutes before next the sample injection. The 

reverse phase nanoLC eluent was subject to positive ion nanoflow electrospray analysis in an 

information independent acquisition mode (SWATH).  
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 In the SWATH mode, first, a TOFMS survey was acquired (m/z 350-1500, 50 milliseconds) 

then the 100 predefined m/z ranges were sequentially subjected to MS/MS analysis. MS/MS spectra 

were accumulated for 30 milliseconds in the mass range m/z 350-1500 with rolling collision energy 

optimised for lowed m/z in m/z window +10%. 

 

2.6.4 Proteomic data analysis 

 

2.6.4.1 Database searches for IDA data 

 

 The data files generated by 1D and 2D-IDA-MS analysis were searched with ProteinPilot 

(v5.0) (Sciex) using the Paragon algorithm in through mode. 

 The following fasta files were downloaded from PubMed and UniProt websites: 

• PubMed_lactobacillus gasseri.fasta (contains 83617 proteins) 

• PubMed_gardnerella vaginalis.fasta (contains 197628 proteins) 

• uniprot-proteome_LG SV-16A-US.fasta (unreviewed, contains 1929 proteins) 

• uniprot-proteome_GV 5-1.fasta (unreviewed, contains 1335 proteins) 

• uniprot-proteome_GV 00703Dmash.fasta (unreviewed, contains 1166 proteins) 

Combined to one fasta file (combined total of 285675 proteins). 

 The above fasta file containing 285675 proteins was used for searching the data. 

Carbamidomethylation of Cysteine residues was selected as a fixed modification. An Unused Score 

cut-off was set to 1.3 (95% confidence for identification), and global protein FDR of 1%. 

 

2.6.4. 2 SWATH extraction and quantification 

 

 The ion library was constructed by merging 1D-IDAs with 2D-IDas. The library contains 

5535 proteins. Ion library and SWATH data were imported into PeakView (v2.2). Protein peak areas 

information in SWATH data were extracted using PeakView (v2.2) with the following parameters: 

topmost intense fragments of each peptide were extracted from the SWATH data set (75 ppm mass 

tolerance, 15 min retention time window). Shared and modified peptides were excluded. After data 

processing, peptides (max 100 peptides per protein) with confidence  99% and FDR  1% (based 

on chromatographic features after fragment extraction) were used for quantification. 
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2.6.4.3 Statistical analysis of proteomics data and data visualisation 

 

The protein peak areas were normalised to the total peak area of the respective sample and 

subjected to two samples T-test to compare relative peak areas between the sample groups. Protein 

T-test with p-value smaller than 0.05 and fold change  1.5 were highlighted as differentially 

expressed proteins.  

UniProt names of identified proteins were further used for the downstream analysis. Venn 

diagrams were created using a VENNY 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/). The UniProt 

Database (https://www.uniprot.org/) was used to perform the Gene ontology analysis. HeatMaps of 

identified proteins were created at Excel using a XLSTAT software add-on. Volcano plots of 

differentially expressed proteins were generated at the GraphPad Prism software (version 9.0.0). 

Protein-protein interactions were analysed and visualised using STRING (https://string-db.org/). 

 

2.7 Effects of delivery of vaginal bacterial EVs to human and parasite cells 

 

2.7.1. Delivery and uptake of bacterial EVs by target cells  

 

To detect the delivery of bacterial EVs to hECs and T. vaginalis, freshly isolated EVs were 

stained with fluorescent membrane dye PKH26 (Sigma Aldrich) as per the manufacturer’s 

recommendation and as described before for PKH67 (section 2.5.6.1 of this chapter). hECs were 

seeded into 48-well plates and when confluent received labelled EVs (10 g) for further co-incubation 

for up to 24 hours at 37°C or 4°C (negative control). After incubations at several time points, human 

cells were washed with PBS to remove free EVs, trypsinized and resuspended in PBS with 1% sera, 

and subjected to flow cytometry analysis (BD Accuri C6, BD Bioscience). Confocal microscopy was 

also done, following the same procedure as described earlier in section 2.5.6.3. 

T. vaginalis B7RC2 was cultured at Diamonds media with sera in 15 ml tubes to a density of 

5-10  106 parasites/ml. Parasites were washed from sera by centrifugation, resuspended at KSFM, 

and seeded into 96-well plates at a density of 1-10  105 parasites/ml. Fluorescently labelled bacterial 

EVs (10 g) were added to T. vaginalis cells. Plates were incubated in plastic sealed containers with 

a gas pack at 37°C or 4°C for 24 hours. After incubation T. vaginalis cells were washed with PBS by 

centrifugation to remove unincorporated vesicles, and flow cytometry analysis was performed.  

https://bioinfogp.cnb.csic.es/tools/venny/
https://www.uniprot.org/
https://string-db.org/
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The cytotoxicity effect of bacterial EVs, at different concentrations, on hECs and T. vaginalis 

was assessed first using the nucleic acid detection method (CyQUANT Direct Cell Proliferation 

Assay Kit) as was detailed in section 2.5.6.4. 

 

2.7.2 Profiling of cytokines from human cells 

 

For cytokine profiling, hECs were seeded in 96-well plates at a density of 50000 cells per well 

in complete KSFM media. After reaching confluency, EVs (5 and 10 g) derived from bacteria and 

resuspended in culture medium were added to human cells for further co-culturing for up to 72 hours. 

100 l of supernatants was collected from two biological replicas at allocated time points (5, 24, 48, 

72 hours) and stored at -20°C until used for analysis. Lipopolysaccharide (LPS) at final concentrations 

of 100 and 1000 ng/ml was used as a positive control. hECs alone were used as negative control. 

Supernatants were thawed on ice and centrifuged at 1000 g at 4°C for 5 minutes. Samples were next 

tested for 29 analytes using Milliplex MAP Human Cytokine/Chemokine Magnetic Bead Panel 

(Millipore Corporation, USA) following the manufacturer’s protocol. Briefly, 25 l samples (in 

duplicate), standards and quality controls were incubated with antibody-immobilised beads and assay 

buffer for 2 hours at room temperature with shaking. The plate was washed and incubated with 25 l 

detection antibodies for 1 hour at room temperature with shaking before further incubation with 25 

l Strepavidin-Phycoerythrin for 30 minutes. The plate was then washed again and 150 l of Drive 

Fluid was added. Fluorescence was measured on a Luminex MAGPIX (Luminex BV, The 

Netherlands). 

 

2.7.3 The influence of bacterial EVs to T. vaginalis virulence 

 

2.7.3.1 Incubation modes for adhesion assay 

 

 The co-incubation setups as well as a full workflow of the adhesion assay is demonstrated in 

the Figure 2-4.  

 



53 

 

 

 

Figure 2-4. The diagram shows the different co-incubation variations as well the workflow of the adhesion 

experiment. The main steps are presented by numbers in boxes and include: 

1 – Growth of hECs and T. vaginalis; 2 – Seeding cells into 96-well plates. Wells with untreated hECs and 

untreated T. vaginalis are indicated with grey boxes and grey arrows; 3 – Treatment with bacterial EVs. Wells 

with treated with bacterial EVs hECs and T. vaginalis are indicated with the pink and purple boxes and arrows; 

4 – Staining of T. vaginalis with fluorescent dye; 5 – Co-incubation of hECs with T. vaginalis;  6 – Samples 

analysis at the flow cytometer; 7 – Data analysis. Illustration was created with BioRender.com. 

 

 In order to investigate the effect of bacterial EVs on the adhesive potential of T. vaginalis, 

different co-incubation variations of adhesion assay were performed (Fig. 2-4): 

1. hECs + T. vaginalis (Control) 

2. hECs + (T. vaginalis + L. gasseri EVs) 

3. hECs + (T. vaginalis + G. vaginalis EVs) 

4. (hECs + L. gasseri EVs) + T. vaginalis 

5. (hECs + G. vaginalis EVs) + T. vaginalis 

6. (hECs + L. gasseri EVs + (T. vaginalis + L. gasseri EVs) 
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7. (hECs + L. gasseri EVs) + (T. vaginalis + G. vaginalis EVs) 

8. (hECs + G. vaginalis EVs) + (T. vaginalis + L. gasseri EVs) 

9. (hECs + G. vaginalis EVs) + (T. vaginalis + G. vaginalis EVs) 

 

First, hECs were seeded into 96-well plates to reach a confluent monolayer (85-90%). After 

that, bacterial EVs (10 µg) were added to the human cells for 16 hours of co-incubation 

(experimental groups 4 – 9).  

T. vaginalis B7RC2 and G3, strains that are known for displaying different levels of adhesion 

to host cells [321], were used for this assay. Parasites were grown in 15 ml tubes (as described 

before at 2.1.1) to a density of 1 × 106 parasites/ml, washed from the Diamond’s media by 

centrifugation and resuspended in KSFM media into 96-well plates at a density of 1 × 105 

parasites/ml. Bacterial EVs (10 µg) were added to the parasite for a further 16 hours co-incubation 

(groups 2, 3, 6 – 9) at 37°C. All the plates (with treated and untreated parasites) were incubated in 

a sealed plastic box supplemented with anaerobic gas generating saches (Thermo Fisher Scientific). 

After that, T. vaginalis was washed twice in PBS to remove unincorporated EVs and parasite cells 

were stained with 1 mM of CellTracker Red CMTPX Dye (Thermo Fisher Scientific). For that, the 

cells were resuspended in a dye solution and incubated at 37°C for 45 minutes. After the staining, 

cells were washed twice with PBS by centrifugation at 3000 ×g for 10 minutes and resuspended in 

KSFM. Cell counts using a haemocytometer were done and cells were diluted to a concentration of 

1 × 104 parasites/ml. 

hECs were gently washed twice with PBS in order to remove the unincorporated vesicles and 

to remove the media. Experimental groups 1, 4 and 5 received 250 µl of stained untreated T. vaginalis. 

Groups 2, 3, 6 – 9 received an equal volume of pre-treated stained T. vaginalis. The cells were 

incubated with the parasite at 37°C for 30 minutes with 5% CO2. The supernatants were gently 

discarded, and the wells were washed twice with PBS to remove unbound parasite cells. Next, hECs 

containing the attached T. vaginalis were trypsinised to detach all the cells from the surface. PBS 

with 1% sera was used to neutralise the trypsin. This mix was placed on ice before being analysed by 

a flow cytometer (BD Accuri C6, BD Bioscience). 

  

2.7.3.2 Flow cytometry analysis 

 

Flow cytometry analysis was performed on a BD Accuri C6 (BD Biosciences) flow cytometer, 

equipped with 488 nm and 635 nm laser excitations and BD Accuri C6 Plus Analysis Software (BD 
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Bioscience). Cells were discriminated based on their light-scattering properties as well as fluorescent 

staining. For the adhesion assay, CellTracker Red CMTPX -stained T. vaginalis was detected in FL2 

and FL3 Channels. hECs were detectable based on FSC/SSC. To detect CMTPX -stained parasites in 

the presence of hECs, gates in FL2 and FL3 Channels were set based on the signal of the unstained 

parasite. Represented images were created using FlowJo (version 10.7.1) 

 

2.8 Statistics 

 

All experimental analyses were performed in triplicate unless otherwise stated. An appropriate 

statistical analysis - unpaired 2-tailed Student t test and analysis of variance (ANOVA) was 

performed using a GraphPad Prism (version 9.0.0). All experimental samples were compared to 

untreated control cells incubated under the same conditions. P-values of < 0.05 were considered 

statistically significant, and P-values of < 0.001 were considered highly significant. 
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Chapter 3. 

 

Extracellular vesicles of the vaginal pathogen T. vaginalis deliver a 

selective cargo of tRNA fragments to human cells 

 

3.1 Introduction 

 

T. vaginalis is a protozoan parasite that colonizes the mucosal surface of the urogenital track 

extracellularly, interacting with the host cells and surrounding microbiota [322]. This unicellular 

eukaryote is the causative agent of trichomoniasis, a disease that affects both genders, but is more 

frequent in women of reproductive age than men [25]. In addition to vaginitis and urethritis, 

trichomoniasis increases the risk of cervical and prostate cancer, premature births, and the birth of 

low weight infants. This infection is also a risk factor for HIV transmission and acquisition [18, 27-

30]. Despite its medical importance, little is known about how the parasite T. vaginalis interacts and 

communicates with the host at cellular and molecular levels. 

Cell-to-cell crosstalk via extracellular vesicles (EVs) is now a well-recognized way of 

communication [323]. It has been established that the functional cargoes transferred from one cell to 

another via secreted EVs are important for both physiological and pathological processes. It is 

accepted nowadays that these vesicles can be produced by many cell types [182, 276], although the 

vast majority of information and knowledge is coming predominantly from eukaryotic models, such 

as mammalian cells.  

Parasites - amongst phylogenetically diverse species of protozoans and helminths - have been 

systematically found to produce extracellular vesicles during different stages of infection [324-327]. 

EVs released by parasites transfer biologically active molecules (proteins, lipids, and nucleic acids) 

to recipient cells, either to other parasites or host cells, and are also used to communicate within their 

own population and/or manipulate the parasites’ outside environment. The delivery of EVs and their 

cargo alters the recipient cells’ responses and represents a new mechanism of parasite 

immunopathogenicity and survival [325].  

There is a number of reported examples. For instance, Leishmania-released EVs carry parasite 

antigen membrane-bound metalloprotease GP63 that activates a host protein tyrosine phosphatase 

that downregulates the immune response [328]. In addition, after hepatocyte uptake, GP63 cleaves 



57 

 

DICER1, inhibits the maturation of lipid regulator miR-122 that  decreases serum cholesterol and 

thus supports the parasite's growth [329]. Trypanosoma cruzi vesicles can incorporate antigens in 

their cargo so that after delivery to fibroblasts or cardiomyocytes, host cells become targeted by the 

humoral immune response, causing tissue damage as a result [330]. Vesicles produced 

by Plasmodium spp. contain a unique group of Maurer's cleft-associated proteins that induce EVs to 

be released and taken up by the host cells [238, 252].  

As seen from the previous examples, most of the attention to date has been focussed on EVs 

produced by intracellular pathogens as well as their protein cargo as the main pathogenic factor 

carried by these vesicles. However, EVs are also reported to be produced by various extracellular 

protozoan parasites that colonise the mucosa of animals and humans including Entamoeba histolytica, 

Giardia lamblia, Tritrichomonas foetus and T. vaginalis.  

Thus, EVs released by Entamoeba histolytica have been discussed as major regulators of the 

infection and Amoebiasis disease [331]. Among the proteins that were identified from these parasites 

EVs were those involved in colonisation, cyst formation processes, evasion of the host immune 

response, as well as EVs biogenesis. A substantial overlap with top 100 known mammalian vesicular 

markers was reported [332].  

In the case of Giardia lamblia (or intestinalis) it was reported to release different sub-

populations of EVs – small (35±5 nm) and large vesicles (165±13 nm) [333]. Proteomic analysis of 

these EVs revealed a specific protein profile unique to each type of vesicle size, but proteins involved 

in Giardia pathogenesis were present in both EV sizes [333]. The treatment of parasites with large 

parasite-derived EVs caused an increase of their adhesion to the host cells, whilst small EVs did not 

show any effect, suggesting that a population of large Giardia EVs carries necessary factors for 

parasite adhesion [333]. Importantly, Giardia EVs recently have been shown to have a bacteriostatic 

effect on commensal gut bacteria, inhibiting their growth [334].  

Although the production of EVs by Tritrichomonas foetus has not been demonstrated before, 

the presence of the proteins responsible for the EVs formation and described in T. vaginalis has been 

shown [335, 336].  

T. vaginalis, the extracellular protozoan parasite which is the focus of my research, is known 

to release EVs that play a role in parasite-parasite and parasite-host interactions [242, 274, 327]. 

These EVs were initially called exosomes, based on the ultra-structure description and proteomics 

analysis [242]. More recently, microvesicles and other larger vesicles were shown to be produced 

by T. vaginalis and their content increased upon specific physiological stimuli [274]. T. 

vaginalis EVs were demonstrated to alter parasite virulence and host immune response. They can 



58 

 

enhance parasite cytoadherence in a strain-dependent manner and modulate the expression of pro-

inflammatory cytokines IL-6 and IL-8 from human ectocervical cells [242]. Interestingly, in a murine 

model of infection, pretreatment with parasite EVs caused an increase in anti-inflammatory cytokine 

IL-10 secretion and decreased inflammation, supporting the role of these EVs for parasite survival 

[337]. Furthermore, specific proteins on the surface of the T. vaginalis EVs and the host cells have 

been identified to be directly responsible for the EVs internalisation [275]. Although a significant 

fraction of the proteome of T. vaginalis EVs is shared with mammalian exosomes, there are many 

hypothetical proteins and virulence candidates whose functions are mostly unknown [242]. In 

addition, these vesicles carry RNA cargo whose composition has not yet been described nor has it 

been demonstrated that this cargo is delivered intact to recipient cells.  

RNAs have been repeatedly reported in the cargo of EVs produced by various parasites [332, 

338-343]. Among helminthic parasites, the nematode Heligmosomoides polygyrus was found to 

produce EVs that contain abundant miRNAs that, upon delivery, regulated the expression of genes 

implicated in immunity and inflammation. In particular, the innate Type 2 response was suppressed, 

creating an environment that facilitated parasite survival [344]. In protozoan parasites, however, the 

RNA cargo is still largely unexplored. The field is also nascent because the existence of canonical 

miRNA-coding genes in these evolutionarily divergent organisms is in dispute [340]. This dispute 

raises two important questions, (i) what classes of RNAs are in the cargo of their EVs and (ii) could 

these small RNAs (even if not classical miRNAs) have any role in the modulation of host cellular 

responses? These are two questions that will be addressed in this chapter. 

The selective packaging of small antisense RNA into vesicles derived from Entamoeba 

histolytica has been described [332]. In particular, the population of 27 nt RNA that has been shown 

to control gene expression in target cells, was proposed as a possible way of RNA-mediated 

communication through EVs in Entamoeba [339]. Furthermore, the presence of small RNA in 

Giardia EVs was discovered, indicating as well, a potential role in modulation of the host gene 

expression [345]. 

EVs produced by trypanosomatids were found to carry a distinctive signature of small RNAs 

[338, 342, 343]. This includes specific fragments of tRNAs or transfer RNA-derived small RNAs 

(tsRNAs) and rRNAs, among others. Two species of Leishmania produce EVs that are enriched in 

small non-coding RNAs derived primarily from tRNAs and rRNAs, demonstrating that this 

population of small RNAs in EVs is remarkably comparable between the new and the old 

world Leishmania (L. braziliensis and L. donovani respectively) [338]. Also, T. cruzi was found to 

produce different populations of small-size RNAs incorporated into EVs and transferred to the target 

cells. The comparison of the RNA cargo between parental cells and EVs revealed distinctive patterns 
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and a specific signature to the vesicles [343, 346]. Both studies agreed that specific fragments of 

tRNAs and rRNAs are among the most predominant types of RNAs, representing together 70-90% 

of the total RNA content of these EVs [338, 343, 346]. This RNA cargo was transferred between 

parasites [341, 346] and to mammalian cells [338, 341, 342, 346]. In T. cruzi, an alternative small 

RNA pathway was described for the biogenesis of fragments of tRNAs (5'-tRNA halves) that were 

associated with the trypanosome argonaute-like TcPIWI-tryp, loaded into EVs and delivered to a 

recipient parasite or host cell [342]. However, a direct link between this RNA pathway and parasite 

development or host cell infectivity still remains to be elucidated. 

As a first step to the understanding of the RNA cargo of T. vaginalis EVs, the main goals of 

this chapter are: 1 – Confirm the production of EVs by T. vaginalis B7RC2 by describing the physical 

characteristics of T. vaginalis EVs; 2 – Demonstrate that these vesicles and their RNA cargo are 

delivered and taken up by the human cells; 3 – Characterise the RNA cargo of T. vaginalis EVs by 

employing next-generation sequencing technology; 4 – Detect and quantify the top most abundant 

small RNAs in cells and EVs (Fig. 3-1). 

 

 

Figure 3-1. Flow chart of my research strategy. The figure demonstrates the logical progression of Chapter 3 

as well as the main aims of the current chapter. 
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3.2. Results 

 

3.2.1 Characterisation of T. vaginalis-derived EVs  

 

T. vaginalis is known to produce different types of EVs: exosomes [242], microvesicles and 

other larger vesicles [274]. Here, following the recommendation of the ISEV [184], two 

complementary methods were employed to confirm the production of EVs by T. vaginalis strain 

B7RC2 (Fig. 3-2 A and 3-2 B). NTA showed that T. vaginalis releases 1.69-2.74 x 1012 vesicles per 

ml of culture with a mean diameter of 105  2.2 nm. Visualization under TEM confirmed the average 

size of these vesicles, displaying a cup-shape morphology. These results are in agreement with the 

original report [242] and show that, under these experimental conditions, exosomes are a common 

type of extracellular vesicle produced by this parasite. 

 

 

Figure 3-2. Characterisation of EVs produced by T. vaginalis. A - Nanosight and B - transmission electron 

microscopy showing homogenous size distribution and morphological features of vesicles.  

 

T. vaginalis EVs were shown previously to carry protein and RNA cargo [242, 274] but the 

composition of the RNA cargo in these vesicles was unknown. In addition, the existence of a possible 

DNA cargo had not been determined. To address these questions, I freshly isolated EVs and subjected 

them to differential extraction of nucleic acids followed by RNA- and DNA-specific detection and 
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quantification. RNA was found in an average concentration of 6 ng per g of proteins in the vesicles, 

which is comparable to RNA concentration described previously in the EVs of trypanosomatids 

[347]. The concentration of DNA (~0.07 ng per g of protein) was at the detection limit of the Qubit 

DNA HS assay; thus, could not be confirmed as it was potentially just background noise.  

To evaluate if these RNAs represent a subset of the cellular RNA, the RNA profile from cells 

and vesicles was analysed by equal loading of nucleic acids into the Bioanalyser system, using a 

previously reported method [242]. The electropherograms revealed that RNAs of small size were 

significantly enriched in these vesicles as compared to the total cellular RNA. The ratio of the rRNA 

peaks versus small RNAs, as quantified from the electropherogram, was almost inverted in EVs (1:4) 

versus cells (3:1) (Fig. 3-3). This supports the conclusion that pasasites-derived EVs might 

preferentially sort a specific sub-set of small RNA.  

 

 

 

Figure 3-3. Analysis of RNAs obtained from cells and EVs using the Bioanalyser. The image and 

electropherograms of the RNAs obtained from cells and EVs are shown for comparison. The ratio of large 

versus small RNAs (L:S ratio), captured in brackets under electropherograms, is indicated.  

 

The RNAs thought to be packaged in the EVs may potentially represent extracellular RNAs 

in the vescicles or those associated with proteins that were co-purified with the vesicles. To confirm 
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if the RNAs were truly packaged into membrane-bound vesicles, isolated EVs were subjected to 

treatment with proteolytic enzymes RNAse A and Proteinase K in the presence or absence of the 

membrane-permeabilizing detergent Triton X-100 (Fig. 3-4). This membrane-permeabilizing 

detergent is recommended for assessment of surface versus internal molecular cargo of EVs [184] 

and was used previously to assess the RNA content of EVs in Leishmania [338]. The results 

demonstrated that, in the absence of the detergent, the large rRNA peaks disappeared with the 

enzymatic treatment, suggesting that these RNAs were associated with vesicles but located outside. 

The small RNA profile, on the other hand, remained virtually unaltered. In the presence of the 

detergent, RNase A was sufficient to totally digest the small RNAs in the vesicles. These results 

indicate that these small-sized RNA are inside vesicles, protected by the lipid bilayer from 

degradation and possibly not bound to proteins.  

 

 

 

Figure 3-4. Extracellular vesicles EVs produced by T. vaginalis package RNAs of small size. EVs were treated 

with RNase A or RNase A plus proteinase K, in the presence or absence of Triton X-100. RNAs were isolated 

and compared to untreated EVs using the TapeStation. 

 

3.2.2 Delivery of T. vaginalis EVs and RNA content to the target cells  

 

In previous publications [242] T. vaginalis-derived EVs were demonstrated to deliver protein 

cargo to host cells. The delivery of the RNA cargo, however, had not been demonstrated. To answer 

this question, isolated EVs were labelled with two different live-cell fluorescent dyes so that delivery 

to HeLa cells could be verified by flow cytometry and confocal microscopy (Fig. 3-5 and 3-6).  
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First, lipid-labelled EVs with PKH67 confirmed that delivery to host cells is temperature- and 

time-dependent. HeLa cells were incubated with these vesicles for 1-24 hours under normal growth 

conditions – media completed with 10% FBS. The uptake of EVs was assessed by a flow cytometer, 

measuring median fluorescence intensity at each time point. As seen in Figure 3-5, an increase of cell 

fluorescence was observed after 5 hours of co-incubation. The signal increased with time, suggesting 

the accumulation of labelled vesicles within recipient cells. At each time point, HeLa cells alone and 

cells with labelled EVs that were incubated at 4°C were used as negative controls. There was no 

significant difference between these two samples (Fig. 3-5), with only background fluorescence 

measured after incubation at 4°C. This observation confirms that the delivery of EVs to target cells 

is an active, energy-dependent process rather than a passive membrane fusion. 

 

 

Figure 3-5. T. vaginalis EVs are delivered to the host cells in a temperature- and time-dependent manner. 

Uptake of extracellular vesicles was measured by flow cytometry after PKH67-labelled vesicles were 

incubated with HeLa cells. Controls were HeLa cells without EVs (control 1) and with labelled EVs but 

incubated at 4°C for 24 h (control 2). Uptake proceeded at 37°C and samples were taken at 1, 5, 16 and 24 h, 

as indicated. The values are presented as the mean ± SD; n = 3 for each sample. 
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RNA-labelled EVs with SYTO RNASelect demonstrated that the temperature-dependent 

process of uptake results in the stable delivery of the small RNA cargo to human cells. As previously, 

the increase of fluorescence signal in a time-dependent manner was observed (Fig. 3-5).  The signal 

could be detected as early as 1 hour, reaching its maximum after 16 hours of co-incubation with about 

4-fold increase of fluorescence. After 16 hours, there was a slight reduction of cells’ fluorescent 

signal, which might have been caused by the decrease of cell proliferation and/or turnover of the 

RNAs. As at the previous experiment with PKH67-labeled EVs, HeLa cells alone and cells with 

labelled EVs that were incubated at 4°C were used as negative controls.  

To confirm that the labelled vesicles were in fact internalised by the host cells, delivered their 

RNA cargo and did not just attach to cell membrane, confocal microscopy analysis was performed. 

After 5 hours of co-incubation with EVs, punctate fluorescent signals homogeneously dispersed in 

HeLa cells were observed to be intracellular (Fig. 3-6), with increasing signals over time. In a manner 

similar to the flow cytometry assay, HeLa cells that were incubated with labeled EVs at 4°C served 

as a negative control and no visible fluorescent signal was detected at these samples, indicating that 

EVs uptake by the host cells was completely inhibited at 4°C. The attempt to investigate the cellular 

localization of delivered RNA was performed in multiple replicates. The internalized RNA was 

observed to be mainly present in the cytoplasm. However, because of the limitation of the labelling 

technique, and the fact that only a modest amount of labelled RNA was being delivered to the target 

cells, further experiments will be necessary to confirm this precise cellular localisation. 
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Figure 3-6. Extracellular vesicles of T. vaginalis fuse and deliver RNA cargo to host cells in a temperature- 

and time-dependent manner. Confocal microscopy representative images of HeLa cells incubated with SYTO 

RNASelect-labelled vesicles for 5 and 16 h at 37°C and 4°C. Scale bar: 10 m. 

 

Once the delivery to the target cells was confirmed, the potential cytotoxic effect of T. 

vaginalis vesicles on the recipient cells and their proliferation activity was assessed. Confluent 

monolayers of HeLa cells were treated with T. vaginalis-derived EVs for up to 16 hours and the 

CyQUANT cell proliferation/toxicity assay (as described at 2.5.6.4) was performed at each time 

point. The dose of EVs used for this assay was equivalent to 10 g of protein. The human cells are 
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expected to divide normally with a regular doubling time of about 23 hours, so the HeLa cells treated 

with the PBS were used as a negative control at each time point. Figure 3-7 demonstrates that the co-

incubation of human cells with parasite vesicles for up to 16 hours, did not change proliferation rates 

nor lead to damage of the cells since cytotoxicity levels were less than 15% at this time point.  

 

Figure 3-7. Effect of T. vaginalis EVs on HeLa cells. The graph shows the proliferation of human cells 

(measured by CyQUANT) as the relative fluorescence units. The values are presented as the mean ± SD; n = 

3 for each sample. 

 

3.2.3 Analysis of the RNA content of T. vaginalis EVs  

 

In the previous section of this chapter, I demonstrated that the packaging of T. vaginalis EVs 

with RNAs of small size, was successfully delivered to host cells. To characterize this RNA cargo, 

deep sequencing of small RNAs from isolated vesicles was now employed. To assess reproducibility, 

six small RNA libraries were produced from three independent preparations of EVs from T. vaginalis 

B7RC2 (as described at 2.5.1). Deep sequencing generated between ~24.5 and ~43.5 million reads 

from each library. Standard bioinformatics tools (section 2.5.2) were used to map and assign the reads 

to RNA biotypes and to identify putative miRNAs (Table 3-1). 
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The size distribution of small RNAs in T. vaginalis EVs clustered into five groups between 

17 – 51 nt (Fig. 3-8 A), showing discrete peaks between 24-30 nt and 45-51 nt, which was consistent 

across all of the independent libraries. After mapping the reads to the reference genome, small RNAs 

were found to be mostly represented by fragments of tRNAs (88.2%) followed by non-annotated 

regions (7.7%), CDs (coding domains of mRNAs) (3.7%) and rRNAs (0.4%) (Table 3-1 and Fig. 3-

8 B).  
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Figure 3-8. The length distribution and functional categorisation of sequencing reads from small RNA-seq 

libraries of T. vaginalis extracellular vesicles. The six individual RNA-seq libraries are shown. Libraries A to 

C correspond to three biological replicas; 1 and 2 to two technical replicas. A - Length distribution of reads 

was plotted, following five groups of 7 nt-length windows (from 17 to 51 nt). B – Functional categorization 

was based on T. vaginalis genome annotation: tRNA, rRNA, CD (coding domains of mRNAs) or non-

annotated transcripts (if no function could be attributed, as per trichdb.org). 

http://trichdb.org/
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The relative representation of RNA biotypes, with a dominance of tRNA fragments (83-91% 

of the total), was comparable among all six libraries. Moreover, despite the expected variability across 

samples, the heatmaps produced for each RNA biotype showed that the representation of tRNA 

fragments across libraries was more reproducible than rRNA or CD fragments (Fig. 3-9).  

 

 

 

Figure 3-9. Heatmaps of small RNA reads mapped to tRNAs, rRNAs and CDs of T. vaginalis genome, 

standardised by library size (scaled from -2 to 2 for visualisation), across all six libraries including biological 

replicas (A, B and C) and technical replicas (1 and 2). 
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Putative miRNAs were identified, using standard prediction tools for de novo identification 

of miRNAs. However, these were not consistently detected across libraries (Table 3-2). Moreover, 

BLAST analysis of their precursor sequences against T. vaginalis transcriptome showed that these 

putative miRNAs are mostly derived from rRNAs, tRNAs or protein-coding genes (Table 3-2). In 

addition to mapping to other precursor RNAs, none of them met the expected miRNA criteria for de 

novo genome annotation [340]: e.g. the total read counts were low (< 1000) or the miRDeep score 

were low (<10) or reads mapping to the star sequence were lacking. In addition to using de novo 

prediction tools, we attempted to identify miRNAs previously described in T. vaginalis [318] from 

our data. BLAST could only identify Tvm1 and Tvm6. Both were found with relatively low counts 

and only the former was found in all libraries (Table 3-1 and Table 3-2). 
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Table 3-1. Sequencing and annotation information across all small RNA-seq libraries of T. vaginalis EVs. 

 

Library identification A1 B1 C1 A2 B2 C2 

Total number of sequenced reads, raw fastq  

(filtered sequences: low quality or <15 bp) 

24,459,250 

(1,853,804) 

29,669,706 

(1,435,796) 

43,536,613 

(1,350,961) 

32,760,586 

(1,896,723) 

38,982,602 

(1,669,901) 

28,457,593 

(1,006,209) 

Unassigned/ unmapped reads, total (%) 20,966,483 

(85.7%) 

26,942,547 

(90.8%) 

38,569,982 

(88.6%) 

28,595,210 

(87.3%) 

35,408,161 

(90.8%) 

24,459,446 

(86%) 

Assigned/ mapped reads, total (%) 3,492,767 

(14.3%) 

2,727,159 

(9.2%) 

4,966,631 

(11.4%) 

4,165,376 

(12.7%) 

3,574,441 

(9.2%) 

3,998,147 

(14%) 

Total number of multi-mapped feature 

Counts 

16,093,949 11,308,789 44,522,127 23,465,637 18,362,562 39,120,648 

Feature Counts assigned CDSa, total (%) 1,100,635 

(6.8%) 

753,533 

(6.7%) 

994,982 

(2.2%) 

1,392,315 

(5.9%) 

1,078,884 

(5.9%) 

797,704 

(2%) 

Feature Counts assigned tRNAa, total (%) 14,918,189 

(92.7%) 

10,462,910 

(92.5%) 

43,381,977 

(97.4%) 

21,970,367 

(93.6%) 

17,152,653 

(93.4%) 

38,213,069 

(97.7%) 

Feature Counts assigned rRNAa, total (%) 75,125 

(0.5%) 

92,346 

(0.8%) 

145,168 

(0.4%) 

102,955 

(0.5%) 

131,025 

(0.7%) 

109,875  

(0.3%) 

ShortStack: total of cluster predictions 8,761 7,562 7,312 10,252 9,039 5,624 

ShortStack: unique most abundant fragments 

within clusters 

7,962 6,939 6,872 9,305 8,308 5,254 

miRNA: de novo prediction by miRDeep2  2 7 4 3 2 4 

miRNA: identification by BLASTb Tvm1 Tvm1 Tvm1 Tvm1 Tvm1; 

Tvm6 

Tvm1; 

Tvm6 
 

aMultiple mapping reads were allowed 

 
bBLAST against miRNAs identified in T. vaginalis by previous studies [318].
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Table 3-2.  Features of putative micro RNAs predicted by miRDeepa and found across the six small RNA-seq libraries of T. vaginalis EVs. 

 

mi 

RNA 

ID# 

Found 

in 

library 

Precursor 

coordinate 

miR 

Deep2 

score 

Total 

read 

count 

Mature 

read 

count 

Loop 

read 

count 

Star 

read 

count 

Signifi

cant 

randf

old p-

value 

Consensus 

mature 

sequence 

Consensus 

star 

sequence 

Consensus 

precursor 

sequence 

Best 

BLAST hit 

(precursor 

vs. 

TrichDB 

transcripts

) e-value < 

1e-05 

 

 

 

1 

A1 DS172729:

806..860:- 

304.6 601 582 0 19 yes cuggaagaau

gucuauuac 

guggacauu

uuugugaa 

guggacauuuuug

ugaaguugcaaugu

gaguugcacuggaa

gaaugucuauuac 

rna_TVAG

_361280-1 

(28S 

rRNA) 

 

 

 

 

2 

A1/B2 DS113472:

5013..5079:

+ 

142.4 / 

135 .8 

293 / 

280 

292 / 

278 

0 / 0 1 / 2 yes cugcgaugau

gagaauuccu

cu 

uuauucuuaa

ucacuagcac

c 

cugcgaugaugaga

auuccucucguuca

acaucuucgugucg

agauuauucuuaau

cacuagcacc 

No 

annotation 

 

 

 

3 

B1 DS163723:

954..1002:- 

83.9 225 102 0 123 no aucaauagga

cugcgagc 

ugcgcuacuc

uuauaauccc

u 

aucaauaggacugc

gagcgugagaggg

ugcgcuacucuuau

aaucccu 

rna_TVAG

_500210-1  

(16S 

rRNA) 

 

 

 

 

4 

B1 / C1 

/ C2 

DS117593:

1390..1458:

+ 

2.3 / 

1.7 / 

2.1 

90 / 77 

/ 67 

90 / 77 / 

67 

0 / 0 / 

0 

0 / 0 / 

0 

yes aggcgaggga

gaaaacu 

ucgaaccucc

uacucgucga

c 

aggcgagggagaaa

acugagaggagguu

caagcaggagcucc

uacagucgaaccuc

cuacucgucgac 

rna_TVAG

_097330-1  

(protein-

coding) 

 B1 / B2 

/ C1 / 

C2 

DS176965:

371..439:+ 

2.3 / 

1.7 / 

1.3 / 

2.1 

90 / 77 

/ 87 / 

67 

90 / 77 / 

87 / 67 

0 / 0 / 

0 / 0 

0 / 0 / 

0 / 0 

yes aggcgaggga

gaaaacu 

ucgaaccucc

uacucgucga

c 

aggcgagggagaaa

acugagaggagguu

caagcaggagcucc

uacagucgaaccuc

cuacucgucgac 

rna_TVAG

_097330-1  

(protein-

coding) 
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6 

A2 / B1 

/ C1 / 

C2 

DS114171:

8500..8565:

- 

1.7 / 

1.8 / 

252.2 / 

1.7 

74 / 61 

/ 493 / 

433 

66 / 54 / 

487 / 

426 

8 / 7 / 

5 / 7 

0 / 1 / 

0 / 0 

yes gguucgauu

cccggguggc 

cacuagugua

ucgguua 

cacuaguguaucgg

uuagcaugagggu

uucccaaaccuuug

agccggguucgauu

cccggguggc 

rna_TVAG

_137440-1 

(tRNA-

Gly) 

 

 

 

 

7 

B1 DS113525:

34529..346

02:- 

0.7 2 1 0 1 yes gaagaucucg

gugaagcaca

ca 

cugcaacaca

cgcaaugauc

aaagaacaga 

gaagaucucgguga

agcacacagcaagu

ucaagcaauugcug

gcugcaacacacgc

aaugaucaaagaac

aga 

rna_TVAG

_369910-1 

(protein-

coding) 

 

 

 

 

 

8 

B1 / C1 DS134870:

18..98:+ 

0.7 / 

0.7 

48,836 

/ 

55,725 

48,653 / 

55,432 

183 / 

293 

0 / 0 yes uuaucugua

gugcgaguc

uuugc 

aaagucugac

ugcuuaggg

uagcu 

aaagucugacugcu

uaggguagcuauua

uaguaccgucugaa

acacggauuaggga

guuaucuguagug

cgagucuuugc 

rna_TVAG

_592330-1 

(28S 

rRNA) 

 

 

9 

A2 / B1 

/ C2 

DS114596:

9269..9318:

+ 

0.1 / 

0.1 / 

0.1 

34 /80 

/ 78 

 34 / 80 

/ 78 

0 / 0 / 

0 

0 / 0 / 

0 

yes acaaggaggc

ucugacc 

ucagaaacgc

cccuuccag 

ucagaaacgccccu

uccaggaccagaaa

gacuacaaggaggc

ucugacc 

rna_TVAG

_155950-1 

(protein-

coding) 

 

 

 

10 

A2 DS113182:

151174..15

1249:- 

0 15 15 0 0 yes uauuggagu

agguggagg

g 

cuucuuuug

cuguaaaagc 

uauuggaguaggu

ggagggauuugau

aguauugggaagg

uuccaaauugucau

uaccuucuuuugcu

guaaaagc 

rna_TVAG

_476080-1 

(protein-

coding) 

a [348]   
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Next, in order to further process and quantify identified small RNA, the ShortStack tool was 

employed. This bioinformatics tool helps analyse a reference-aligned small RNA-seq samples by 

discovering and arranging small RNA into clusters based on user-set thresholds, annotates clusters 

according to RNA size, orientation, and repetitiveness. Thus, the number of RNA clusters identified 

by ShortStack ranged from ~ 5000 to 10000 (Table 3-1). As expected, based on the relative 

representation of tRNA fragments (Fig. 3-8 B) and reproducibility, tRNA genes ranked among the 

topmost abundant clusters of sequences in all libraries (Table 3-3).  

The top 20 clusters among all six libraries were assigned to 29 genome locations being 22 of 

these assigned to tRNA genes, 2 to mRNA genes and 1 to a single 16S rRNA gene. The remaining 

four clusters were not functionally assigned as per genome annotation. Both mRNA clusters were 

discarded from further analysis since they only contained short fragments spanning through a very 

short region of their cognate genes (<20 nt). Based on the number of reads that each cluster contains, 

the ranking was established for each library. Ranking across libraries was highly reproducible (Table 

3-3). Nineteen of the top 20 clusters were found within the 30th position while ~75% of them were 

shared within the 20th position for at least two experimental replicas (Table 3-3). These results 

together support data reproducibility across libraries and indicate that tRNA fragments are the most 

common types of small RNAs packaged into EVs of T. vaginalis.  

 

 

 

 

 

 



75 

 

Table 3-3. Features of the most abundant clusters of transcripts for all RNA-seq libraries of T. 

vaginalis EVs. 

 

Clus
ter 
ID 

Genomic 
Location 

Annotation RNA 
biotype Rank position1 within libraries Shared 

ranking
2 within 
position A1 A2 B1 B2 C1 C2 

1 DS113269:1058
31-105982 

TVAG_38864
0 

tRNA-
Gly 1 1 1 1 1 1 

20th  

2 DS113630:5851
8-58595 

TVAG_09122
0 

tRNA-
Gly 2 2 2 2 2 6 

20th 

3 DS113298:1405
44-140652 

TVAG_07498
0 

tRNA-
Glu 3 4 3 5 3 2 

20th 

4 DS113265:1610
63-161145 

TVAG_21994
0 

tRNA-
Lys 4 3 4 3 4 3 

20th 

5 DS116604:1992
-2065 

TVAG_58141
0 

tRNA-
Glu 5 5 5 4 5 4 

20th 

6 DS113401:6535
4-65373 

TVAG_20487
0 mRNA 6 10 15 18   

20th 

7 DS113846:3350
8-33665 

TVAG_38139
0 

tRNA-
Phe 7 9 7 6 6 7 

20th 

8 DS115152:1041
-1105 

TVAG_47181
0 

tRNA-
Phe 8 7  13 9 5 

20th 

9 DS113508:3501
9-35141 

TVAG_17367
0 

tRNA-
Phe 9 6  11 10 9 

20th 

10 DS113573:4242
-4346 

TVAG_02701
0 tRNA-Ser 10 8 12 8 21 19 

20th 

11 DS113405:7885
0-78998 

TVAG_05036
0 

tRNA-
Gln 11 14 13 23 8  

20th 

12 DS113190:1709
29-171046 Non-annotated Unknown 12 12 10 9 20 22 

20th 

13 DS114435:1056
-1147 Non-annotated Unknown 13 17 8 16 15 30 

20th 

14 DS114908:2112
-2203 Non-annotated Unknown 14 16 9 15 16 27 

20th 

15 DS142982:68-
267 

TVAG_54078
0 

16S_rRN
A 15 13 6 7 12 12 

20th 

16 DS114485:1084
3-11003 

TVAG_07401
0 

tRNA-
Asp 16 27 19 24 13 11 

20th 

17 DS113688:6224
5-62265 

TVAG_43955
0 mRNA 17 20 11 10  29 

20th 

18 DS113219:1355
78-135658 

TVAG_04610
0 

tRNA-
Asn 18 15 21 22 11 10 

20th 

19 DS113265:1008
62-100940 

TVAG_21974
0 

tRNA-
Phe 19   12 14 13 

20th 

20 DS114321:1429
5-14369 

TVAG_17723
0 

tRNA-
Asp 20 11 14 14 7 8 

20th 

21 DS113435:6566
0-65737 

TVAG_12404
0 

tRNA-
Gly 21 18 16 20  16 

20th 

22 DS114254:9496
-9660 

TVAG_11249
0 

tRNA-
Glu 22 22 24 26 18 15 

20th 

23 DS124871:301-
401 

TVAG_51299
0 

tRNA-
Phe 24 23 18 19   

30th 

24 DS113218:1752
29-175303 

TVAG_08375
0 

tRNA-
Gly 27 19 28 21 29 17 

20th 

25 DS113908:2916
2-29242 

TVAG_13231
0 tRNA-His 28 21 26 25 23 20 

30th 

26 DS113757:2736
7-27511 

TVAG_02476
0 

tRNA-
Glu   17    

 

27 DS145574:909-
1041 Non-annotated Unknown   20 17  28 

30th 

28 DS113795:5586
-5665 

TVAG_04526
0 

tRNA-
Asn  26 30 28 17 18 

30th 

29 DS113194:1755
59-175669 

TVAG_43713
0 

tRNA-
Asn  29   19 14 

30th 

 
 

1Ranking position indicated, otherwise left blank if beyond 30th position. 2Shared ranking within the 

20th or 30th position for at least two experimental replicas, otherwise left blank. 
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3.2.4 5’ tRNA halves are the preferential cargo of T. vaginalis EVs 

 

The most abundant fragments from within the most abundant clusters of sequences in Table 

3-3 were retrieved and aligned using MUSCLE. Sequences were grouped here based on 100% identity 

without gaps but with a flexibility at 5’ and 3’-ends in order to account for variation on the putative 

transcription initiation and cleavage sites. After multiple alignments, a customised RT-PCR assay (as 

described at 2.5.5) was applied to detect these small RNAs from cells and EVs. A fragment ID number 

was given if they were detectable by PCR from three biological replicas (Fig. 3-10). The most 

abundant fragments from clusters ID #6 and 17 were considered too short for PCR. Twelve unique 

fragments were identified (ID #1 to 12) if the RNA target, fragment and/or transcript of origin, was 

detectable by reverse transcription and -PCR from EVs and cells. Otherwise, PCRs were indicated as 

negative and the corresponding fragments were not considered for further analysis. Due to high 

sequence identity, fragments ID # 5 and 10 were not distinguishable by PCR. Using our customised 

RT-PCR assay, we could detect not only the fragment but also the precursor RNA for many targets 

(Fig. 3-10). Although PCR detection of agarose gel is not absolutely quantitative, it was noticed that 

the band intensity of the fragment relative to the precursor was stronger in EVs than cells for most 

targets. This can be exemplified when PCR targeted fragment IDs #1, 3, 5, 6, 7, 10 and 11. When 

targeting fragment IDs #5, 6, 7 and 10, the fragment was barely detectable in cells but abundantly 

detected in EVs and vice versa (Fig. 3-10). 

 

Cluster 

ID 

Sequence alignment Fragment 

ID 

 

PCR 

detection 

6 CAUUCGGGUCUUGUAA  --- too short 

15 GCCUUUCGGUACUGUGGAUAGGGGUACG     

 

8 

 
17 GAUGAUGUAUAUGGGG --- too short 

27 AAAUGCUUAAAUGAAUUAGCGUUACAAGUGGGCUCUGACA --- negative 

4 GCCUGUGUAGCUCAACCGGAUAGAGCAUAAGA  

 

3 

 
3 

5 

26 

22 

UCCGAUAUCGUUCAGCGGUUAGGAUAUGUG---- 

UCCGAUAUCGUUCAGCGGUUAGGAUAUGUG---- 

UCCGAUAUCGUUCAGCGGUUAGGAUAUGUG---- 

--CGAUAUCGUUCAGCGGUUAGGAUAUGUGGUUU 

 

 

2 

 

18 

28 

29 

UCCUCCCUAACUCAGUUGGUUAGAGUGUCAGACUGU 

UCCUCCCUAACUCAGUUGGUUAGAGUGUCAGACUGU 

UCCUCCCUAACUCAGUUGGUUAGAGUGUCAGACUGU 

 

 

9 
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30 CCGACCAUAGCUCAGUUGGAAGAGCAUGGGACUGU  

 

12 

 

7 

8 

9 

19 

GGGACUUUAGCUCACCUGGGAGAGCGUG--- 

GGGACUUUAGCUCACCUGGGAGAGCGUGCGA 

GGGACUUUAGCUCACCUGGGAGAGCGUGCGA 

GGGACUUUAGCUCACCUGGGAGAGCGUGCGA 

 

 

4 

 

13 

14 

AGGGGCUUCGUCCAAUGGGAGGAC 

AGGGGCUUCGUCCAAUGGGAGGAC 

 

 

7 

 

12 AGGGGCUUAGCUCAAUGGGAGAGC  

 

6 

 

10 GGGGGCUUAGUUCAAUGGGAGAAUA  

 

5 

 
23 GGGGACUUAGUUCAAUGGGAGAAUA  

 

10 

 
1 

2 

21 

24 

GCACCGCUGGUCUAAUGGUAGAAUUUCACC 

GCACCGCUGGUCUAAUGGUAGAAUUUCACC 

GCACCGCUGGUCUAAUGGUAGAAUUUCACC 

GCACNGCUGGUCUAAUGGUAGAAUUUCACC 

 

 

1 

 

25 GGGGUGAAUGGUAUAAUGGUUAGUAUUGUUGAUUGU 11 

 

16 

20 

UCGGUCAUAGUGUAAUGGUUAUC 

UCGGUCAUAGUGUAAUGGUUAUC 

--- negative 

11 GGUUCCAUAGUGUAAUGGCUAUCACUGGGGACUCUGAAUCCCUAAAUCC --- negative 

 

Figure 3-10. Results of sequence alignment among the most abundant fragment from clusters ID #1 to 30. 

Sorting by identity revealed 12 unique sequences. The sequence of the forward fragment-specific primer used 

for PCR here is shown in orange colour.  

 

As expected from previous analyses, 9 of the 12 unique fragments shown in Figure 3-10 were 

found to correspond to tRNA-derived small RNAs (tsRNAs) (Table 3-4). Fragments ID #6 and 7 did 

not match any functionally annotated transcript in T. vaginalis (Table 3-3) but their clusters were 

assigned to one and two genome locations (Table 3-4). Coincidently, the length of these clusters was 

similar to tRNA genes (i.e., ~ 100 bp). When scanning for putative eukaryotic tRNAs using the 

tRNAscan-SE [349], the cluster ID #12 containing fragment ID #6 was found to correspond to a 

potential tRNA (pseudo)gene (Fig. 3-11).  
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Figure 3-11. Prediction of tRNAs from the non-annotated genome sequences from clusters ID # 12, #13 and 

#14 using tRNAscan-SE. 

 

This gene is transcribed from the minus strand of the DNA which, according to our small 

RNA-seq data, was found to produce a 5’ tsRNA. Cluster IDs #13 and 14 were found to be 100% 

identical in sequence but matching the minus and plus strand of the DNA respectively on two genome 
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locations. No tRNA transcript was able to be predicted from these genomic sequences using 

tRNAscan-SE. However, I noticed that BLASTing either cluster sequences ID #12 or 13 to transcripts 

of T. vaginalis retrieved the same top hit, i.e. TVAG_301720 (e-values of 5e-20 and 1e-07, 

respectively). This gene codes a tRNA-Leu anticodon CAA. Sequence alignment by MUSCLE shows 

that these three transcripts share significant sequence homology at their 5’ and 3’ ends.  The secondary 

structure prediction using RNAfold showed that transcripts from clusters ID #12 and 13 produced 

highly probable and stably structured RNAs that resemble cloverleaf tRNAs (Fig. 3-12).  

 

 

Figure 3-12. Similarities on primary sequence (from MUSCLE alignment, on top) and secondary structure 

(from RNAfold, on bottom) for clusters ID #12 and 13. Cluster ID #14 was omitted here, since it was found 

to be 100% identical in sequence to cluster ID #13. The probability of base-pairing and free energy (kcal/mol) 

of these thermodynamic ensembles is indicated. The cleavage sites for these transcripts were found in a 

structurally conserved position, as indicated by the arrowheads. 

 

I concluded that both fragments ID #6 and 7 represent tsRNAs derived from non-annotated 

tRNA (pseudo)genes, highlighting that the large majority of the top-listed fragments (11 out of 12, 

Table 3-4) are tsRNAs. The only exception in this list was fragment ID #8. This was assigned to a 

single 16S rRNA gene (TVAG_540780-1), this was found from amongst 226 annotated 16S rRNA 

genes in T. vaginalis, indeed part of a single ShortStack cluster within this gene (Tables 3-3 and 3-

4). Noticeably, all tsRNAs were found to derive from the 5’-end of the corresponding tRNA 

transcript, varying in length from 24 to 36 nt long (Table 3-4). I did not observe a clear link between 

codon usage and these abundant tsRNAs. Where anticodon degeneracy applied, only four and two 

tRNA transcripts were found to carry either the most or the least preferable anticodon for their cognate 

Cluster ID #13

Cluster ID #12

TVAG_301720

Consensus

MFE structure

-32.90 kcal/mol -28.38 kcal/mol

Cluster ID #13Cluster ID #12



80 

 

amino acid respectively. Most of the individual fragments matched many paralogues and their 

transcripts. The exceptions were fragments ID #5 and 10, which matched a single paralogue carrying 

the least preferable anticodon (Table 3-4). 
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Table 3-4. Features of the most abundant fragments identified from the most abundant clusters of transcripts in T. vaginalis EVs.  

Fragment 

ID 

Sequence of the most 

abundant fragment 

Length  Cluster 

ID 

Positional 

category1 

RNA type Codon usage 

(%) 

Number of 

paralogues 

BLAST 

hits to 

transcripts 

1 GCACCGCUGGUCU

AAUGGUAGAAUU

UCACC   

30 1, 2, 21, 

24 

5’ tRNA 

half 

 

tRNA-Gly 

anticodon: 

GCC 

GCC (51.25) 

TCC (45.96) 

CCC (2.79) 

18 

8 

3 

15/18 

0/8 

0/3 

2 UCCGAUAUCGUU

CAGCGGUUAGGA

UAUGUG  

30 3, 5, 22, 

26 

5’ tRNA 

half 

tRNA-Glu 

anticodon: 

TTC 

TTC (50.57) 

CTC (49.43) 

24 

14 

20/24 

0/14 

3 GCCUGUGUAGCU

CAACCGGAUAGA

GCAUAAGA  

32 4 5’ tRNA 

half 

tRNA-Lys 

anticodon: 

CTT 

CTT (75.39) 

TTT (24.61) 

20 

19 

19/20 

0/19 

4 GGGACUUUAGCU

CACCUGGGAGAG

CGUG  

28 7, 8, 9, 19 5’ tRNA 

half 

tRNA-Phe 

anticodon: 

GAA 

GAA (64.95) 

AAA (35.05) 

15 

2 

14/15 

0/2 

5 GGGGGCUUAGUU

CAAUGGGAGAAU

A   

25 10 5’ tRFs 

 

 

 

 

 

tRNA-Ser 

anticodon: 

CGA  

CGA (0.98) 

GCT (55.54) 

GGA (17.26) 

AGA (15.42) 

ACT (10.67) 

TGA (0.13) 

3 

5 

1 

12 

2 

7 

1/3 

0/5 

0/1 

0/12 

0/2 

0/7 

6 AGGGGCUUAGCU

CAAUGGGAGAGC 

24 12 Not 

applicable 

Genome 

sequence, 

non-

annotated  

Not 

applicable 

Unknown 0 

7 AGGGGCUUCGUC

CAAUGGGAGGAC 

24 13, 14 Not 

applicable 

Genome 

sequence, 

non-

annotated 

Not 

applicable 

Unknown 0 
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8 GCCUUUCGGUAC

UGUGGAUAGGGG

UACG 

28 15 Not 

applicable  

16S_rRNA Not 

applicable 

226 1/226 

9 UCCUCCCUAACUC

AGUUGGUUAGAG

UGUCAGACUGU 

36 18, 28, 29 5’ tRNA 

half 

tRNA-Asn 

anticodon: 

GTT 

GTT (100) 17 16/17 

10 GGGGACUUAGUU

CAAUGGGAGAAU

A 

 

25 23 5’ tRFs tRNA-Phe 

anticodon: 

AAA 

AAA (35.04) 

GAA (65.95) 

2 

15 

1/2 

0/15 

11 GGGGUGAAUGGU

AUAAUGGUUAGU

AUUGUUGAUUGU 

36 25 5’ tRNA 

half 

tRNA-His 

anticodon: 

GTG 

GTG (100) 10 9/10 

12  CCGACCAUAGCUC

AGUUGGAAGAGC

AUGGGACUGU 

35 30 5’ tRNA 

half 

tRNA-Tyr 

anticodon: 

GTA 

GTA (100) 13 10/13 

1Positional category for tRNA-derived small RNAs as previously defined [350].
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tRNA-derived small RNA (tsRNA) can be classified in two main classes: 5′ and 3′ tRNA 

halves (28–36 nt long, also called stress-induced tRNA fragments) and tRNA-derived fragments or 

tRFs (14-30 nt long). More than their overlapping length, these two types of tsRNAs are differentiated 

by the way they are produced from the cleavage of the precursor full-length tRNA [350-352]. Using 

these criteria, i.e. based on the cleavage site relative to the anticodon loop (YTNNNRN; where Y, R 

and NNN stand for pyrimidine, purine and the anticodon triplet respectively), seven out of the nine 

tsRNAs derived from annotated tRNA genes (Table 3-4) were categorised as 5’ tRNA halves [350, 

353] (Fig. 3-13). These are fragments ID #1, 2, 3, 4, 9, 11 and 12. As per the sequence alignment 

(Fig. 3-10), fragments ID #2 and 4 may be produced from two cleavage sites. Following this 

classification [350-352], the fragments ID #5 and 10 are 5’ tRFs. Accordingly, we can predict that 

the two fragments derived from non-annotated tRNA (pseudo)genes (i.e. ID 6 and 7, Fig. 3-12 and 

3-13) are also 5’ tRFs. Importantly, because these are only gene predictions based solely on genome 

sequence, the actual 5’-end of these transcripts would need to be mapped experimentally for final 

confirmation. In conclusion, the RNA cargo of T. vaginalis EVs is largely represented by 5’-end 

tRNA fragments and mostly by tRNA halves.  

 

 

Figure 3-13. Most of the top-listed tsRNAs in T. vaginalis EVs correspond to tRNA halves, i.e. when the 

cleavage site (vertical red bar) happens nearby or at the anticodon triplet (underlined). Full-length tRNA 

transcripts are shown here, with the tsRNA sequences in blue.  

 

 

>Fragment ID #1 - TVAG_008750-1 (tRNA-Gly anticodon GCC)                                

GCACCGCUGGUCUA AUGGUAGAAUUUCACC|UUGCCAAGGUGGGGGUCCGGGUUCGAUUCCCGGGCGGUGCA 

>Fragment ID #2 - TVAG_015890-1 (tRNA-Glu anticodon TTC)                               

UCCGAUAUCGUUCAGCGGUUAGGAUAUGUG|GUUU|UCAUCCACAGGAUCGGGGUUCGACUCCCCGUAUCGGAA 

>Fragment ID #3 - TVAG_167780-1 (tRNA-Lys anticodon CTT)                                

GCCUGUGUAGCUCAACCGGAUAGAGCAUAAGA|CUCUUAAUCUUGGGGUUGCGGAUUCGAGUCCCGCCACUGGCU 

>Fragment ID #4 - TVAG_088880   (tRNA-Phe anticodon GAA)                             

GGGACUUUAGCUCACCUGGGAGAGCGUG|CGA|CUGAAGAUCGCAAGGUACGUGGUUCAAGUCCGCGAAGUCCCA 

>Fragment ID #5 - TVAG_027010-1 (tRNA-Ser anticodon CGA)                       

GGGGGCUUAGUUCAAUGGGAGAAUA|AGUUCAAAAUCACUUAAAUAAAUUUAUGUGAUAAUUAAAAGAGCUAGGUUCGAUUCCUAGAGUCCCCA 

>Fragment ID #9 - TVAG_014880-1 (tRNA-Asn anticodon GTT)                                     

UCCUCCCUAACUCAGUUGGUUAGAGUGUCAGACUGU|UAAUCUGGAAGUCGUGUGUUCGAUCCACACGGGAGGAG 

>Fragment ID #10 - TVAG_512990  (tRNA-Phe anticodon AAA)                          

GGGGACUUAGUUCAAUGGGAGAAUA|AAUCUAAAAUCACUUAAAGAUUUCUGUGUGAUAAUUAAAAGAUCUAGGUUCGAUU 

CCUAGAGUUCCCA 

>Fragment ID #11 - TVAG_044650  (tRNA-His anticodon GTG)                                    

GGGGUGAAUGGUAUAAUGGUUAGUAUUGUUGAUUGU|GGCUCAAUAGAUCCGUGUUCGAUUCACGGUUCACCCA 

>Fragment ID #12 - TVAG_120210  (tRNA-Tyr anticodon GTA)                                    

CCGACCAUAGCUCAGUUGGAAGAGCAUGGGACUGU|AGAAUUGUGGUUAUCCCGGGGUCACUGGUUCGAAUCCGGUUGGUCGGA 
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3.2.5 Identification and quantification of tsRNAs in T. vaginalis cells and EVs 

 

The double products, detected from most PCR reactions, (Fig. 3-10), were suggestive that 

these bottom and top bands from gels corresponded to the specific fragments and their transcripts of 

origin (i.e., precursor or full-length RNA). To confirm this and validate our small RNA-seq data, 

these amplicons were individually purified from gels and Sanger-sequenced. 

Figure 3-14 shows an example of this analysis for fragments ID #6 and 7. These fragments 

based on my analysis were only predicted (Fig. 3-11 and 3-12), to be produced from putative non-

annotated tRNA (pseudo)genes. Here, we confirmed these predictions by Sanger-sequencing of both 

bands produced from the PCR reactions targeting fragments ID #6 and 7 (Fig. 3-14). 
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Figure 3-14. Detection of tsRNAs and their tRNA transcripts of origin from EVs and cells by PCR and Sanger-sequencing. Detection of fragments ID #6 and 

7 are shown as an example. Primers utilized for reverse transcription and PCR are shown by dotted lines, i.e. part of the poly(dT)-adapter and the tsRNA-

specific primer at the end and start of the sequences respectively. The tsRNA sequences, identified as fragments ID #6 and 7 from the small RNA-seq data, are 

boxed on the Sanger-sequencing chromatogram. 
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Next, I attempted to quantify these amplicons from cells and EVs by ddPCR. This relatively 

new method for quantification of DNA is based on partitioning of molecules from a sample into tens 

of thousands of microdroplets where PCR amplification is then carried out (Fig. 3-15). In comparison 

to relative quantification by real-time PCR, ddPCR is technically simpler, more sensitive and accurate 

because of the statistical power. These thousands of droplets, containing some or no DNA copies, are 

analysed individually after PCR to determine the template concentration in the original sample. 

 

 

 

Figure 3-15. Raw output data of digital droplet PCR for EVs (left) and cells (right), targeting RNAs as per 

Figure 3-13. The pink line shows the threshold of fluorescence amplitude, based on negative controls, used to 

separate negative droplets (bottom grey) from positive droplets (top blue). 

 

A hurdle, however, due to the nature of our RT-PCR assay, is that the fragment and transcript 

of origin could not be clearly discriminated in the reaction (Fig. 3-15). Instead, the mixture of the two 

amplicons was quantified as the number of positive droplets per ng of input RNA between EVs and 

cells (Fig. 3-16). A direct correlation on the relative abundances of these RNA targets was observed 

between EVs and cells, showing that these abundant small RNA fragments in EVs are products of 

RNA processing from transcripts within cells (Fig. 3-16).  
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Figure 3-16. PCR detection of RNA fragments and their transcripts of origin from EVs (left) and cells (right). 

Only fragments that were detectable from agarose gels (top), in a least two out of three RNA preparations from 

EVs, were quantified by digital droplet PCR (bottom). These fragments and transcripts were sorted from the 

most to the least abundant target per ng of RNA, following Fragment ID # as per Table 3-4. The values are 

presented as the mean ± SD; n = 3 for each sample. 

 

Together, these findings demonstrated that T. vaginalis EVs carry a small RNA cargo 

composed mostly of tRNA halves that are detectable as specific products of tRNA cleavage within 

cells. 

 

3.3 Discussion 

 

The human vagina is densely colonised by a complex microbial community in an intimate 

microbe-host relationship like no other in the animal kingdom [354, 355]. Once the vagina is infected 

by T. vaginalis (i.e. trichomoniasis), a microbial shift towards a diversified group of vaginal bacteria 

(i.e. dysbiosis) seems to happen [5, 113, 141]. Our research group has consistently described that 



88 

 

interactions between T. vaginalis and vaginal bacteria may be antagonistic [55, 111] or synergistic 

[150, 151] depending on the status of this microbiome (i.e. eubiosis or dysbiosis, respectively). My 

research is particularly focussed to know if T. vaginalis and vaginal bacteria release extracellular 

vesicles that facilitate communication between themselves and with the host. Therefore, the first steps 

of my project were to characterize the microbial vesicles and their cargo, and these findings were 

presented here for T. vaginalis (Chapter 3) and then for two relevant vaginal bacteria (Chapter 4). 

Research on EVs in other protozoans has reported a cargo of small RNA in these vesicles 

[342, 343, 346, 347]. In this chapter, I confirmed the production of EVs by T. vaginalis as well as 

undertook a detailed analysis of their RNA cargo. T. vaginalis has been shown to release various 

types of EVs with a cargo of bioactive molecules, including proteins and RNAs [242, 274, 275, 337]. 

However, prior to my study, the vesicular RNA profile of T. vaginalis and the possibility of 

incorporating DNA into EVs were unknown. Therefore, in this chapter, I was primarily interested in 

deciphering the identity of these small RNAs in the EVs of T. vaginalis and to investigate whether 

this cargo can be successfully delivered to host cells.  

In this work, differential centrifugation, concentration, and ultracentrifugation were used in 

order to isolate extracellular vesicles from T. vaginalis B7RC2. By employing two different but 

complementary methods, as recommended by the ISEV for the EVs analysis [184], I have confirmed 

the release of EVs from T. vaginalis. NTA was used to quantify the number of isolated vesicles and 

their size. The analysis showed that T. vaginalis releases EVs of about 100 nm in diameter. TEM 

demonstrated that parasite-derived EVs have a typical cup-shaped morphology of exosome-like EVs. 

These findings were in accordance with the first description of T. vaginalis exosomes [242]. I 

confirmed the RNA cargo in these vesicles and excluded a DNA cargo. I also showed a cargo 

preference for RNAs of small size that were resistant to RNase digestion and likely unbound to 

protective proteins but encapsulated in the vesicles.  

Next, the delivery of vesicles and specifically their RNA cargo to human cells were 

confirmed. Using flow cytometry, PKH67-labeled EVs were detected in HeLa cells after 1 hour of 

co-incubation. Images obtained from the confocal microscope demonstrated the uptake of EVs that 

were stained with the RNA-specific dye. The findings demonstrated that internalisation of EVs by 

the target cells was time- and dose-dependent and was a normal physiological process that was 

completely inhibited at 4ºC. Interestingly, the results also demonstrated that the parasite EVs are not 

cytotoxic to human cells and do not cause any changes on cell proliferation rates within the time of 

delivery.  

The RNA composition of EVs often differes from the content of the donor cell, suggesting 

that RNA packaging into EVs is a selective process [178, 356-358]. The incorporation of 
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predominantly small RNAs, derived from rRNA and tRNA, into EVs has been reported for various 

protozoan parasites [343, 346, 347], thus the attention was focused on describing the RNA content 

of T. vaginalis EVs. To achieve this, deep sequencing of small RNAs isolated T. vaginalis EVs was 

employed. The data revealed that the vesicle’s RNA cargo is largely represented by transfer RNA-

derived small RNAs (tsRNAs). Six independent RNA-seq libraries provided evidence of data 

reproducibility. Of note, neither new nor previously claimed miRNA sequences were consistently 

found in our data with any confidence, abundance or reproducibility. In order to understand this 

tsRNA cargo in more detail, ShortStack was applied to reveal the representation of individual 

sequences within clusters based on genome annotation. Without exception, the most abundant 

individual sequences (length between 24 to 36 nt) for each tRNA cluster were found to correspond to 

the predicted 5'-end of the cognate tRNA transcripts. According to the cleavage site from which these 

tsRNAs are produced [350], the majority of the tsRNAs were classified as 5' tRNA halves.  

A direct correlation between the relative abundance of tRNA isoacceptors and codon usage 

bias was often recognized. Although the most frequently used codons are translated by the most 

abundant tRNA isoacceptors in a cell [359], we did not detect a strict correlation between the relative 

abundance of tsRNAs in EVs and the codon usage of their cognate tRNAs of origin. The results 

demonstrated that the most abundant tsRNAs in T. vaginalis EVs could be derived from tRNAs genes 

(single- or multi-copy genes) carrying either the most or the least preferable anticodon. The tsRNAs 

and their tRNAs of origin, detectable here by PCR from cells and EVs, affirmed that these tsRNAs 

are specific cleavage products of tRNA processing within cells. PCR gel analysis suggested that some 

tsRNAs from the top list were found preferentially in EVs versus cells. However, the ddPCR 

quantification did not allow separation between tsRNAs and full-length tRNAs.  

Therefore, despite indirect evidence of a preferential packaging of tsRNAs in T. 

vaginalis EVs, it is still unclear how individual tsRNAs are selectively sorted for packaging. A 

selective process for sorting and packaging of RNAs into EVs has been suggested, based on the 

comparison of the RNA content between EVs and the cell of origin [360]. In metazoans, particular 

subsets of miRNAs are packaged in EVs. Packaging varies with cell type and depends on 

pathophysiological stimuli which also alter miRNA expression [357, 361]. Recent studies have 

identified motifs in miRNAs (and in other RNA types) and specific RNA-binding proteins responsible 

for RNA sorting and packing in EVs [358, 360, 362, 363]. Nothing is known about the packing of the 

EVs RNA cargo in protozoans. 

 Consistently within my results, the RNA cargo of EVs produced by various trypanosomatids 

is mostly represented by specific fragments derived from tRNA and rRNA [258, 346, 347]. The 

significant overlap of the RNA profiles, including identical tsRNAs, between two geographically 
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isolated Leishmania spp (L. braziliensis and L. donovani) shows that RNAs' packaging in leishmania 

EVs is specific and evolutionarily conserved [347]. In T. cruzi, the exchange of EVs between 

parasites increases metacyclogenesis in culture [346]. The comparison of the RNA cargo, between 

either EVs and cells or EVs produced by different developmental stages, indicates potential roles in 

intercellular communication and parasite development [258, 342, 347]. However, the relative 

abundance of tsRNAs in the EVs of trypanosomatids was not as dominant as we found here for T. 

vaginalis. In Leishmania, the tsRNA content varied from ~25 to 46 % between species [347]. In the 

EVs of T. cruzi epimastigotes, tsRNAs and rRNA fragments were equally represented (~45% each) 

[342, 343]. There was also a great variation in the relative content of tsRNAs between metacyclic- 

and epimastigote-derived EVs of T. cruzi (~7 to 35%, respectively) [258]. To our knowledge, the 

dominance of tsRNAs found in T. vaginalis EVs (83-91%, as per our data here) is unprecedented.   

tsRNAs are ubiquitous in nature [364] and represent a relatively new class of small non-

coding RNAs with regulatory function [352]. Recent studies have suggested that they are not just 

degradation products but are specific cleavage outputs with multiple functions, such as the inhibition 

of translation and guidance of other RNAs [352, 364, 365]. tRNA fragmentation is a distinct process, 

with the composition, abundance and cleavage sites varying depending on cell and organism type. 

tsRNAs are processed into two major types, tRNA-halves and tRNA-derived fragments (tRFs), 

depending on their biogenesis and cleavage site [366]. Several studies have reported the specific 

cleavage and selective packaging of these fragments into EVs, referring to their distinct functions 

[367, 368]. For example, 3' tRNA fragments are associated with Argonaute proteins and potentially 

function in a similar way to miRNA by repressing translation [369, 370]. The intracellular analogues 

of 5' tRNA halves have been suggested to act as signal molecules in stress-induced response. The 

miRNA and tsRNA pathways might be intertwined, with the contribution of Dicer and Argonaute. 

While the nucleases angiogenin (RNase A) and Rny (RNase T2) process tRNAs into tRNA halves, 

Dicer (RNase III) is one of the enzymes that produce tRFs [350]. Also, tsRNAs achieve translation 

repression by Argonaute-dependent and -independent mechanisms that are just being elucidated 

[350]. Whether protozoans have a typical miRNA pathway [340] or not we envisage that the tsRNA 

pathway may represent an alternative mechanism to produce small RNAs with a regulatory function 

in these parasites. Once packaged in EVs by T. vaginalis, these tsRNAs could possibly participate in 

parasite:parasite and parasite:host communication. However, this hypothesis will have to be 

demonstrated experimentally in follow-up studies. 

To sum up, the results of this chapter demonstrated that T. vaginalis EVs contain a bona fide 

small RNA cargo that is significantly enriched for tsRNAs (particularly tRNA halves) and stably 

delivered to host cells. Our findings revealed a preferential RNA cargo in T. vaginalis EVs, which 
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may play a role in parasite:host communication. These findings contribute to understanding the RNA 

cargo that is preferentially packaged into EVs of protozoan parasites. Further research will be needed 

to decipher the mechanisms by which tsRNA are sorted and packaged in EVs and whether these 

tsRNAs are used by the parasite to control host cellular responses, likely revealing new fundamental 

knowledge on parasite pathobiology.  

From here, my research became directed to know if the vaginal bacterial commensals that co-

exist with T. vaginalis may also produce EVs and what cargo these vesicles may carry (Chapter 4). 

As mentioned early in this section (and detailed in Chapter 1), recent comprehensive DNA-based 

studies revealed that T. vaginalis is commonly accompanied by a dysbiotic community of vaginal 

bacteria mainly composed by species that are coincidently found with bacterial vaginosis [13]. Our 

group has consistently shown that this association is not merely coincidental, but these bacteria may 

be very influential to the outcomes of the disease [55, 111, 150, 151]. Very little is known about the 

contribution of EVs by protozoal pathogens on the modulation of the microbiota. Just recently, as this 

thesis was being written, very interesting observations have shown that G. lamblia EVs have effects 

on commensal gut bacteria [334]. Researchers demonstrated that these EVs modified the growth and 

swimming motility of Escherichia coli strain HB101 and strain K12, and Enterococcus faecalis. 

Nothing has been examined from the opposite angle though: i.e., whether commensal bacteria can 

also produce EVs that influence parasite response. One of the main drivers of my investigation is the 

possibility that EVs may play a role in this multi-directional communication between and within the 

triad parasite-host-microbiota. Although this is very ambitious for a PhD project, in the next chapter 

I take the very first steps towards a better understanding of this subject by characterizing EVs (and 

their cargo) from the two vaginal bacteria - Lactobacillus gasseri and Gardnerella vaginalis – known 

to represent opposite sides of the vaginal microbiome (i.e. eubiosis and dysbisosis, respectively).  
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Chapter 4. 

 

Vaginal bacteria produce extracellular vesicles with distinctive 

proteome cargo 

 

4.1 Introduction 

 

 Extracellular vesicles are produced by all three domains of life: Gram-negative and Gram-

positive bacteria, Archaea, Eukarya [276]. The domain, Bacteria, includes a variety of prokaryotic 

microorganisms that are united by common mechanisms for DNA replication, transcription, and  

translation, and are remarkably different from those mechanisms in Eukaryotes and Archaea [23]. 

Bacteria also have a peptidoglycan layer in their cell walls that creates a very different environment 

for the production of EVs compared to those forming in the other two domains [21, 161, 162, 295]. 

The release of bacterial vesicles happens mainly by “blebbing” from their exterior membranes 

because bacteria do not have the same mechanisms (i.e., organelle biogenesis) as eukaryotes for 

producing intracellular-derived EVs [154, 169, 204, 223, 287, 371]. The population of EVs produced 

by bacteria is very heterogeneous in size, shape, and in their molecular cargo [169, 214, 276, 372]. 

These EVs and their molecular cargo play important roles in many biological processes and cell-to-

cell interactions, such as response to different types of stresses, modulation of the immune response, 

bacterial survival, biofilm formation, and, in the case of pathogenetic bacteria - delivery of toxins to 

infected cells and antibiotic resistance [161, 162, 181, 286, 295, 296]. Bacteria produce EVs 

constitutively, and EVs release is not an artefact of laboratory culture conditions [21]. As a matter of 

fact, bacteria have been shown to produce vesicles during infections and in biofilms [276, 286, 287, 

373, 374]. EVs are produced from various Gram-negative and Gram-positive bacteria, as well as 

pathogenic and non-pathogenic bacterial species [21, 23, 161, 162, 276, 286].  

 Vaginal bacteria, both pathogens and commensals, are known to accompany the infection by 

the parasitic protozoan Trichomonas vaginalis (i.e., trichomoniasis) [76, 149]. The idea that these two 

types of microorganisms (eukaryotic parasite and prokaryotes) co-exist in vivo indicates that they 

might engage in some type of communication between themselves and most likely with the host. 

Intercellular communication between the different microorganisms and between microbes and host 

can be mediated by EVs [22, 204, 281].  
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Various studies have focussed on the microbe-to-host direction of communication via 

extracellular vesicles, with the intention of investigating what effects EVs derived from different 

microorganisms would have on the human host [154, 169, 204, 234, 373, 375]. Thus, it was widely 

discussed in the literature that pathogen-derived EVs contain specific cytotoxic proteins [376], 

proteins that promote their survival, and nucleic acids [377-380]. Upon the delivery to the host, they 

can modulate host immune response [381], trigger severe pro-inflammatory reaction [382-385], and 

cause cells damage [386, 387]. Vesicles produced by commensal bacteria are usually described as 

anti-inflammatory and have been shown to be beneficial for the host in the disease state [313, 388-

391].  

The possibility of another direction to this communication exchange, sending host vesicles to 

surrounding microbiota, is currently under investigation [20]. Finally, the third axis of 

communication between prokaryotes via their EVs has been discussed. As an example, prokaryotes 

utilise EVs in order to coordinate activities between each other such as biofilm formation, quorum 

sensing, horizontal gene transfer as well as activation of immune response or its suppression [168, 

392, 393]. 

  To my knowledge, no studies have been published about the involvement of EVs in protozoa-

bacteria-host communication. As discussed in a previous chapter, T. vaginalis releases EVs that are 

delivered to human cells. Only two studies so far that were published while this thesis was being 

written have looked at the vesicle production from vaginal bacteria [314, 394]. However, they both 

were primarily focused on the effect of these EVs on the human host.  

For this reason, two different bacterial species were selected in this study to represent normal 

vagina flora, the Gram-positive L. gasseri and a bacterium that is believed to be a major player in 

BV, namely the Gram-variable G. vaginalis. Therefore, the first aim of this chapter was to evaluate 

the production of EVs in vitro from these two bacteria that have opposite ecological roles in the 

vaginal biome.  

Although it is common in the bacterial research field to study “crude” preparations of EVs 

obtained after several rounds of filtration and centrifugation [395-397], contaminating artefacts such 

as cell debris, flagella, and protein aggregates are also co-pelleted with EVs during 

ultracentrifugation, interfering with further analysis and preventing accurate identification of EV 

functions [398, 399]. Thus, in this chapter, my second aim is to apply and compare the two most 

popular purification methods for isolating vesicles as recommended by ISEV: these are Density 

Gradient Centrifugation (DGC) and Size Exclusion Chromatography (SEC) [184]. DGC has been 

used for several decades and is described as the ‘gold standard’ of EV purification in eukaryotes, as 

per the literature [205, 400, 401]. At the same time, this method is time-consuming and requires hours 
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of laboratory work and overnight centrifugation. A compelling alternative is SEC, whose columns 

are commercially available. This method has been successfully applied in eukaryotic studies with the 

advantages of speed and ease of use [402, 403]. Despite the recent growing popularity of both 

methods, even within the bacterial EVs field, the utility of each method for different bacteria should 

be assessed individually [205, 398].  

Proteomic studies are commonly applied to survey cellular proteins from diverse bacteria and 

to investigate bacterial adaptation to various stress situations [404-407]. Liquid chromatography 

coupled with tandem mass spectrometry (LC-MS/MS) has various applications regarding bacteria 

identification and characterisation [408-410] and was also employed to observe changes to the 

vesicular proteome [411-414]. Data Independent Acquisition mass spectrometry workflows are 

becoming very popular for proteomic analysis of model systems [415-417]. Sequential Window 

Acquisition of All Theoretical mass spectra (SWATH) is a rapid data-independent MS/MS 

acquisition method that offers accurate, reproducible, and robust proteomic quantification as well as 

advantages over conventional Data Dependent methods [418, 419]. The number of molecules to be 

analysed, as well as their dynamic range, can be very large, posing a considerable challenge for 

traditional proteome data analysis. This problem usually results in inconsistent peptide detection and 

measurements between replicates. The SWATH method can help overcome this challenge by 

identifying and quantifying a wide range of fragments. By repeatedly cycling through sequential 

isolation windows over the entire chromatographic elution range, the SWATH acquisition strategy is 

capable of generating complete documentation of the fragment ion spectra of all detectable sample 

analytes where the precursor ion signals are within the defined m/z versus retention time window 

[420, 421]. 

The final goal of the current chapter is to extend the characterization of bacterial EVs and 

purification methods by using quantitative SWATH-based proteomics analysis. Here the specific aim 

is to identify the difference in the cellular and EV proteome from two bacterial strains in order to 

determine particular proteins that are potentially involved in pathogenicity or protection of target 

cells. It is my hope that this information can also provide new insights into the mechanisms of 

bacterial vesicles formation. Another question raised in this chaper is whether additional purification 

steps altere the protein content of EVs, potentially helping us identify what the protein cargo of these 

EVs truly is and not just merely contaminants. A flow diagram of the research strategy for Chapter 4 

is provided in Figure 4-1. 
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Figure 4-1. Flow chart of my research strategy. The chart indicates the logical progression of Chapter 4 as 

well as the main goals. On the picture: NTA – nanoparticles tracking analysis, TEM- transmission electron 

microscopy, BCA – protein assay by bicinchoninic acid. 

 

4.2 Results  

 

4.2.1 Vaginal bacteria produce EVs in culture that have protein but no DNA/RNA cargo 

 

The growth dynamics of bacterial cultures were assessed first to determine the phase of 

growth and the time point for isolation of EVs. For that purpose, cultures at their exponential phase 

were diluted to OD600 ≈ 0.05 to be grown for another 24 hours with OD600 measurements, and CFU 

enumeration, as well as vesicles, counted by NTA, done every hour (Fig. 4-2 and 4-3).  

Thus, it was identified that L. gasseri reaches the early stationary phase of growth (OD600 ≈ 

1.3) after 10 hours post inoculation (Fig. 4-2). At this time point, lactobacilli are able to release the 

maximum amount of EVs (1.58×1010 particles/ml) under the optimal conditions. The number of 

produced EVs, however, was variable from one preparation to another, most likely due to the age of 



96 

 

the bacterial culture, the number of passages prior to the vesicles isolation, or freshness of the culture 

media. Over the years of experiments, we observed the variation in EVs release of from the number 

above up to 2.42×1011 particles/ml but always with a similar profile and maximum production in the 

early stationary phase. To ensure that produced vesicles were not a result of the cells death, the 

viability of cells was assessed at this time point (Fig. 4-2) showing 96% viability.  

 

 

Figure 4-2. L. gasseri EVs production throughout the growth curve.  Samples were taken every hour from the 

bacterial culture. CFU were enumerated at each time point, and the sample was concentrated and stored at 4°C 

before NTA.  

 

Because G. vaginalis requires the presence of serum in its growth medium, cells were firstly 

washed with PBS by centrifugation to remove vesicles from the serum and left in a serum-free 

medium for up to 4 hours to observe de novo production of EVs. This is a similar procedure to that 

successfully applied to T. vaginalis (Chapter 3). The maximum vesicles production by G. vaginalis 

was 3.21×1010 particles/ml with the highest cells viabulity of 88%, which was achieved after 1 hour 

of serum-free incubation (Fig. 4-3). Similar to L. gasseri EVs, the number of produced vesicles by 

G. vaginalis fluctuated between preparations. The maximum vesicle count achieved over the duration 

of this project was 1.52×1012 particles/ml with similar cell viability.  
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Figure 4-3. G. vaginalis EVs production throughout the bacterial growth in serum-free media.  Samples were 

taken every 20 minutes from the bacterial culture. CFU were enumerated at each time point, and the sample 

was concentrated and stored at 4°C before NTA. 

 

Both Gram-positive bacteria L. gasseri and Gram-variable G. vaginalis were shown to 

produce EVs (Fig. 4-4). In order to observe the morphology of the vesicles derived from these 

bacteria, EVs were collected from the growth medium by differential centrifugation. Two different 

methods, were used to validate and characterise isolated EVs as per the recommendations of ISEV 

[184]. Thus, NTA (used to measure vesicle concentration and diameter) showed that both bacteria 

produced EVs with diameters ranging from 50 to 120 nm (Fig. 4-4 A), which agrees with previous 

findings that describe the heterogeneity of the bacterial vesicles population. Visualisation with TEM 

after negative staining also confirmed this finding (Fig. 4-4 B). Although these samples were 

apparently contaminated with cell debris and a presence of small “vesicles-like” particles, properly 

structured roughly-spherical vesicles of various sizes surrounded by a membrane were clearly 

observed (Fig. 4-4 B).  
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Figure 4-4. Physical characterisation of crude EV preparations produced by L. gasseri and G. vaginalis. A – 

Nanosight and B – TEM micrographs demonstrate size distribution and the appearance of bacterial EVs. 

 

  Three biological replicates of crude EV preparations from both bacterial strains were analysed 

for protein and nucleic acid content to check reproducibility. Sterile growth media was used as a 

negative control for vesicle count and to ensure that any EVs identified in the crude preparations were 

indeed derived from the cultured bacteria.  

Protein concentration in crude EV preparations was measured by the BCA assay to calculate 

the average amount of protein that is associated with vesicles. Despite the fact that L. gasseri produces 

two times fewer EVs, vesicles from both bacteria incorporated a similar amount of proteins - L. 

gasseri had 1886 µg/ml, while G. vaginalis had 2546 µg/ml (Fig. 4-5 A). Protein band profiles, 

produced from SDS-PAGE gels, were consistent between different crude preparations (two out of 

three replicates are shown here, Fig. 4-5 B).  



99 

 

 

 

Figure 4-5. Summary of the content of crude EVs preparations produced by L. gasseri and G. vaginalis. A – 

average number of released vesicles, average amounts of protein, and nucleic acids content associated with 

bacterial EVs. B – SDS-PAGE protein profiles of L. gasseri and G. vaginalis EV crude preparations stained 

with Coomassie blue. 

 

The concentration of nucleic acids within bacterial EVs or associated with a single vesicle 

was estimated after separate extractions of RNA and DNA from crude EV preparations. There was a 

slight difference of 1.6-fold in the amount of isolated RNA: 520 µg/ml recovered from a crude 

preparation of L. gasseri EVs and 320 µg/ml from G. vaginalis vesicles. Although RNA was detected 

in EVs from both bacteria, G. vaginalis contained mainly small RNA (50-200 nt), whereas L. gasseri 

vesicles also had visible ribosomal RNA peaks (around 1-2000 nt).  

In order to investigate further whether the purified RNA was encapsulated inside vesicles and 

thus protected from degradation by RNase, treatment with a detergent and enzymes was performed. 

RNase treatment of EVs is used to discriminate RNA species packed as cargo from extracellular ones. 

Proteins located on the surface of vesicles can also bind and protect nucleic acids from degradation. 

Therefore, the enzyme treatment should be performed in the presence of proteases. Enzyme treatment 

can also be effectively used to get rid of contaminating RNA molecules that were released by 

apoptotic cells and bind to vesicles non-specifically. It is still not investigated whether 

ribonucleoprotein complexes on the outside of EVs can be functionally delivered to the host cells. 

RNA profiling done at the TapeStation revealed that a population of small RNA derived from L. 
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gasseri EVs may be associated with vesicles (most likely derived from the protein-RNA or lipid-

RNA complexes on a surface of vesicles) but was hardly incorporated inside - as demonstrated by the 

treatment with RNase A alone. On the other hand, treatment with membrane-permeable detergent 

Triton X-100 resulted only in a diminishing of the signal from rRNA peaks (Fig. 4-6 A) and left the 

fraction of small RNA virtually intact. Treatment with different combinations of detergent and 

enzymes of EVs released by G. vaginalis demonstrated a moderate decrease in RNA signal, 

suggesting that the great proportion of RNA originated from protein-RNA complexes and, as a result, 

was not protected by the lipid membrane (Fig. 4-6 B).  

 

 

Figure 4-6. Electropherograms of RNA content from L. gasseri (A) and G. vaginalis (B) crude EV 

preparations after treatment with enzymes and detergent. 

 

At the same time, the concentration of the DNA extracted from bacterial vesicles was almost 

undetectable with only 8.8 and 4.5 µg/ml for L. gasseri and G. vaginalis EVs, respectively, (Fig. 4-5 

A) and was below the required amount for TapeStation and the detection limit of the Qubit. In 

conclusion, nucleic acids detected with these purified EVs were either minimal or most likely co-

purified with the vesicles and not encapsulated by them. 
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4.2.2 Methods for EVs purification increase confidence of cargo 

 

After a full analysis of the molecules from the crude preparations, I performed further 

fractionation and comparison of two purification methods, DGC and SEC, using a commercial media 

and column, respectively. Although DGC is considered to be a reproducible, reliable method for 

purification of a single population of EVs, highly used for purification and fractionation of eukaryotic 

samples, it is also time and labour consuming. SEC with columns (qEV) on the other side is a fast 

and operator-friendly method that requires about one hour for manipulations.  

Three independent crude preparations from both bacteria were analysed after DGC and SEC 

were used for purification and fractionation.  

The layering pattern after DGC was consistent among the different biological replicates and 

resulted in five layers for L. gasseri and four distinctive layers for G. vaginalis (Fig. 4-7). Each 

visually distinct layer was separately collected for analysis. This way of collection ensures that 

different components within the sample stay at the same fraction and do not become separated, which 

is possible when the collection is done by equal volumes.  

 

 

Figure 4-7. A representative picture of layering patterns that appeared after DGC of crude EV preparations 

from L. gasseri and G. vaginalis. Grey arrow indicates the distribution of fractions based on their density – 

from the most (bottom layer) to the least dense fraction (top layer). 

 

After purification using the SEC method, 20 fractions were collected from the qEV column 

(with fractions 1-6 being a void volume, as per the manufacturer’s instructions). Each of the collected 

fractions resulting from both DGC and SEC were characterised for the particle count, protein, and 

RNA recovery (Fig. 4-8 and Fig. 4-9).  

The recovery of molecules in each fraction was illustrated as a percentage of all that was 

recovered from the respective sample. The percentage of molecules recovered from the particles’ 
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associated fractions was also graphed. The overall recovery was found to be reproducible among 

replicas. 

Firstly, when analysing the recovery of molecules after purification of L. gasseri crude 

preparations (Fig. 4-8), we saw that both methods recovered 100% of the particles. The majority of 

them was allocated to higher density fractions 3 and 4 after DGC fractionations (80%) and from 7 to 

11 fractions after SEC method (74%). 

Next, the recovery of RNA was quantified (Fig. 4-8). Although SEC purification resulted in 

100% of the total recovery, only 3% was associated with particle fractions (fractions 7-11) with a 

noticeable increase in recovered molecules at the late fractions, from 16 and onwards. This pattern is 

most likely due to the fact that the majority of RNA was found to be associated with protein 

complexes on vesicles surfaces, and that is why it was eluted at later fractions, similar to proteins. 

This finding is in accordance with the previous demonstration that these RNAs are virtually removed 

with RNase treatment in the absence of membrane-permeabilizing detergent (Fig. 4-6). This finding 

may also suggest that RNAs could be associated with smaller vesicles or other molecules or simply 

be trapped in the column. DGC, on the other hand, resulted in about half of the recovered RNA 

molecules, with most of them (95%) being associated with vesicle-rich fractions.  
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Figure 4-8. Comparison of recovered particles, RNA, and protein after purification with DGC and SEC of 

crude EVs from L. gasseri, % of the total recovery or T (written in black) and % of recovered molecules in 

vesicle-rich fractions or VRF (written in red and framed in a red rectangle). SDS-PAGE protein profiles of 

crude EV preparation and fractions collected after DGC and SEC. 

 

Regarding protein recovery, a similar trend of recovery and molecule distribution among the 

fractions was observed between the two methods (Fig. 4-8). SEC led to a total recovery of 83%, with 

only 12% identified at the vesicles’ fractions and displaying a “tailing” pattern of recovery at the late 

fractions. Despite only 17% of total protein recovery on DGC, 80% of them were strongly associated 

with fractions 3 and 4. This observation was confirmed after proteins were separated by SDS-PAGE. 

An interesting band pattern was revealed on SDS-PAGE gels from the SEC samples: small-sized 

proteins (such as ~50, 35, 10, and 5 kDa) were recovered only at vesicle-rich fractions and, 

conversely, large proteins of about 260 kDa were observed at fractions 7-10 exclusively. All the 

mentioned bands of proteins completely disappeared after fraction 14. The protein banding pattern of 

these vesicle-rich fractions from SEC-purified samples appeared to be similar to those of the DGC 

(fraction 3), indicating that this might result from the same population of EVs purified by two 

different methods. However, despite these similarities, there was another curious observation: 

proteins sized from about 35 kDa  to 50 kDa were present as a smear on the lanes from the crude 

preparations, as well fractions 3 and 4 from DGC, but completely absent at the vesicle-rich fractions 

(7-11) from SEC and only appearing at the later fractions (from 13 onwards). Altogether, these 

findings indicate that qEV columns might be a more efficient way to remove contaminant proteins 

that were co-isolated with vesicles during crude preparations.    

Different bacterial species produce EVs with different physical characteristics, which vary 

considerably for protein and nucleic acid content [398]. Moreover, the mechanisms of vesicle release 

may also be different. All these distinct features may affect the EVs purification via SEC or DGC. 

We then investigated how EVs produced by the other vaginal bacterium (G. vaginalis) and their cargo 

might be recovered using and comparing both DGC and SEC purification methods (Fig. 4-9).  

Both methods resulted in considerable loss of G. vaginalis EVs, with less than half of the 

vesicles being recovered after purification had been performed (Fig. 4-9). Although most of the 

particles were found at fractions 7-11 after SEC (the same as was shown before with L. gasseri), DGC 

surprisedly resulted in a majority of vesicles accumulatting at the first fraction. Even though the same 

pattern of fractionation was obtained with the other biological replicas, this unusual single-fraction 

allocation of vesicles could be an artefact as the majority of recovered molecules was consistently 

found at further fractions (2 and 3). Another possible reason is that the NTA method measures all the 
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particles present in a sample without differentiation of EVs and possibly large protein aggregates, 

which can be very challenging at the heterogeneous samples and should be accompanied by a second 

method for characterisation of vesicles (e.g., TEM).  

RNA recovery across purified fractions was quite different between SEC and DGC. The 

percentage of recovered RNA after SEC was just 0.6%, so virtually all RNA was recovered at the 

very late fractions 17-20 (Fig. 4-9). This again suggests that nucleic acids are not of vesicular origin 

and are associated with some contaminant proteins or smaller sized vesicles that were also eluted at 

the late fractions. As for L. gasseri EVs, this finding is in accordance with the previous demonstration 

that these RNAs are virtually removed with RNase treatment in the absence of membrane-

permeabilizing detergent (Fig. 4-6).  On the other hand, most of the recovered proteins and RNA 

were found at vesicles-rich fractions when the DGC method was employed. 95% of the RNAs and 

80% of the proteins were found at DGC fractions 2 and 3.  

Protein recovery across purified fractions was also different between SEC and DGC. Although 

only 12% of the protein was associated with vesicles-rich fractions (7-11) after SEC purification, with 

a “tailing” pattern at the late fractions, this was enough to separate and profile these proteins by gel 

electrophoresis. As we have seen for the L. gasseri EV protein profile, some of the G. vaginalis EV 

proteins were found exclusively in vesicle-rich fractions. In this case, these were mainly large proteins 

of about 200 kDa and higher, as indicated by two prominent bands at fractions 8 and 9, but also some 

small proteins (~35, 15, 3.5 kDa) were found only at these fractions. These unique proteins were also 

clearly separated by DGC and were seen at fraction 3, indicating that both methods might result in 

the purification of the same population of vesicles. 
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Figure 4-9. Comparison of recovered particles, RNA, and protein after purification with DGC and SEC of 

crude EVs from G. vaginalis, % of the total recovery or T (written in black) and % of recovered molecules in 
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vesicle-rich fraction or VRF (written in red and framed in a red rectangle). SDS-PAGE protein profiles of 

crude EV preparation and fractions collected after DGC and SEC. 

 

High-resolution imaging (using TEM) of purified fractions was also performed for both 

bacterial species (Fig. 4-10 and Fig. 4-11). As seen on both figures, purification methods improved 

the clarity and overall cleanness of the images, removing most of the debris that was observed on the 

pictures from the crude preparations (Fig. 4-4 B). In these TE micrographs, after negative staining of 

samples was performed, numerous spherical particles with light interiors can be observed. This whiter 

space indicates the deposit of the stain where less biological material like membrane components or 

proteins are stored. The membranes of the vesicles have appeared darker than the lumen. The size 

range of visualised EVs from both G. vaginalis (Fig. 4-10) and L. gasseri (Fig. 4-11) was variable, 

from about 30 nm up to 180 nm. Overall, these observations were in accordance with NTA size 

profiling. However, due to the uracil treatment of the samples involved in the negative staining 

procedure, particles visualised by TEM tend to appear smaller and even shrunk [223]. 

At both sets of pictures, part A of the figures shows the appearance of particle structures in 

fractions after DGC purification where, according to NTA, vesicles were present but were not 

associated with protein or RNA. Thus, Figure 4-10 A shows abundant and mainly ovoid and 

ellipsoidal particles that differ in size. These structures, derived from G. vaginalis EV preparations, 

lack distinctive membrane and lumen but could have been easily counted by Nanosight and 

contributed to a higher vesicle count at this fraction. A similar situation can be seen in Figure 4-11 

A (particles derived from L. gasseri), where particles highly heterogenic in size are present. Even 

though darker stained elements, similar to EVs membrane, can be observed, the interior of these 

particles is not distinguishable from the overall background of the picture, indicating that these 

particles are rather sample contaminants but not EVs.  

The parts B and C from both figures, on the other hand, display vesicular structures that have 

the classic round appearance of extracellular vesicles. These are the EV fractions purified by DGC 

and SEC, respectively, that are rich in protein cargo. 
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Figure 4-10. Transmission electron micrographs of G. vaginalis EVs after purification with DGC and SEC 

methods. A  – TEM image of DGC fraction 1 (vesicle-rich fraction not associated with protein or RNA) 

demonstrates possibly co-isolated protein aggregates. B – TEM image of DGC fraction 3 (fraction associated 

with most of protein and RNA). C – TEM image of qEV SEC fraction 8 (vesicle-rich fraction associated with 

protein). 
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Figure 4-11. Transmission electron micrographs of L. gasseri EVs after purification with DGC and SEC 

methods. A  – TEM image of DGC fraction 1, demonstrates possibly co-isolated protein aggregates. B – TEM 

image of DGC fraction 3 (vesicle-rich fraction associated with protein and RNA). C – TEM image of qEV 

SEC fraction 8 (vesicle-rich fraction associated with protein). 

 

 To conclude, the production of EVs from live cultures of vaginal bacteria L. gasseri and G. 

vaginalis as part of their normal growth was confirmed here. The optimal conditions for the EVs 

release were tested and identified as well as the optimisation of protocols for their collection being 

achieved. Crude bacterial vesicles were further purified by DGC and SEC. Recovery analysis, i.e., 

percentage of particles and protein/RNA cargo, demonstated that both methods were suficient for 

overall EVs quantification. Based on the results, both purification methods showed reproducibility 

between biological replicates, although with some considerable loss of particles and protein amounts. 

As expected for any purification protocol, there will be a compromise between yields and purity. 

After careful consideration and analysis, the SEC method was selected as the optimal protocol for the 

purification of these bacterial EVs. As DNA/RNA cargo was mostly non-existent, in-depth analysis 
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of the protein cargo content of these bacterial vesicles was the main focus of the study, as described 

in the following sections of this chapter. 

 

4.2.3 Proteomics reveal that bacterial EVs have a specific cargo 

 

 In order to further investigate the protein cargo and compare crude and purified preparations 

of EVs, bacterial and EV samples were prepared for the proteomic analysis. LC-MS/MS and SWATH 

approaches were applied for quantitative protein profiling.   

 As described in the Methods chapter (section 2.6.1), samples were prepared in quadruplicate, 

and before being shipped to the proteomics facility, the protein concentration was determined (Table 

4-1) using the BCA assay. 

 

Table 4-1. Samples of L. gasseri and G. vaginalis cells, crude EVs isolated from these bacteria, and 

purified bacterial EVs for proteomic analysis. 

Sample Samples 

Names 

Study 

Group 

Total Volume for 

Analysis (µl) 

Total Protein Amount for 

Analysis (µg) 

L. gasseri 

cells 

L1 LA 100 203000.0 

L2 100 216750.0 

L3 100 146750.0 

L4 100 566000.0 

L. gasseri 

crude EVs 

L5 LB 100 131.1 

L6 100 106.8 

L7 100 133.8 

L8 100 164.4 

L. gasseri 

purified EVs 

L9 LC 190 15.8 

L10 150 18.7 

L11 135 19.2 

L12 65 15.1 

G. vaginalis 

cells 

L1 GA 100 314250.0 

L2 100 326125.0 

L3 100 337428.6 

L4 100 319875.0 
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G. vaginalis 

crude EVs 

L5 GB 100 499.3 

L6 100 586.8 

L7 100 687.7 

L8 100 264.1 

G. vaginalis 

purified EVs 

L9 GC 100 99.2 

L10 100 119.0 

L11 100 124.1 

L12 100 95.0 

  

Firstly, the prepared samples were quantified by conventional liquid chromatography with 

tandem mass spectrometry (LC-MS/MS). This analyses the fragments of intact molecules of interest 

in order to generate a spectral library. This is also the first step required for the identification of 

peptides acquired with SWATH-MS runs. 

Figure 4-12 summarises the number of unique protein IDs identified in samples from L. 

gasseri and G. vaginalis, as well as vesicles that were isolated from these bacteria. 

 

 

Figure 4-12. Proteins identified in A - L. gasseri cells and crude EV preparations and B - G. vaginalis cells, 

crude, and purified EV preparations. Image created by VENNY 2.1. 
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 A total number of 973 unique proteins by LC-MS/MS were detected in L. gasseri cells (Fig. 

4-12 A). As expected, bacteria cells had a greater number of identified proteins due to the complexity 

of their cell structure in comparison to released EVs. Of these proteins, 355 (35.7%) were shared 

between cells and crude EVs. Proteins that are found in crude EV preparations should derive from 

the cell of origin. That means that the other 21 proteins that were unique in the EVs might represent 

a low proportion of proteins (2.1%) within the cell and be too low for the detection. That also suggests 

that this group of proteins might be enriched for abundance in the EVs relatively to cells.  

 Due to the low protein yield in purified EV samples from the study group LC (Table 4-1), 

these samples were not included for the analysis here and were saved for the SWATH analysis. 

 A similar number of unique proteins (898) was found in the G. vaginalis cell samples (Fig. 4-

12 B). The total number of proteins in crude EVs was 39, where 21 were shared with the cell’s 

samples, and 3 (0.3%) were unique to this group. Although the protein amount in purified EVs (study 

group GC) was enough for this analysis, only 33 proteins were identified in these samples. Most of 

these proteins (16 out of 33) were shared with cells, and 14 were common to all three study groups – 

GA, GB, and GC. The small difference in identified proteins between crude and purified EVs might 

indicate that an extra purification step does not help to reduce the contamination from proteins that 

are not associated with vesicles. 

 Although the predominant tool for identification of vesicular proteome from eukaryotes is a 

traditional shot-gun MS analysis [422] based on IDA methods [423], it is limited and challenged by 

the complexity of prokaryotic samples. These limitations are due to the dependence on only highly 

abundant proteins - these highly abundant proteins mask the detection of less-abundant ones. 

Consequently, this method results in lower depth and coverage of the data as many proteins are often 

left undetected and unidentified [424].  

 The approach we selected for this study combines traditional LC MS/MS with highly sensitive 

and accurate SWATH-MS. As the SWATH proteomics method aims to complement traditional mass-

spectrometry based techniques, the following results represent SWATH-based characterisation of 

bacterial EVs as well as the comparison between purification methods.  

A comprehensive ion library (Section 2.6.4.2 in Chapter 2), including all samples from both 

bacteria, was constructed. This library contained 5535 proteins. For the purposes of separate analysis, 

it was then split between L. gasseri (3044 proteins) and G. vaginalis (2491 proteins).  

We started this analysis by evaluating the data variability, considering all identified proteins 

across each study group. In order to visualise reproducibility across samples and how purification 

may have helped with the identification of the EVs proteome, heat maps including all identified 
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proteins in each sample were generated for the L group (i.e., L. gasseri) in Figure 4-13 and for the G 

group (i.e., G. vaginalis) in Figure 4-14.  

On these heat maps, samples were clustered in columns, and all identified proteins were 

clustered in rows. Samples were clearly divided into three groups (dendrogram from the top). The 

cluster on the left side corresponds to samples from cells L1-L4 and G1-G4. The large cluster on the 

right side corresponds to EVs L5-L12 and G5-G12 and this is further divided into smaller groups 

based on the re-arrangement of data to these dendrograms. The two main groups within this cluster 

reflect samples from the crude versus purified EVs, except for samples G8/G10 (Fig. 4-14). In 

general, this analysis shows that biological replicas within clusters are highly reproducible, especially 

for the samples obtained from bacterial cells (Fig. 4-13 and 4-14). Most variation was seen in the 

study group with L. gasseri crude EVs. However, the purified EV preparations from the same 

bacterium were consistent in terms of their protein profile. 

Identified proteins are divided into two distinct groups (dendrogram from the side). Within 

these two groups, bacterial cells samples (LA and GA) and their cognate EV samples (LB, LC, GB 

and GC) have an inverse pattern on the representation of protein abundance. This observation 

demonstrated that these two samples (i.e., cells vs. EVs) are different from each other and can be 

distinguished based on the relative abundance of their proteins. Overall, the pattern of protein 

abundances was similar between crude EVs (LB and GB) and purified EVs (LC and GC), with some 

noticeable exceptions particularly for L. gasseri (Fig. 4-13). 
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Figure 4-13. Heat map illustrating cluster analysis of all identified proteins in the L. gasseri cells (L1-L4), 

crude EVs (L5-L8), purified EVs (L9-L12). Colour bars display the row-standardised signal values, with red 

representing low and green representing high abundance. 

 

Interestingly, when comparing the protein abundance profiles of crude and purified L. gasseri 

EVs, we noticed various groups of proteins that changed in their abundances between crude and 

purified EVs (from red to green and vice-versa) and these changes were fairly consistent among 

biological replicas (Fig. 4-13). This analysis indicates that additional purification of L. gasseri EVs 

enhances our confidence in the cargo that truly represents the vesicular protein content. 

 



115 

 

 

Figure 4-14. Heat map illustrating cluster analysis of all identified proteins in the G. vaginalis cells (G1-G4), 

crude EVs (G5-G8), purified EVs (G9-G12). Colour bars display the row-standardised signal values, with red 

representing low and green representing high abundance. 

 

Unlike the L. gasseri, the protein abundance profiles of G. vaginalis EVs did not substantially 

change with additional purification (Fig. 4-14).  Therefore, applying a protocol with an additional 

purification step might be beneficial for bacterial EVs; however, this will need to be validated case 

by case. 

In conclusion, this analysis indicated a clear distinction between the proteomes of EVs and 

their bacterial cells of origin. It also implied that additional purification might help to differentiate 

genuinely vesicular proteins but only in the vesicles produced by L. gasseri. 

Next, we proceeded to the analysis of the proteomes based on gene ontology (GO). The 

cellular localisation, involvement in different biological processes, and molecular functions of all 

identified proteins were categorised based on GO annotations in the UniProtKB database to 

understand the general features of the proteins found in the bacterial EVs (Fig. 4-15 and Fig. 4-16). 
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These figures also provide a comparison between parental cells, crude and purified EVs in terms of 

their functional enrichment.  

The cellular localisation of the majority of identified in L. gasseri EVs (both crude and 

purified) was assigned to the membrane (GO:0016020 and GO:0016021) (Fig. 4-14). Thus, we found 

that 61.54% and 48.48% of the proteins in the crude and purified EVs were respectively categorised 

as membrane based on cellular components. In comparison, 22.74% of proteins from L. gasseri cells 

were in that same category. GO analysis demonstrated that these proteins are mainly involved in vital 

processes for bacterial cells such as catabolic activity (GO:0006508), transmembrane transport 

(GO:0055085), as well as taking part in protein folding (GO:0006457), cell wall formation 

(GO:0016998), and cell division (GO:0051301). Interestingly, proteins from this group were 

penicillin-binding (GO:0008658) proteins with unidentified function. Despite their name, these 

proteins are normal components of many bacteria and are important for bacterial cell wall synthesis 

[425].  

The next large class was annotated as cytoplasmic proteins (GO:0005737). Although 

publications on the proteomic analysis of bacterial EVs referred to proteins derived from cytoplasm 

as potential contaminants from cell death, recent studies using multiple bacterial strains demonstrated 

the abundance of these proteins in vesicles when extra purification steps were taken [426]. These 

findings suggest the idea of preferential packaging of cytoplasmic proteins into EVs and a sorting 

mechanism that has not yet been investigated. Here, we showed that cytoplasm proteins made almost 

42% of all identified proteins in L. gasseri cells and were the most abundant proteins in these samples. 

In EV samples, on the other hand, 18.3% (crude EVs) to 25.7% (purified EVs) were annotated as 

cytoplasmic. This identified group of proteins was mainly involved in catabolic (GO:0006508) and 

metabolic activities (GO:0006082, GO:0005975, GO:0008152), binding of nucleic acids 

(GO:0003677, GO:0003723), and nucleotides (GO:0000166). Among them, proteins that participate 

in cell division (GO:0051301), cell cycle (GO:0007049), peptidoglycan biosynthesis process 

(GO:0009252), and regulation of the cell shape (GO:0008360) were also found. 

Ribosomal proteins (GO:0005840) and those from ribosomal subunits (GO:0015934 and 

GO:0015934) (15.2% in cells, 1.7% in crude EVs, 1.8% in purified EVs) are exclusively involved in 

the translation process (GO:0006412). They were also primarily associated with specific functions: 

structural constituents of the ribosome (GO:0003735) and nucleic acids binding (GO:0019843, 

GO:0003723, GO:0003729, GO:00036760). The appearance of proteins that take part in transcription 

and translation indicates that EVs are likely not just a carrier of proteins but can also have the potential 

to synthesise them.  
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Interestingly, the cellular localisation of some proteins identified in crude and purified EVs 

samples was exclusively annotated as ATP-binding cassette (ABC) transporter complex 

(GO:0043190), cell wall, cell division site, DNA repair complex, and extracellular region. These 

proteins contribute to transmembrane transport (GO:0055085), cellular homeostasis (GO:0006879, 

GO:004545,4) and metabolic activity (GO:0006096, GO:0055114). Again, many of these are surface-

located, membrane or membrane-associated proteins. 

Most of the proteins uniquely identified in purified L. gasseri EVs but not the L. gasseri cells 

or crude EV preparations were membrane proteins (GO:0016020 and GO:0016021) and were 

associated with transmembrane transport (GO:0055085), proteolysis (GO:0006508), peptidoglycan 

(GO:0009253), and cell wall catabolic processes (GO:0016998) indicating their importance for the 

processes of vesicle release from the bacterial cell. The localisation and function of the rest (4 out of 

21) of these proteins were not identified. 

Regarding molecular function, and biological process, no pronounced differences were seen 

between cells and EVs. Thus, the main molecular functions of the majority of the proteins were 

assigned to binding and catalytic activity. This includes binding of proteins, carbohydrates, ions, 

transferase, hydrolase, lyase, ligase activity, catalytic activity on protein, RNA and DNA. Some 

proteins present only in EV samples were uniquely assigned to the following molecular function 

categories: phosphorelay sensor kinase activity, DNA-binding transcription factor activity, molecular 

carrier activity, and translation release factor activity, codon specific. However, percentagewise, these 

proteins were in the minority. The dominant biological processes for L. gasseri proteins were 

identified as metabolic and cellular processes without differences between cells and EVs: glycolytic, 

catabolic, cellular metabolic processes, methylation, cell communication, protein folding, cell cycle 

process and cell division.  
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Figure 4-15. The gene ontology categorisation analysis of proteins identified in L. gasseri cells, crude and 

purified EVs based on their cellular localisation, molecular function, and biological processes.  

 

G. vaginalis EVs contained notably fewer proteins than L. gasseri EVs. Similar to L. gasseri 

vesicles, the localisation of the majority of G. vaginalis EV proteins was also found to derive from 

the cell membrane (GO:0016020, GO:0016021) (Fig. 4-16). Little variation on the representation of 

these proteins was observed between crude (52%) and purified EVs (51.6%) with only 22.6% of these 

found in G. vaginalis cells. One half of the membrane proteins participate in the peptide 

(GO:0015833) and transmembrane transport (GO:0055085), and peptidoglycan synthesis, while the 

other half was linked to the pathogenesis (GO:0009405). The chromosome segregation ATPase 

(D6SZQ5), in particular, is related to the pathogenesis process as identified at UniProt Database. 

Additionally, we identified Thiol-activated cytolysin vaginolysin (D6T176) and Pneudolysin (Thiol-

activated cytolysin) (I4MB58) that are known to contribute to pathogenesis (GO:0009405), with their 

main function being cholesterol binding (GO:0015485). These proteins belong to a family of pore-
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forming toxins. They are produced by many pathogenic bacteria and have been considered as 

virulence factors promoting bacterial invasion and infection [131, 427]. 

 

 

 

Figure 4-16. The gene ontology categorisation analysis of proteins identified in G. vaginalis cells, crude and 

purified EVs based on their cellular localisation, molecular function, and biological processes.  

 

Cytoplasmic proteins (GO:0005737) made up 28.9% of all identified proteins of G. vaginalis 

crude EVs, 32.2% of purified EVs, and almost half (47.2%) of G. vaginalis cells. These were mainly 

proteins involved in the metabolic (GO:0005975) and glycolytic process (GO:0006096, 

GO:0006094) as well as translation (GO:0006412, GO:0006414). Cell division protein FtsZ 

(I4M976) that is essential for cell septum assembly (GO:0090529), and the cell division 

(GO:0051301) was also identified as one of the cytoplasmic proteins from all samples. Proteins that 

were assigned to ribosomes (GO:0005840) and mainly present in the cell samples (14.5%) were 
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entirely involved in the translation process (GO:0006412) and function as a structural constituent of 

ribosome (GO:0003735) and nucleic acid binding (GO:0019843, GO:0003723, GO:0003729).  

Among the proteins that were exclusively identified in purified G. vaginalis EVs, but not in 

crude preparations or whole cells, were the 60 kDa chaperonin GroEL protein (D6T2N8) and 

Inorganic pyrophosphatase (I4MBE0). They both derived from the cytoplasm but contribute to 

diverse biological processes. Thus, the GroEL protein prevents misfolding and is responsible for the 

refolding of unfolded polypeptides that occur under stress conditions (GO:0006457, GO:0042026, 

GO:0051082) [428]. Interestingly, one of the commercial kits for EVs isolation from bacteria 

(ExoBacteria OMV Isolation Kit from BioCat) uses this protein as an EV marker. The Inorganic 

pyrophosphatase takes part in the phosphate-containing compound metabolic process (GO:0006796). 

The main functions of this protein are magnesium ion binding (GO:0000287), metal ion binding 

(GO:0046872), inorganic diphosphatase activity (GO:0004427), and hydrolase activity 

(GO:0016787). 

Similar to L. gasseri samples, no pronounced differences were seen between G. vaginalis cells 

and their EVs in regard to the categorisation of their protein content based on molecular function and 

biological process.  Here again, the large majority of these proteins were assigned to metabolic and 

cellular processes (molecular function) or to binding and catalytic activities (biological process). 

However, proteins belonging to transporter activity and structural constituents of ribosome were 

respectively enriched and depleted in the EVs. 

 

4.2.4 EVs are enriched for specific proteins that fulfil the ecological role of these vaginal 

bacteria 

 

In order to further determine whether specific proteins are incorporated into EVs, a pairwise 

comparison of proteins from vesicles (crude and purified) vs. those from parental cells, was 

conducted. In this analysis, differential enrichment for specific proteins between these two samples 

was demonstrated using volcano plots (Fig. 4-17 – 4-22). In these plots, the y-axis is the negative 

log10 of the p-value meaning that the dots appearing at the top of the plot represent individual proteins 

whose relative abundances between the two samples are significantly different. These differences 

were either detected at the level of the protein (red dots) or both the protein and its tryptic peptides 

(blue dots). The x-axis, is the log2 of the fold change between the two samples meaning that a fold 

change lower than 1 becomes a negative value and is plotted on the left-hand side, while those changes 

greater than 1 are positive values that are plotted on the right-hand side. Horizontal and vertical cut-
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off lines were set up in the graphs to help us visualise differences in the relative abundance of proteins 

between samples that are statistically significant. The horizontal line corresponds to the p-value cut-

off of 0.05. The two vertical lines show the positive and negative fold changes that are equal to 1.5. 

These are standard cut-offs lines often applied to proteomic analysis to identify proteins that are 

differentially expressed. The coloured dots found in the two regions of interest in the graph (top left 

and top right quadrants) mean that (i) the farther the dot is from the vertical line, the higher the 

magnitude of the fold change of this protein between samples, and (ii) the farther the dot is from the 

horizontal line, the higher is the statistical significance for the relative abundance of this protein 

between samples. 

By employing the volcano plots as explained above, I have presented below the pairwise 

comparisons between proteins that are differentially enriched or depleted between crude EVs vs. 

parental cells, followed by purified EVs vs. parental cells and purified EVs vs. crude EVs. I have also 

presented and discussed the top 20 most abundant proteins in the EVs of L. gasseri (Fig. 4-17 – 4-

19) and G. vaginalis (Fig. 4-20 – 4-22) in order to help us understand the biological function of these 

EVs to the vaginal biome. 

Firstly, a comparison of crude EV preparations from L. gasseri (experimental group LB) and 

corresponding parental cells (group LA) was performed (Fig. 4-17 A).  From this analysis, 1123 

proteins were identified as differentially enriched or depleted based on the protein levels across two 

study groups LB and LA (red dots at both quadrants) being ~1/3 of these (459 proteins) with evidence 

at both protein and peptide levels (blue dots at both quadrants). Most of them (295 proteins) were 

found to be significantly enriched in the crude EV samples (blue dots at the top right quadrant) while 

163 proteins were significantly depleted when compared to the L. gasseri cellular proteome (blue 

dots at the top left quadrant). 
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Figure 4-17. A - Volcano plot showing proteins differentially expressed between crude L. gasseri EVs on the 

right (LB) and parental L. gasseri cells on the left (LA). B – Top 20 most abundant proteins in crude L. gasseri 

EVs (LB) that passed p-value and fold change cut-offs based on protein and peptide levels. 

 

Proteins highly enriched in EVs might provide insights into the contribution or function that 

these vesicles may have to the vaginal biome. Therefore, the 20 highest ranked proteins in the L. 

gasseri crude EVs were listed in Figure 4-17 B. Among these proteins, bacteriocin 

(WP_003649213.1) was almost 900 times more abundant in crude EVs preparations than in the cells. 

This is a membrane protein that is primarily responsible for the defence response to a bacterium 

(GO:0042742). Bacteriocins are a group of antimicrobial peptides produced by some bacteria, 

including Lactobacillus and they are active against other microorganisms in order to compete for 

nutrients in the environment [429, 430]. Their potential application in treating and preventing 

urogenital pathogens has been discussed in multiple publications [431, 432]. Other bacteriocin 

proteins from the same family (WP_020807648.1, WP_049159833.1) were also significantly more 

abundant in the crude EVs, with the fold change of expression levels greater than 20.  

Another interesting finding within this group was a lysozyme protein (A0A087QB98), with a 

40-fold enrichment in L. gasseri EVs. Lysozyme is an enzyme that functions as a natural 

antimicrobial agent by cleaving a glycosidic linkage in the peptidoglycan part of the bacterial cell 

wall [433]. This protein was annotated by UniProt to lysozyme activity and peptidoglycan catabolic 

processes and hydrolase activity. The presence of highly abundant proteins annotated as lysozyme 

has been recently reported for probiotic L. cassei EVs [434], although their function or contribution 

to host protection was not investigated further.  

Another protein with a significant 30-fold enrichment level is one of the aggregation 

promoting factors (A0A087QF11). These proteins are important for diverse functions of 

Lactobacillus, such as self-aggregation, co-aggregation with other bacteria in order to inhibit the 

adherence of pathogens, and maintenance of cell shape [435, 436]. L. gasseri is known to have two 

aggregation promoting factors or Apf-like proteins, Apf-1 and Apf-2 [111, 437]. The identification 

of Apf-2 (A0A087QF11) is particularly interesting, as the same protein was shown by our group to 

be the main contributor to the inhibition of T. vaginalis adhesion to the host cells [111]. The other 

Apf-1 was not, however, identified within L. gasseri EVs. 

Of note, the molecular weight of the most prominent protein bands detected in the EVs via 

SDS-PAGE (Fig. 4-8) coincide with those three proteins found to be highly enriched in these vesicles 

by proteomics: the class II bacteriocin WP_003649213.1 (< 10 kDa), the lysozyme A0A087QB98 

(14 kDa) and the aggregation promoting factor A0A087QF11 (32 kDa). Based on the function of 
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these proteins, our findings indicate that the protein cargo of Lactobacillus EVs might play an 

important role not only in the protection of the host from other bacteria by incorporating various 

antimicrobial components, but also maintaining a balance with the surrounding microbiota and 

fighting against pathogens.   

Next, the same comparison was performed for purified EVs (group LC) vs. those from the 

parental L. gasseri cells (group LA) (Fig. 4-18 A). Overall, as compared to crude EVs, using purified 

EVs increased the number of differently expressed proteins and improved the levels of enrichment. 

This analysis demonstrated that 1875 proteins were identified as differentially enriched or depleted 

based only on protein levels across the two study groups. This number dropped to 664 proteins when 

both protein and peptide levels were considered. Among them, 444 proteins were significantly more 

abundant in purified vesicles than in the cells while 220 proteins were depleted. The majority of these 

highly abundant proteins in purified EVs proteins were those from the bacteriocin family 

(WP_003649213.1, WP_020807648.1) with a fold change between 210 and 2833 (Fig. 4-18 B) and 

a Blp family class II of bacteriocin (WP_049159833.1) with a fold change of 25. The levels of 

enrichment for the bacteriocin WP_003649213.1 increased from 900 to 2800-fold, i.e., a 3-fold 

enhancement from crude to purified EVs (Fig. 4-17 and 4-18).  

As with the crude EV preparations, the same lysozyme (A0A087QB98) was 104 times more 

abundant in purified EVs than in L. gasseri cells. Several SH3 domain-containing proteins 

(WP_101890921.1, WP_020806609.1) were also significantly expressed, with a fold change from 30 

to 75. The exact function of this domain is not well established but they may mediate the assembly 

of bigger protein complexes and also the increase of binding to receptors on eukaryotic cells [438, 

439].  

Another group of proteins that was significantly increased in the crude but was even more 

evident in the purified EVs in comparison with cells, were numerous prophage proteins 

(WP_065169409.1, GBA91201.1, WP_065169417.1). Their physiological importance in the context 

of EVs has not been clearly identified yet, however it was speculated that prophages may contribute 

to the beneficial position of Lactobacillus within the vaginal environment [77, 440, 441]. Genomic 

sequence identified multiple prophages within the L. gasseri genome as well as other commensal 

lactobacilli [442]. Here [440] it was suggested that prophages may act as a key vehicle for horizontal 

gene transfer between commensal bacteria. Thus, phage structural proteins were identified to be 

present in EVs from Lactobacillus casei [389]. Moreover, phage particles and proteins were found 

before in EVs from another commensal bacterium – Bacillus subtilis [443]. Using B. subtilis-

produced EVs, here [444] it was demonstrated that these vesicles containing phage receptors could 

provide temporal sensitivity to phage resistant neighbouring bacteria (including non-host species). 
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The authors discussed that EVs could potentially facilitate a new way for phages to enter other 

bacterial cells, thus suggesting EV-mediated horizontal gene transfer among different bacterial strains 

and species. However, whether the presence of phage related proteins in extracellular vesicles may 

promote or effect phage replication requires further investigation. As the genome of this vaginal strain 

of L. gasseri (ATCC 9857) is not yet available, we are unsure what phage sequences may be present 

in this particular genome. 
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Figure 4-18. A - Volcano plot showing proteins differentially expressed between purified L. gasseri EVs on 

the right (LC) and parental L. gasseri cells on the left (LA). B – Top 20 most abundant proteins in purified L. 

gasseri EVs (LC) that passed p-value and fold change cut-offs based on protein and peptide levels. 

 

As seen from the first two comparisons (Fig. 4-17 and 4-18), it seems that EVs purification 

enhances the level of enrichment for many of the top 20 most abundant proteins in the vesicles. Thus, 

a differential comparison was also performed for purified (LC) vs. crude EV preparations (LB) in 

order to investigate if the additional purification step results in a loss or gain of specific proteins (Fig. 

4-19 A). A total of 426 proteins within both LC and LB groups was identified enriched or depleted 

between these two samples, based on their protein levels. This number dropped down to 124 proteins, 

when considering both protein and peptide data with 36 proteins that were more abundant in the 

purified vs. crude EVs. Among these proteins were different types of transferases 

(WP_113779248.1), hydrolases (WP_113779188.1), phosphatases (WP_020806987.1) involved in 

various catalytic activities, DNA repair, binding on molecules, as well as peptidoglycan biosynthetic 

processes (Fig. 4-19 B).  
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Figure 4-19. A - Volcano plot is showing proteins differentially expressed between purified L. gasseri EVs 

on the right (LC) and crude L. gasseri EVs on the left (LB). B – Top 20 most abundant proteins in purified L. 

gasseri EVs (LB) that passed p-value and fold change cut-offs based on protein and peptide levels. 

 

Looking into the same data but from the opposite angle, proteins highly abundant in L. gasseri 

cells versus EVs (crude or purified) included most common cellular products: multiple ribosomal 

proteins (RL31B_LACGA, RS7_LACGA, A0A087QAN5_LACGS, A0A087QAW2_LACGS as an 

example),  elongation translational factors (A0A087QCP7_LACGS, A0A087QCJ3_LACGS), 

metabolic enzymes (A0A087QCL7_LACGS, RBFA_LACGA, ATPB_LACGA) as wells as known 

Lactobacillus housekeeping genes: dnaK (Chaperon protein Q044A9, A0A087QCR7), infC 

(Translation initiation Factor IF-3 A0A087QEK2), rplA (50S ribosomal protein L1 A0A087QAN5), 

rpsb (30S ribosomal protein S2 A0A087QCP6, Q044D0) and rpmA (50S ribosomal protein L27 

A0A087QCJ1). Moreover, the majority of the proteins identified in this group originated from the 

cytoplasm in contrast to vesicular proteins that were mainly associated with the membrane as 

discussed in the previous sections in this chapter (Fig. 4-15).   

Together, my findings indicate that L. gasseri produce vesicles that are packaged with a 

specific protein cargo. This cargo is enriched anf different to typical cellular products. In particular 

there is more representation of proteins whose functions are aligned to the host-protective role that 

these bacteria are known to play. I conclude that EVs of L. gasseri should contribute to maintaining 

the healthly status of the vaginal biome.  

With the knowledge above, my attention was driven to the EVs produced by G. vaginalis 

aiming to understand the specificity of their protein cargo. Therefore, I conducted the same pairwise 

comparisons as before (Fig. 4-17 – 4-19) but with G. vaginalis cells and EVs proteomes (Fig. 4-20 – 

4-22).  

When comparing crude EVs versus their parental cells (Fig. 4-20 A), 1597 proteins were 

identified as enriched or depleted between the two study groups based on protein levels. Considering 

both protein and peptide levels, 720 proteins were identified. From this number, I found that the large 

majority (683 proteins) were enriched in the crude vesicles, leaving only 37 that were found to be 

depleted as compared to the cells. The CHAP domain-containing protein YP_003985647.1 was found 

as the EVs protein with the highest level of enrichment (~200-fold change). Interestingly, this CHAP 

domain protein and ABC transporters (e.g. WP_032841271.1 also identified within the top 20), are 

involved in the secretion of antimicrobials that are used by G. vaginalis for competitive exclusion of 



130 

 

other microorganisms [445]. A recent publication [446] also demonstrated a strong lytic ability of 

CHAP proteins. These findings are also in agreement with the study that found G. vaginalis strains 

producing substances that are antagonistic to other vaginal bacteria helping the pathogen to compete 

for colonisation of the vaginal ecosystem [447]. 

Furthermore, I found many other proteins previously proposed to be involved in the 

pathogenesis of bacterial vaginosis among the top 20 most abundant proteins in G. vaginalis crude 

vesicles (Fig. 4-20 B). These proteins, derived from the plasma membrane, had a positive fold change 

of 30-70 times in comparison with cells. They belong to the family of pore-forming toxins known as 

Cholesterol Dependent Cytolysins (Perfringolysin O YP_003985175.1 and Vaginolysin pdb|5IMY|B, 

ACD63043.1) as well as the thiol-activated cytolysin family (Pneumolysin D6T176 and I4MB58). 

Pore-forming toxins are known to be crucial for the wide range of pathogenic bacteria [131, 311, 

427]. They are able to lyse target cells in a species-specific manner throught the recognition of the 

complement regulatory molecule CD59 [134]. G. vaginalis, in particular, produce the pore-forming 

toxin vaginolysin (VLY) that generates host immune responses and has been hypothesised to be 

involved in the pathogenesis of BV [448]. This toxin acts as a hemolysin, causing erythrocyte lysis, 

but also induces IL-8 production by epithelial cells [134, 449].  

Another group of proteins enriched within the crude EV preparations were penicillin-binding 

proteins (WP_116437227.1, WP_119675365.1, WP_116437866.1, WP_004116904.1). In 

pathogenic gram-positive bacteria, these proteins can selectively bind to penicillin or other antibiotics 

that have a beta-lactam ring “quenching” or preventing these antibiotics interacting with their specific 

cellular targets. Thus, these proteins can contribute to bacterial pathogenesis via mechanisms of 

antibiotic resistance [120]. 
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Figure 4-20. A - Volcano plot is showing proteins differentially expressed between crude G. vaginalis EVs 

on the right (GB) and parental G. vaginalis cells on the left (GA). B – Top 20 most abundant proteins in crude 

G. vaginalis EVs (GB) that passed p-value and fold change cut-offs based on protein and peptide levels. 

 

 Purification of EVs from crude preparations slightly improved the levels of protein 

enrichment but also resulted in qualitative changes with new proteins that were significantly enriched 

in the EVs. Comparison of purified EVs vs. cells (Fig. 4-21 A) resulted in a similar number of proteins 

that were significantly enriched in the EVs (748) based on protein levels. However, considering both 

protein and peptide evidence, this number dramatically dropped to 37. Therefore, purification of G. 

vaginalis EVs from crude preparation is likely to incur significant associated losses. 

 Notwithstanding, the same CHAP domain protein, YP_003985647.1, was found at the top of 

the list of proteins highly enriched in purified EVs, with a positive 258-fold change, similar to what 

was found for the crude EVs (Fig. 4-21 B). The top 20 list was again represented mainly by pore-

forming toxins (Vaginolysin pdb|5IMY|B, Thiol-activated cytolysin I4MB58, Perfringolysin O 

YP_003985175.1, Thiol-activated cytolysin vaginolysin D6T176, and Cholesterol-dependent 

cytolysin ACD63043.1) with a positive fold change varying from 60 to 200 times in comparison with 

the G. vaginalis cells. The molecular masses of these toxins range from 47 to 60 kDa (e.g. Vaginolysin 

– 54 kDa, Perfringolysin O – 52.6 kDa), sizes that were previously seen as dominant bands after EV 

proteins were separated in SDS-PAGE (Fig. 4-9). The remaining of the enriched proteins were 

penicillin-binding proteins (WP_116437866.1, WP_116437227.1, WP_004116904.1) as well as 

several proteins involved in metabolic processes (YP_003985916.1, YP_003985799.1).  

Another interesting finding was the identification of CRISPR-associated proteins 

(WP_116431685.1, YP_003985778.1) that were enriched in purified as well as crude EVs. In purified 

vesicles, they were among the top 20, with a positive fold change of more than 50 when compared 

with cells. These proteins are part of the CRISPR/Cas system – a bacterial immune system that 

recognises and cuts foreign pathogenic DNA and RNA [450]. A recent study has discussed the 

implication of CRISPR/Cas in different strains of G. vaginalis [451]. Authors hypothesise that 

transfer of genetic material among different G. vaginalis strains might be regulated by the CRISPR 

system and that this system impacts the virulence of the pathogen by targeting specific genes encoded 

for competitive exclusion of other bacteria. Moreover, several studies propose EVs as an effective 

packaging and delivery tool of the CRISPR/Cas system for therapeutic purposes [452, 453]. 
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Figure 4-21. A - Volcano plot is showing proteins differentially expressed between purified G. vaginalis EVs 

on the right (GC) and parental G. vaginalis cells on the left (GA). B – Top 20 most abundant proteins in 

purified G. vaginalis EVs (GC) that passed p-value and fold change cut-offs based on protein and peptide 

levels. 

 

Lastly, I compared purified EVs against crude EV preparations (Fig. 4-22 A). With evidence 

on both protein and peptide, the number of enriched proteins in crude and purified EVs was similar 

(18 and 16, respectively). Importantly, purification of EVs did not enrich for any of the putative 

virulence factors (Fig. 4-22 B). The levels of enrichment were modest overall, with a maximum fold 

change of 3, and enriched proteins in the purified vesicles were mainly involved in various metabolic 

processes.  

To better understand if the preferential packaging of proteins into EVs of G. vaginalis takes 

place, I looked into this data from the opposite angle (i.e., depletion of proteins in either crude or 

purified EVs as compared to cells). Similar to what was seen for L. gasseri, we found that G. vaginalis 

EVs are mostly depleted from common cellular products. Mostly ribosomal proteins (I4M8G1, 

I4MBK9) that are involved in nucleic acid binding (I4M7J0) and translation were found to be 

significantly depleted from vesicles. This was also the case for several metabolic (I4M8D8, I4M6I8, 

I4M7H5, D6T2E1, D6T2J8) and catabolic proteins (D6T1J2, I4MH8). We also found a few G. 

vaginalis conserved housekeeping genes – groL (60 kDa chaperonin Q9KI57) and tuf (Elongation 

factor Tu I4M1I8) – depleted in the EVs. 

Therefore, our analysis leads me to conclude that EVs produced by vaginal bacteria (L. gasseri 

or G. vaginalis) are packaged with a specific protein cargo. Vesicles that these bacteria release do not 

entirely reflect the proteome of parental cells, rather preferentially incorporate specific sets of protein. 

In contrast to the host-protective L. gasseri, G. vaginalis releases EVs containing various proteins 

whose functions are aligned to the pathogenic potential of this dysbiotic bacterium. EVs of G. 

vaginalis should contribute to dysbiosis and pathogenesis of bacterial vaginosis. Considering the 

protein cargo of EVs produced by these two bacteria that are known to occupy opposite sides on the 

ecology of the vaginal microbiome (i.e., eubiosis and dysbiosis), I propose that EVs support these 

vaginal bacteria to fulfil their ecological roles to this microbiome.  
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Figure 4-22. A - Volcano plot is showing proteins differentially expressed between purified G. 

vaginalis EVs on the right (GC) and crude G. vaginalis EVs on the left (GB). B – Top 20 most abundant 
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proteins in purified G. vaginalis EVs (GC) that passed p-value and fold change cut-offs based on protein and 

peptide levels. 

 

To investigate functional interactions between highly abundant proteins identified in bacterial 

EVs they were also subjected to protein-protein interactions prediction using the STRING database. 

This system quantifies the potential for physical and functional interactions between protein products 

of a group of genes. It uses various sources, including genomic context predictions, high throughput 

experiments as well as previous knowledge in other databases. For this analysis, the STRING 

confidence score, a metric used to quantify interaction confidence, was set as ≥ 0.4 (medium 

confidence). 

To understand the network of interactions of truly vesicular protein cargo, only highly 

enriched proteins in purified EVs from both bacteria were included for this analysis. Also, the 

conversion of protein identifiers from one database (UniProt) to another (STRING) caused a 

substantial loss of gene entries, plus some gene entries were not identified by STRING and therefore 

were excluded from the network construction. Constructed networks and their summary statistics are 

presented in Figure 4-23 A and B. 

The constructed network from L. gasseri purified EVs (Fig. 4-23 A) had significantly higher 

network connectivity than would be expected from a random set of proteins of similar size: 34 nodes 

had 112 edges whilst the expected number of edges for a random set is 60. The average node degree 

was found to be 6.59, which is the average number of interactions that connect one node (protein) to 

its neighbour.  

Similarly, high interactions between proteins were demonstrated for the network constructed 

using proteins found to be differentially expressed in G. vaginalis purified EVs (Fig. 4-23 B). 

Specifically, the constructed network had 29 nodes with 66 edges, whilst the expected number of 

edges for a random set of proteins drawn from the genome is 50. The average node degree was 4.55. 
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Figure 4-23. STRING protein-protein interaction analysis of L. gasseri (A) and G. vaginalis (B) purified EVs. 

The thickness of each connecting line represents the strength of data support. Measurements for the networks 

constructed using STRING: Nodes - genes entered into STRING for the analysis. Edges represent functional 

or physical connections between pairs of proteins. Degree shows the number of interactions that connect one 

protein (node) to its neighbours. Average degree: mean of all degree values of nodes in a network. 

 

In conclusion, this network interaction analysis demonstrated that proteins we identified in 

purified bacterial EVs have significantly more physical and or functional interactions among 

themselves than would be expected for a random set of proteins of similar size as drawn from the 

genome. Such enrichment for interactions indicates that these proteins are at least partially connected 

in functional or biological terms. The formation of functional groups of proteins displaying strong 

interacting networks suggests that the preferential packaging of proteins into EVs may serve a 

biological purpose for the bacterium. 

To summarise, the analysis of the proteomics data supports the idea of preferential packaging 

of a specific protein cargo into bacterial EVs. We saw consistent depletion of typical cellular proteins 

involved in a house-keeping function in these bacterial EVs, even from crude preparations. On the 

other hand, specific proteins were detected in vesicles with significant levels of enrichment as 

compared to cells. Very interestingly, these enrichments reflected the known ecological role of these 
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bacteria in the urogenital tract of women. A number of proteins identified in the vesicle preparations 

of L. gasseri is associated with host-protective mechanisms that usually reside to lactobacilli. G. 

vaginalis EVs, on the other hand, were enriched for different pore-forming toxins and other proteins 

that are directly involved in the pathogenesis or have been claimed as virulence factors of this 

bacterium. Thus, bacterial EVs and their protein cargo should contribute to the biological activities 

that these bacteria play on the host. 

 

4.3 Discussion 

 

Various bacteria, among commensals and pathogens, have been shown to release extracellular 

vesicles (EVs) that carry a specific molecular cargo derived from their parental cells [282, 290, 301, 

375, 396, 454]. Different to eukaryotic EVs, the bacterial EVs do not have a conserved cargo or 

universal molecular markers [455, 456]. However, these EVs have been consistently claimed to play 

important roles in bacterial survival, pathogenesis, or protection of the host [198, 284, 389, 426]. 

Although it remains mostly enigmatic as to how and why bacteria produce EVs, I proposed that 

detailed analysis of the EVs cargo would provide more valuable insights into the vesicles production 

process, protein sorting and the potential roles of these vesicles on microbe-host communication.  

To date, there have been only a few studies on EVs produced by lactobacilli [313, 388, 389, 

434], including L. acidophilus, L. casei, L. reuteri, which are major probiotic species. These reports 

highlighted the possibilities of engineering EVs as new potential therapeutics and vaccines. Only two 

publications have reported the production of EVs from vaginal bacterial and both of them were 

published while this thesis was being written [314, 394]. The first study investigated the release of 

vesicles from four strains of Lactobacillus – L. crispatus BC3 and BC5, as well as L. gasseri BC12 

and BC13. The main focus of this study was to determine whether isolated vesicles can inhibit the 

HIV-1 infection of human tissues. Their ex vivo experiments demonstrated that EVs produced by two 

strains of lactobacilli were effective in the protection of the host cells by inhibiting virus adhesion 

[314]. The second paper discusses the possibility of EVs production by G. vaginalis [394].  

The main goal of this chapter was to determine whether the two vaginal bacteria that are part 

of two distinct microbial communities in the vagina [76], L. gasseri and G. vaginalis, produce EVs 

and what cargo they might have. These bacteria have been shown to antagonize and synergize 

respectively with the protozoal pathogen T. vaginalis [7, 111, 150, 151, 457], which can also produce 

extracellular vesicles on its own (Chapter 3). To my knowledge, this is the first study to address 

simultaneously the production of EVs by two bacteria that occupy the opposite ecological sides of a 
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site-specific microbiome in humans. These bacteria are exclusive competitors in the urogenital tract 

of women and EVs might play an influential role on the establishment or maintenance of the 

microbiome status in the host. In this chapter, I reported the characterisation of the physicochemical 

properties and molecular content of EVs from both bacteria, with a comprehensive analysis of their 

proteomes. 

 

4.3.1 Vaginal bacteria in culture produce EVs with a protein cargo 

 

I firstly observed that both bacteria - L. gasseri and G. vaginalis - actively release EVs in 

culture. In order to establish a protocol for bacterial EV isolation, one must know the time of the 

collection. In the literature, the EVs isolated from Helicobacter pylori at different phases of growth 

showed differences in their size, composition, and selection of proteins as cargo as well as 

immunogenicity of these vesicles [458]. Here, bacterial cultures were sampled over 24 hours so that 

we could detect the number of EVs produced by viable bacterial cells. For L. gasseri the optimal time 

for EV production was concluded to be at the early stationary phase of the culture, where the number 

of viable cells was >90% and with the maximum release of about 1.5×1010 particles/ml. For the G. 

vaginalis, cells were firstly washed and transferred to the serum-free culture media to prevent 

contamination from vesicles present in the sera. The production of EVs was monitored over 4 hours 

and 1 hour post inoculum into serum-free media was found to be optimal with the release of 3.2×1010 

particles/ml and cell viability of >88%. The ISEV guidelines [184] strongly recommend applying 

complementary methods for visualisation of isolated EVs. Here, two methods were applied (NTA 

and TEM) to demonstrate the production of bacterial EVs. Findings from these methods were in 

agreement with published information about the size and morphology of bacterial EVs: with a 

diameter of isolated vesicles ranging between 50 to 120 nm and a visible spherical appearance [283].  

Convinced that both bacteria produce EVs, I attempted to purify them firstly from the 

supernatant of cultures so that their cargo could be visualised for the first time. The presence of DNA 

and RNA in these crude vesicles was quantified. DNA was found in very minimal amounts. RNA, on 

the other hand, was abundant. RNA cargo has been frequently described in bacterial EVs [459-462], 

although only a few studies [463-465] attempted to demonstrate whether these RNAs were inside the 

vesicles. Here, by using the enzymatic treatment of bacterial vesicles, we demonstrated that RNAs 

detected with the EV preparations were unlikely to be a true cargo of these vesicles. Instead, these 

RNAs were likely to be associated with extracellular proteins making large complexes that were 

carried along with the vesicle preparation. These RNAs were significantly destroyed by RNase in the 
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absence of the membrane-permeabilizing detergent. In stark contrast to the vaginal protozoan 

pathogen T. vaginalis (Chapter 3), we therefore excluded RNAs as being a valid cargo for these 

particular bacterial EVs, leaving us solely with a protein cargo that warranted investigation. Proteins 

were found in a high concentration in the crude EV preparations from both bacteria. G. vaginalis EVs 

were consistently approximately 1.5 times higher in protein concentration then L. gasseri EVs. The 

protein profiles obtained from the SDS-PAGE gels were also reproducible from one preporation to 

another.  

 

4.3.2 SEC is a simple and fast method to improve purification of EVs from bacteria 

 

A purification step for isolation of EVs is also one of the recommendations from ISEV 

guidelines in order to ensure that cargo and activities can be truly attributed to the vesicles. This 

approach is usually a part of routine EV isolation protocols from mammalian cells [466]. For bacterial 

EVs, on the other hand, purification protocols have not been well established yet and only performed 

for a limited number of bacterial species [398, 467, 468]. In addition, purification steps would 

improve our ability to identify protein cargo since contaminants are always problematic in proteomics 

surveys. The most common method of bacterial EVs isolation is differential centrifugation [469], 

when samples go through a series of spinning and filtration stages. Here, I wanted to complement it 

with further purification steps and compare two different methods for purifying bacterial EVs prior 

to doing proteomics. I performed purification and fractionation of crude bacterial EVs by DGC and 

SEC. These two methods each have their own advantages and drawbacks. DGC is a popular and 

reliable method, but it requires an overnight spin, hours of laboratory work for pre- and post-spin 

procedures, and can still carry contaminants that co-pellet during the centrifugation [470, 471]. 

Moreover, there is no standardized protocol for DGC. It is very technical with different procedures 

for loading and collecting samples [472, 473] and options for centrifuges and rotors. In addition, 

extensive pipetting steps for loading and removing layers into centrifugal tubes followed by post-spin 

procedures lead greatly to technical variability and loss of vesicle yields. SEC, using commercial qEV 

columns, on the other hand, is an attractive procedure. It is a fast and user-friendly alternative method 

[398]. The disadvantage of this method, however, is unaffordability by many laboratories because of 

the high price for a set of qEV columns. 

Data presented in this chapter demonstrated that both purification methods resulted in 

fractions that were strongly associated with EV signatures. Although both methods contribute to the 

loss of EV yields, they did purify vesicles away from contaminants, as shown by the electron 
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micrographs. Also, when comparing crude versus fractions, protein profiles on SDS-PAGE indicate 

enrichment for specific protein bands in fractions where vesicles were mostly detectable, particularly 

for L. gasseri EVs. Finally, using either method helped visualize that most RNAs were not detected 

in fractions that contain vesicles. SEC was selected as a purification method for further downstream 

workflow. In comparison to DGC, the choice of SEC was based on the recovery of particles, clear 

protein peaks in vesicle-rich fractions, a pattern of protein bands at the SDS-PAGE gel corresponding 

to the vesicle-rich fractions as well as the clear appearance of dominant proteins over the crude 

samples. Although it is not possible to rule out contaminants from any purification procedure, SEC 

is well adaptable, automatable, making it ideal for routine bacterial EVs isolation. Guided by these 

results, along with the previous findings that RNAs were not localised inside EVs, the following step 

of the workflow was to describe the protein cargo of bacterial EVs, which would help us understand 

the potential role and activities these vesicles may have to the vaginal biome.  

We initially assumed that an additional purification step would help remove contaminants 

(i.e., material not in the vesicles) coming from parental bacterial cells. Analysis of the purified 

fractions (either SEC or DGC) showed that much of the protein content in the crude preparations 

would not localise with particles. Additionally, I observed some qualitative changes on SDS-PAGE. 

These were more noticeable with L. gasseri EVs where some protein bands became very evidently 

enriched with the purified fractions that localized with particles. Not surprisingly, the global heat map 

analysis of these proteomes showed enrichment and depletion of various proteins consistently across 

replicas from crude to purified L. gasseri EV samples. Finally, I could see that the majority of the top 

20 proteins enriched in L. gasseri EVs became even more relatively abundant in the purified than 

crude EV samples. This increase on enrichment levels among the top listed proteins was also seen in 

G. vaginalis EVs, from crude to purified EV samples. Although this increase was not as strong as 

seen for L. gasseri EVs, there were also some qualitative changes from crude to purified G. vaginalis 

EV samples with new proteins only seen in the last sample. Therefore, applying a purification step 

may be valuable to remove contaminants and increase the confidence of the molecular cargo of EVs. 

However, this will have to be evaluated case by case. 

 

4.3.3 Proteomics revealed that vaginal bacteria EVs contain a very specific protein cargo 

 

An accurate and sensitive description of the vesicular cargo is imperative to a better 

understanding of the biology of extracellular vesicles. It is also the first and necessary step that would 

guide follow-up studies to decipher the function and activities of these vesicles to the biome of origin. 
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Bacterial EV proteins play an important role in adhesion, toxicity, transport of nutrients and other 

molecules, alteration of the host immune system as well as antibiotic resistance [198, 407, 426, 468]. 

The recent development of proteomics tools has contributed considerably to understanding the role 

of bacterial vesicles in intercellular communication and interaction with the host [474]. In this 

chapter, the relatively new data-independent acquisition approach has been employed in order to 

investigate the proteomes from EVs derived from vaginal bacteria, compare EVs protein profiles with 

the parental cells, as well as examine if and how further purification (i.e., SEC) could help us define 

the true cargo of these vesicles. The SWATH-MS is a reproducible and accurate proteomic method 

that allows the identification and quantification of all peptides in a sample. This method involves 

fragmentation and analysis of all ionised peptides across SWATH windows, enabling precise 

quantification even for low abundant proteins. Another advantage of this method is that SWATH data 

is aligned with the spectral library containing information about each peptide and can be stored and 

analysed retrospectively [418, 421, 424]. Despite that, this approach has not been widely adopted for 

proteomics of bacteria and, to our knowledge, has not been applied for bacterial EV proteomics yet.  

A comprehensive 5535-protein spectral library was constructed using fractionated peptides 

derived from L. gasseri and G. vaginalis samples. Considering the average number of genes in a 

standard bacterial genome, this number represents a partial but fair coverage of what is expected to 

be expressed, highlighting the depth of the SWATH methodology.  

Firstly, based on the constructed heat map, I demonstrated the striking difference between 

protein profiles of L. gasseri cells and the EVs they release. Interestingly, on the heat map, I identified 

a cluster of proteins that was exclusively present in the lanes that represent purified EVs. Thus, I 

suggested that additional purification with SEC helped to remove cellular contaminants from these 

samples, and so only truly vesicular protein cargo remained. 

Similar to L. gasseri samples, I started my proteomics analysis of G. vaginalis samples with 

heat maps. Unlike the L. gasseri heat map, the one generated from G. vaginalis samples did not 

demonstrate a clear difference between crude and purified EVs. This allowed me to suggest that the 

purification method might have been efficient only for L. gasseri samples but did not help to clean 

up preparations from pathogenic bacteria. 

Further GO annotation of L. gasseri EV proteome according to their cellular localisation 

demonstrated significantly high enrichment in the membrane proteins, followed by cytoplasmic 

proteins. Vesicles derived from L. gasseri contained proteins involved in a wide range of processes. 

These were mostly molecular transport and binding of molecules. Proteins related to metabolism may 

not appear to perform specific functions outside bacterial cells. However, the transport of metabolism-

related proteins by EVs may represent a mechanism of functional exchange and complementation in 
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the context of bacterial communities. For example, members of the Bacteroides exchange enzymes 

with the surrounding microorganisms via EVs, contributing to the degradation of complex 

polysaccharides [293, 475]. 

GO analysis of G. vaginalis samples demonstrated that more than 50% of identified in EVs 

proteins originated from membrane, followed by the cytoplasmic protein. Here, again we did not 

observe any difference between crude and purified EVs. Similar to L. gasseri samples, most of G. 

vaginalis proteins in all samples were assigned to binding of different molecules and catalytic activity 

as the dominant molecular functions. Involvement in metabolic and cellular processes was identified 

as the main biological process.  

As discussed ahead, detailed proteomic analysis revealed the protein complexity of bacterial 

EVs, suggesting a preferential sorting process of specific proteins, giving insights on mechanisms of 

vesicle formation and, importantly, indicating that these EVs have an important functional 

contribution to the vaginal biome.  

 

4.3.3.1 EVs derived from L. gasseri carry antimicrobial compounds and host-protective factors 

 

Quantitative SWATH proteomics has not been applied for bacterial EVs before. This 

approach provided us with in-depth analysis and a broader coverage of identified proteins than 

previous studies. Overall, my findings are consistent with recent publications on lactobacilli EVs and 

proteomics, but these studies based on shotgun proteomics were very limited on data [314, 389, 434]. 

Proteomic analysis of probiotic L. casei and its EVs showed the presence of 520 and 103 proteins in 

these samples, respectively [389]. Similar number of proteins were detected from other lactobacilli 

and their EVs: 395 and 26 from L. acidophilus; 201 and 43 from L. casei; 378 and 17 from L. reuteri 

[434]. Even fewer proteins (only 18) were detected in the EVs from vaginal lactobacilli [314]. The 

cellular localisation of proteins identified in the EVs from these three studies was almost equally split 

between cytoplasm and membrane. Another study identified 31 proteins in EVs from probiotic L. 

plantarum, where over 50% of them were associated with the membrane [313]. Similar to our results, 

the main biological function of identified proteins was binding, followed by metabolic processes.  

The significant findings of my study came from the relative protein quantification when 

comparing vesicles to their cells of origin which was only possible because of the SWATH 

technology that we employed here. Highly abundant antimicrobial proteins were identified in the EVs 

cargo of L. gasseri. Bacteriocins were found in the crude and purified vesicles with a fold enrichment 

of 900 and over 2000 respectively in comparison with cells. The production of these proteins has 
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been described for a number of lactic acid bacteria [98-100, 429, 430, 432]. These bacteriocins may 

be active against closely related species or across genera to get a competitive overall advantage for 

nutrients or might even target a specific pathogen. As an example, a bacteriocin produced by 

lactobacilli forms pores in the membrane of pathogenic bacteria, which cause leakage of inorganic 

phosphates, DNA and RNA material, and ionic imbalance in the target cells [430]. On the other hand, 

bacteriocin-producing bacteria usually have mechanisms of immunity to protect themselves from 

their own bacteriocins, and it is often represented by dedicated immunity proteins [476]. At least 20 

putative immunity proteins have been identified [477]. When they are expressed in sensitive cells, 

they strongly protect against externally added associated bacteriocins [478, 479]. The successful 

application of bacteriocins was demonstrated against various urogenital pathogens [90, 480]. Because 

of the protective properties of bacteriocins, a few Lactobacillus species have been proposed as vaginal 

probiotics that help with microbial homeostasis in the vagina, preventing the growth of pathogens 

[481]. A study of EVs produce by probiotic bacteria described a group of proteins involved in 

bacteriocin production and signalling [434]. The presence of these proteins and also putative 

bacteriocins was species-specific: L. acidophilus EVs were enrichened for bacteriocins and its inducer 

peptide, while L. casei and L. reuteri EVs did not contain any detectable bacteriocin. Curiously, 

within our proteomics data, I also found multiple proteins associated with the self-protection of 

lactobacilli from their bacteriocins. These proteins (A0A087QAA9, A0A087QC99) were found to be 

enriched in both crude and purified EVs but beyond the top 20 most abundant proteins because of 

their lower fold change of enrichment (7.6-fold and 13.3-fold, respectively) in purified samples in 

comparison to cells (Appendix).  

Our findings of highly abundant bacteriocins within L. gasseri EVs are in agreement with the 

most recent publications [434, 482]. In 2019 Scott Dean and his group performed proteomic analysis 

of EVs from three different probiotic Lactobacillus species (L. acidophilus, L. casei, and L. reuteri). 

They reported a 50-fold increase of bacteriocin enrichment compared to the whole L. acidophilus cell 

[434]. In 2020, in the follow-up study, this group demonstrated that EVs carry and deliver bacteriocin 

peptides to the opportunistic pathogen Lactobacillus delbrueckii, inhibit growth and compromise 

membrane integrity of recipient cells [482]. 

This illustrates the importance of bacteriocins being sorted for packaging into extracellular 

vesicles and suggests their contribution to the Lactobacillus-mediated protection of the host. It also 

indicates the possibility of targeted delivery of antimicrobial compounds specifically to undesired 

pathogenic species such as L. gasseri EVs were demonstrated to incorporate the self-protective 

proteins.  
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Aggregation promoting factors (Apf) were also identified as enriched proteins in L. gasseri 

crude and purified EVs, by ~40-fold in comparison with bacterial cells. The ability of Lactobacillus 

to aggregate is one of the mechanisms that increase their survival and persistence in a competitive 

vaginal environment [437]. Thus, it was reported that 20% of Lactobacillus strains isolated from the 

vaginas of healthy women had the basic ability to self-aggregate [436]. Furthermore, the introduction 

of pathogenic E. coli triggered clear and strong co-aggregation between lactobacilli and this pathogen. 

Self-aggregation or co-aggregation contribute to the inhibition of pathogen adhesion to epithelial cells 

and this has been demonstrated for Lactobacillus and other commensal organisms [435]. Therefore, 

the formation of a physical barrier on the intestinal mucosa was achieved by Lactobacillus via self-

aggregation [483], while co-aggregation with intestinal pathogenic E. coli resulted in the clearance 

of the pathogen from the mucosa [484]. A vaginal isolate L. gasseri 2459 produces Apf that mediates 

self-aggregation as well as enhances aggregation of specific strains of L. plantarum and Enterococcus 

faecalis [485]. The literature suggests that aggregation is also vital for adhesion, colonisation, genetic 

exchange as well as immunomodulation. L. gasseri Apf proteins serve as major factors in self-

aggregation, induce aggregation of other lactobacilli and are crucial for the bacteria cell shape 

maintenance [435]; however, not all of these proteins are directly involved in aggregation. A recent 

publication [111] demonstrated that Apf-2 of vaginal L. gasseri ATCC 9857 was a major contributing 

factor to the inhibition of T. vaginalis adhesion to host cells. Coincidently, this Apf-2 was found as 

one of highly enriched proteins in the EVs of L. gasseri ATCC 9857 in our study. However, the Apf-

1, whose genes have also been found in the genome of L. gasseri, was not identified in L. gasseri 

EVs. 

Another class of proteins significantly enriched in L. gasseri EVs were those encoded by 

prophages. The presence of numerous prophages has been reported in many Lactobacillus species: L. 

lactis, L. johnsonii, L. plantarum, L. gasseri, L. salivarius, and L. casei [442]. Little is still known 

about the physiological role of prophages in commensal isolates from the human vagina, with only 

speculation that prophages may contribute to the beneficial position of Lactobacillus within a 

competitive vaginal environment [77, 440, 441]. However, their potential to regulate bacterial 

communities and, thus, human health has been demonstrated within the large microbial ecosystem of 

the human gut [486]. The literature nonetheless suggests that prophages may act as a key vehicle for 

horizontal gene transfer between commensal bacteria [440]. Our findings are also in accordance with 

the previous identification of phage proteins within EVs from Lactobacillus casei [389]. Authors 

identified three phage-related proteins, PLE2, PLE3, and yhgE, with only the latest present 

exclusively in EVs. Another study with B. subtilis-produced EVs also demonstrated that vesicles 

containing phage receptors could provide temporal sensitivity to phage resistant neighbouring 



146 

 

bacteria (including non-host species) [444]. By delivering these receptors to phage-resistant bacteria, 

these bacteria become transiently sensitive to infection allowing phages to enter and genetically 

recombine. Together, this suggests that EVs might serve as a new way for phages to get dispersed 

across microbial communities implying that EVs may indirectly facilitate horizontal gene transfer in 

evolutionary terms. However, whether the presence of phage related proteins in extracellular vesicles 

may promote or effect phage replication requires further investigation. 

Altogether, the analysis of the vesicular proteome of L. gasseri samples strongly suggests a 

sorting mechanism that specifies the protein cargo of EVs. My findings indicate that L. gasseri EVs 

fulfil the ecological role of lactobacilli in the vaginal biome. Also, my findings suggest that these 

vesicles may potentially serve as delivery vehicles for antimicrobial compounds and play a host-

protective role in the health of this biome. 

My major proteomic findings that L. gasseri-derived EVs are highly enriched for various 

antimicrobial compounds and host-protective proteins are in agreement with published reports. 

However, previous studies have primarily used the conventional Shotgun LC MS proteomic methods 

to investigate bacterial EVs proteomes. That resulted in limited proteomic coverage. I have employed 

advanced SWATH-MS technology for in-depth assessment of the proteomic content of L. gasseri 

EVs. The expansive coverage of SWATH analysis allowed me to identify a much greater number of 

proteins, comparatively quantify the abundance of these proteins between cells and vesicles, as well 

as identify Apf proteins in crude and purified EVs, which have not been reported before. Therefore, 

my novel comprehensive data contributes to existing knowledge in the emerging field of extracellular 

vesicles. 

 

4.3.3.2 G. vaginalis-derived EVs carry virulence factors 

 

Contrary to L. gasseri, G. vaginalis is a commensal bacterium of the vagina with pathogenic 

potential and is highly associated twith the polymicrobial condition known as bacterial vaginosis 

(BV) [118, 127]. In G. vaginalis crude and purified EVs, our proteomics study has identified proteins 

that are involved in toxin activity and pathogenesis of BV. At the time this thesis was being written, 

the first proteome of G. vaginalis-derived EVs was published [394]. In this paper, the vast majority 

of proteins were assigned to the cytoplasm, while only 8.6% were shown to be membrane proteins. 

We think that this a very low association of proteins with membrane, where typical bacterial EVs 

originate [313], which could be due to the method of EVs isolation that was used in this paper. The 

authors performed differential centrifugation, followed by ultracentrifugation with no additional steps 
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of purification. Thus, the extensive presence of cytoplasmic proteins might represent cellular 

contaminants. Our results, on the other hand, are consistent with the other recent publications on 

proteomes of EVs derived from various prokaryotic pathogens. By comparison, EVs from both 

pathogenic and probiotic strains of E. coli contain highly abundant membrane-derived proteins [414]. 

Here different purification methods, as well as the effect of growth conditions on the proteome of the 

EVs, were also assessed. A study on Staphylococcus aureus-derived vesicles showed equal 

distribution between membrane and cytoplasmic proteins [487]. Investigation of the vesicular 

proteome from another Gram-positive pathogen, Clostridium perfingens, demonstrated that the 

majority of proteins in EVs were classified in the membrane category [488].  

Our data also correlate with the aforementioned publications in terms of the functional 

classification of the identified proteins, indicating the enrichment for specific proteins that reflect the 

biological role of their parental cells. In other words, the presence of specific toxins and other 

virulence factors were described for EVs released by other pathogenic bacteria. C. perfingens EVs 

incorporate Beta2 toxin and is highly associated with enteric diseases in domestic animals [488]. EVs 

from N. gonorrhoeae carry a porin protein (PorB) that is delivered to mitochondria in host 

macrophages, leading to apoptosis of cells [489]. Various toxic proteins were also found in virulent 

E. coli strains [490].  

 My analysis of proteins that were enriched in G. vaginalis EVs demonstrated a significant 

increase in the abundance of pore-forming toxins in both crude and purified EVs. These proteins 

(Vaginolysin, Thiol-activated cytolysin, Perfringolysin O, Thiol-activated cytolysin vaginolysin, 

Cholesterol-dependent cytolysin) are produced by pathogenic bacteria and act as virulence factors 

during different stages of BV progression [491]. Vaginolysin, had a fold change greater than 200, and 

is pore-forming toxin considered to be the most important virulence factor of G. vaginalis supposedly 

involved in the pathogenesis of BV [121]. It belongs to the cholesterol dependant cytolysin (CDC) 

family of toxins, and uses human CD59 as its receptor to bind to vaginal epithelial cells, causing their 

lysis, thereby contributing to pathogenesis [134, 427, 448, 449]. Other potential virulence factors or 

toxins identified and significantly enriched in G. vaginalis EVs were Perfringolysin O and Thiol-

activated cytolysin. Both pore-forming toxins were shown to not only simply lyse host cells but also 

interfere with the immune cell function and cytokine induction, with their main target being cells 

involved in defending the host from infection [491-493].  

The detection of these toxins is in agreement with the aforementioned study, published at the 

time this thesis was being written [394]. This study applied traditional LC-MS/MS and was able to 

identify total of 417 G. vaginalis proteins, with Vaginolysin being found in the EVs with low 

confidence. However, the application of the highly sensitive SWATH approach here allowed me to 
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identify Vaginolysin with the greatest fold change of 200 as well as identify other pore-forming toxins 

within G. vaginalis EVs which were not detected in the first report.  

Another class of significantly abundant proteins in crude and purified G. vaginalis EVs were 

CHAP domain proteins. In both samples these proteins were found on the first position of the most 

significantly enriched proteins. They, along with other proteins identified within the top 20 most 

abundant EVs proteins (i.e. ABC transporters), are involved in the secretion of antimicrobials used 

for the competitive exclusion of other microorganisms [445]. A strong lytic ability of CHAP proteins 

was also demonstrated recently [446]. Similar combinations of ABC transporters and CHAP domain-

containing proteins were previously described in the EVs derived from the bacterium Granulicatella 

adiacens, which causes infective endocarditis [494]. However, the activities of these proteins were 

not investigated further.  

Overall, SWATH data analysis of the proteome of G. vaginalis-derived EVs revealed the 

presence of important metabolic proteins, molecular chaperones as well as proteins directly associated 

with virulence, such as toxins. These proteins may be involved in mediating the cytotoxic effect of 

the EVs on vaginal epithelial cells. The results also suggest that the G. vaginalis EVs are an important 

source and method for delivery of cytotoxic and other virulence factors to the host cells. These can 

contribute to the cellular damage associated with the pathogenesis of BV.  

 

4.3.3.3 Moonlighting proteins in bacterial EVs 

  

Over the past two decades, some proteins have been claimed to perform more than one unique 

biological function. This phenomenon is known as protein moonlighting [495]. The term 

“moonlighting” was introduced to describe proteins in which a single polypeptide chain performs two 

or more distinct and physiologically relevant biochemical or biophysical functions [496]. Many well-

known and highly conserved proteins such as metabolic enzymes and molecular chaperones have 

been reported to moonlight [497]. A growing number of bacterial species are being found to have 

moonlighting proteins (MPs) and the moonlighting activities of such proteins can contribute to 

bacterial competition, virulence, or interaction with a host. In the protozoan T. vaginalis, 

moonlighting functions of metabolic enzymes have been attributed to play a role in virulence, but this 

topic has been disputed [498].  

Controversy around this subject is raised, likely because many of these proteins were found 

to exhibit different moonlighting activities depending on the organism [496]; which information has 

been deposited in the database MoonProt [499]. The lack of overall functional conservation across 
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proteins and organisms is a matter of criticism. Below, I will highlight evidence for MPs among 

bacterial pathogens and commensals and discuss, based on our proteomics data, whether these 

proteins are a relevant part of the cargo of G. vaginalis and L. gasseri EVs. 

In pathogens, secreted products often play a key role in infection or virulence [495]. MPs were 

found to contribute to bacterial virulence by facilitating the binding of bacteria directly to host cells. 

These MPs included fructose-1,6-bisphosphate aldolase from Neisseria meningitidis [500] and 

Streptococcus pneumoniae  [501], as well as the Hsp60 chaperone from Helicobacter pylori [502] 

and Chlamydia pneumoniae [503]. In mycobacteria, the moonlighting chaperon 60 plays a role in 

biofilm formation [504]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was one of the first 

identified MPs and was found in group A streptococci to perform various moonlighting functions. 

The GAPDH of Streptococcus pneumoniae acts as a plasminogen binding protein [505], activity that 

is important for this organism to cross endothelial and epithelial cell barriers [506]. In Streptococcus 

agalactiae, GAPDH was found to function as a virulence factor with B lymphocyte-modulatory 

activity [507]; in Streptococcus suis serotype 2, the GAPDH enzyme was claimed to function as an 

albumin binding protein [508] and also as an adhesin for cell binding [509]. Based on information 

from a surface proteome, several proteins of Gardnerella vaginalis were claimed to moonlight, 

including GAPDH, phosphoglycerate mutase, pyruvate kinase and chaperones DnaK and GroEL 

[120].  

MPs have also been spotted in commensal and probiotic bacteria, including lactobacilli. These 

proteins were found to be important for interactions with the host [510]. GAPDH and enolase from 

Lactobacillus plantarum were shown to promote the binding to mammalian cells suggesting a role 

for this probiotic species to bind to the lining of the gut [511, 512]. Elongation factor Tu and chaperon 

60 from Lactobacillus johnsonii were found to bind to human cells and to mucin [513, 514]. MPs 

may also aid in communication with other species, including in a symbiotic relationship between 

lactic acid bacteria and yeast [515]. One of the main benefits of Lactobacillus is that they compete 

with pathogens for specific binding sites or by binding non-specifically to the surface of epithelial 

cells. Thus, L. gasseri ATCC 33323 by using enolase was found to inhibit the adherence of the 

sexually transmitted pathogen Neisseria gonorrhoeae to host cells [516].  

Not surprisingly, MPs were reported as part of the cargo of bacterial EVs only recently [487, 

494, 517]. Among others, enolase, glutamine synthetase, and triosephosphate isomerase were lately 

identified withing EVs from probiotic Propionibacterium freudenreichii [517]. Here [494] authors 

demonstrated that Granulicatella adiacens produces EVs carrying virulence factors including 15 

identified moonlighting proteins (ribosomal proteins and molecular chaperones being major among 

them). MPs (enolase, GAPDH, EF-Tu) with functions in adhesion, membrane fusion, and 
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internalisation, were also reported within a proteome of Staphylococcus aureus-derived EVs [487].  

In our study, none of these proteins claimed a moonlighting function were found in the top 20 list of 

enriched proteins in the EVs of G. vaginalis and L. gasseri. However, we have detected some of them 

in the proteomes of these vesicles and cells of origin. 

We have identified a class of enzymes involved in the glycolytic pathway across all G. 

vaginalis samples, including EVs. However, the relative abundance of these proteins was not 

significantly different from their cells of origin. We found GAPDH, phosphoglycerate kinase, and 

pyruvate kinase, which are claimed to have moonlighting properties (Appendix). These enzymes 

could function as transferrin receptors, cell signalling kinase, immunomodulators, fibrinogen- and 

actin-binding proteins [497]. They relocate to the cell surface where they may function as receptor 

antagonist, adhesins, invasins, leading to the pathogen-mediated death of the host cells [497, 518]. In 

L. gasseri proteomic data, surprisingly, we found more MPs than in G. vaginalis samples. Here, we 

discovered GAPDH, Enolase, Dnak, Aldolase, GroEl, GrpE, Glytamine synthetase, 

Phosphoglycerate kinase and mutase and Triosephosphate isomerase in L. gasseri EVs (Appendix). 

All of these proteins were previously reported in commensal bacteria with moonlighting functions 

[513, 515, 516, 519, 520]. Importantly, none of the MPs were present in the purified L. gasseri EVs. 

Conversely, they were found to be significantly enriched in cells and crude EVs. 

My data showed that MPs were definitely not the main cargo of these bacterial EVs. Instead, 

their cargo revealed specific proteins whose functions can be linked to the expected ecological 

contributions that these bacteria perform to the vaginal biome. At the moment, I can only speculate 

that MPs found in these bacterial EVs, do not play a major role in the function of these EVs. The 

chosen SWATH approach for quantitative protein profiling between cells and EVs allows me to 

conclude that, if these MPs have important roles to the function of these bacteria, they do not seem 

to use EVs as a main vehicle for secretion. 

 

4.4 Conclusion 

 

In summary, in this chapter, I have confirmed the production of extracellular vesicles from 

two vaginal bacteria that are part of two distinct communities of the vaginal microbiome: L. gasseri 

and G. vaginalis. Such as for T. vaginalis (Chapter 3), abundant vesicles could be detected and 

recovered from serum-free G. vaginalis cultures in a few hours. I have tested and optimised protocols 

for bacterial EVs isolation. Using these protocols in combination with concentration and 

ultracentrifugation, I have obtained crude vesicle preparations and analysed their physical properties 
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as well as their molecular content. Further purification of vesicles with DGC and SEC was examined 

in order to propose an optimal method for downstream analysis. I have also characterised the 

proteomes of EVs derived from L. gasseri and G. vaginalis and compared them to the protein profiles 

of parental cells quantitatively. I have reported the specific enrichment of L. gasseri EVs for 

bacteriocins and other antimicrobial compounds while showing that G. vaginalis EVs were enriched 

for virulence factors and potential toxins. To my knowledge, this is the first study to report the 

characterisation of EVs and their molecular cargo in two bacterial species that occupy a single 

ecological niche in humans but have opposite contributions to this microbiome. Based on the 

proteome content, the findings in this chapter revealed that EVs should have a direct contribution to 

the status of this microbiome: eubiosis or dysbiosis. Following on from these observations, my 

attention in the next chapter is driven to examining the roles of these bacterial vesicles may have on 

changing the response of recipient cells: host cells (i.e., human ectocervical cells) and a model 

pathogen of the vagina (i.e., T. vaginalis). 
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Chapter 5.  

 

Extracellular vesicles from vaginal bacteria alter host response and 

parasite virulence 

 

5. 1 Introduction 

 

 The human vagina has been described as a nutrient-rich niche for the microbiota [521]. This 

microbiota comprises of various types of microorganisms (bacteria, protozoa, fungi, viruses) and 

plays a significant role in maintaining the overall health of the vaginal environment [1, 522, 523]. 

Vaginal bacterial commensals exist in a mutualistic relationship with the host and serve as the first 

line of defence of the body [524]. They are also important for fetal development, immunity at the 

mucosal surface, and ability to incorporate nutrients [4, 76]. Disruption of the microbiota homeostasis 

might result in a number of urogenital conditions, including bacterial vaginosis (BV) [5, 113, 525].  

 Lactobacillus-dominated vaginal microbial communities have traditionally been associated 

with healthy reproductive-aged women [4, 74, 526]. The mechanisms of the host protection were 

described in the General Introduction of this thesis, and include maintaining the acidic vaginal 

environment, production of bacteriocins, as well as activation of host immune response [1, 86, 98, 

524]. The latest is achieved by stimulation of cytokine/chemokine production in order to recruit or 

further activate specialized immune cells [95, 527]. Among the cytokines usually associated with 

Lactobacillus spp. are anti-inflammatory interleukins IL-10, IL-1rα and low levels of pro-

inflammatory cytokines TNF-a, IL-1α [528].  

 During BV, the vaginal microbiota changes to mainly consists of the anaerobic pathogens 

with, the low abundance of Lactobacillus [529-531]. In this case, the host immune response has been 

shown to be represented by significant increases of IL-1β, IL-8, TNF-α [148, 532, 533]. The ability 

of individual BV-associated bacterium to trigger the immune response has also been described [534]. 

For example, Prevotella bivia and Mobiluncis curtisii were found to induce IL-6, IL-8, G-CSF, IP-

10, MIP-1β, RANTES, and Gro-α; A. vaginae induces expression of chemokine C-C motif ligand 20 

(CCL20), HBD-2, IL-1β, IL-6, IL-8, TLR2 signalling pathways and TNF-α via nuclear factor-κB 

(NF-κB), G. vaginalis induces IL-6 and IL-8 transcripts [94, 535-537]. The inflammatory responses 

are beneficial and required to effectively defeat sexually transmitted infections (STIs), although the 

presence of elevated vaginal inflammation prior to HIV exposure increases the risk of viral 

acquisition [538-540].  
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Studies of the microbial causes of this inflammation have focused on both commensal and 

pathogenic bacterial but, to my knowledge, very little is known about the role of extracellular vesicles 

(EVs) produced by these bacteria in modulating host immune responses. EVs released by pathogenic 

bacteria can either affect host immunity or contribute to pathogenesis [541]. For example, respiratory 

pathogenic bacteria Moraxella catarrhalis produce EVs that induce B cell activation. As a result, the 

B cell production of IgM and IL-6 was increased [382]. EVs produced by Porphyromonas gingivalis, 

Treponema denticola, and Tannerella forsythia have been shown to be phagocyted by monocytes and 

macrophages and activate NF-κB downstream of TLR signalling and thus stimulate production of 

pro-inflammatory cytokines TNF-α, IL-8, and IL-1 [383]. Vesicles derived from S. aureus were 

shown to trigger inflammation by increasing the expression of adhesion molecules and IL-6 on skin 

dermal endothelial cells, developing the recruitment of monocytes in vitro [384].  

While EVs from pathogenic bacteria either trigger inflammation or are used as a strategy to 

escape the immune response, vesicles derived from commensal bacteria usually have anti-

inflammatory effects and promote immune tolerance [541]. EVs released from the probiotic strain E. 

coli Nissle were shown to increase the production of both pro-and anti-inflammatory cytokines, but 

interestingly these EVs triggered more IL-10 than the ones released by E. coli with no probiotic 

properties, suggesting that like the parental cells, their EVs could contribute to tolerance [542]. EVs 

from pathogenic S. aureus stimulate the production of IL-6 from keratinocytes and macrophages in 

vitro, but their pre-treatment with EVs from Lactobacillus plantarum neutralized this effect, 

indicating potential benefits of probiotic-derived EVs during infection [543]. 

The potential role of vesicles from vaginal bacteria in modulating immune responses in the 

female genital tract is largely unknown. To date, two studies, published while this thesis was being 

written, attempted to describe EVs released by vaginal bacteria [314, 394]. The first one investigated 

whether EVs derived from different Lactobacillus strains could contribute to the protection of the 

host from HIV-1 infection [314]. Authors demonstrated that these EVs were not toxic to recipient 

cells and had a protective effect, as shown by the inhibition of HIV-1 attachment and entry to the 

target cells. However, the immunomodulatory effects of these EVs were not investigated. The second 

paper described vesicles released by the vaginal commensal G. vaginalis [394]. Here authors 

concluded that these EVs have an inflammatory role, based only on the increased levels of pro-

inflammatory cytokine IL-8 from vaginal epithelial cells VK2. 

 As detailed in the main Introduction of this thesis, the human vagina is colonised by a complex 

microbial community, where specific vaginal bacteria are known to be associated with the infection 

by the parasitic protozoan Trichomonas vaginalis. Being an extracellular parasite, this protozoan, 

relies greatly on its adhesive potential, as the adherence to host cells should be an essential step to 
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initiate infection and colonisation [544]. The ability of different vaginal bacteria to modulate the 

adherence of T. vaginalis to the surface of host vaginal cells has been reported. It is known that 

lactobacilli and T. vaginalis counteract each other as natural competitors in the vagina [111, 457]. 

Lactobacillus spp. promote inhibition of parasite adhesion via surface proteins and the aggregation-

promoting factor Apf-2 of L. gasseri was recently claimed to be involved in the inhibition against T. 

vaginalis adhesion to host cells [111]. On the other hand, BV-associated bacteria that accompany T. 

vaginalis were shown to enhance the pathogenesis of this parasite by, for example, increasing its 

adhesion to host cells [151]. Although the effects of these bacteria on the T. vaginalis pathogenicity 

have been studied to some extent, nothing is known about the contribution of extracellular vesicles 

in these interactions. 

In the previous chapter, I presented evidence that vaginal commensal bacteria representing 

different community types (i.e., L. gasseri and G. vaginalis) release EVs in culture. Moreover, the 

distinctive proteome profile of these EVs was described in detail, indicating potential roles of 

bacterial vesicles in either defending or harming the host. Here, I wanted to investigate whether 

vesicles produced by these vaginal bacteria can be delivered to host and parasite cells and influence 

their responses. For that, three specific aims (Fig. 5-1) were set:  

1. Confirm that EVs produced by bacteria L. gasseri and G. vaginalis are delivered to 

different target hosts - human ectocervical cells (hECs) - and parasite T. vaginalis as well 

as investigate the effect of bacterial EVs on the viability of these recipient cells. 

2. Determine the contribution of EVs produced by cervicovaginal microbiota to genital 

inflammation via characterisation of the host immune response. 

3. Examine the alteration of T. vaginalis virulence in response to bacterial EVs. 
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Figure 5-1. Flow chart of my research strategy. The chart indicates the logical progression of Chapter 5 as 

well as the main goals. 

 

5. 2 Results  

 

5.2.1 Extracellular vesicles produced by vaginal bacteria are delivered to the human recipient 

cells 

 

 In order to investigate whether bacterial EVs can be internalised by human ectocervical cells 

(hECs), two complementary approaches were used. Bacterial EVs were labelled with a fluorescent 

dye to enable the detection of vesicle delivery to hECs by flow cytometry and the confocal 

microscopy. Unlike the experiments with T. vaginalis EVs, where PKH67 was used, another type of 

lipophilic membrane dye was employed to stain bacterial EVs. This was PKH26, a red, highly 

fluorescent dye, that is widely applied in the field of extracellular vesicles.  Because mammalian cells 

were previously shown in my experiments to autofluorescence, changing from the green PKH67 dye 

to the red PKH26 was expected to improve my ability to detect and quantify EV delivery to hECs.   
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 Firstly, to demonstrate the uptake of bacterial EVs by hECs, PKH26-stained bacterial EVs 

(equivalent to 10 µg of protein) were co-incubated with hECs over the course of 30 hours and 

subjected to flow cytometry (Fig. 5-2). The fluorescent intensity of each sample was measured at the 

FL2 channel and presented as the percentage of hECs positive for PKH26-labelled bacterial EVs. 

Human cells incubated with labelled EVs at 4ºC were used as a negative control.  

 

Figure 5-2. Bacterial EVs are delivered to host cells in a temperature- and time-dependent manner. The fusion 

of extracellular vesicles was measured by flow cytometry after PKH26-labelled EVs were incubated with 

hECs. Controls included hECs without EVs (blue bar labelled hECs) and with labelled EVs but incubated at 

4°C (pink bar labelled hECs+EVs 4C). On the graph L – L. gasseri EVs, G – G. vaginalis EVs. Fusion 

proceeded at 37°C and samples were taken at 1, 5, 16, 24 and 30 h, as indicated. The values are presented as 

the mean ± SD; n = 3 for each sample. 

 

 As seen in Figure 5-2, the detection of the fluorescent cells was observed from 1 hour of 

incubation with bacterial EVs and increased with time. The maximum number of fluorescent cells 

was detected after 16 hours of co-incubation with EVs from both bacteria. Of note, the hECs 

internalised significantly greater amounts of L. gasseri EVs (38.3% of cells with a detectable 

fluorescence signal) than those isolated from G. vaginalis (23.4% of hECs taken up fluorescent EVs). 

Reduction of uptake signal was seen after the 16-hour time point, as the percentage of fluorescent 
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mammalian cells started to decline and reached 22.7% for samples incubated with L. gasseri EVs and 

18.3% for those with G. vaginalis vesicles after 30 hours. Negative controls - untreated hECs and 

hECs incubated with bacterial EVs at 4ºC - were also subjected to flow cytometry at each time point. 

Because the fluorescent signal from these two control samples did not change over the time course, 

the average percentage of fluorescent cells from all time points is presented on Fig. 5-2. The uptake 

of bacterial EVs, however, could only be detected at 37ºC but not at 4ºC indicating that bacterial EV 

internalisation by host cells is a metabolically active process. 

Next, confocal microscopy was applied to visualise the delivery of bacterial PKH26-labelled 

EVs to hECs (Fig. 5-3). Human cells were co-incubated with labelled EVs and, after that, they were 

stained with DAPI to visualise nuclei. A red fluorescent signal from labelled bacterial EVs was 

detected as early as 5 hours after incubation with human cells and accumulated over time (Fig. 5-3). 

Incubation of hECs with bacterial EVs at 4ºC (negative control) did not result in the detection of any 

visible fluorescent signal in the cells. On the other hand, we could observe the accumulation of the 

red PKH26 dye in these cells at 37oC. Curiously, while the delivery of L. gasseri EVs produced 

detectable signal dispersed mostly in the cytoplasm of hECs, delivery of G. vaginalis EVs often 

produced an aggregated signal in the nuclei of these cells.  
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Figure 5-3. Bacterial EVs are delivered to host cells in a temperature- and time-dependent manner. Confocal 

microscopy representative images of hECs incubated with PKH26-labelled bacterial EVs for up to 16 hours at 

37°C and 4°C. Scale bar: 5 m.  

 

5.2.2 EVs from vaginal bacteria affect the viability of the recipient cells in a dose- and time-

dependent manner 

 

 Here, I investigated the viability of the hECs after the delivery of EVs isolated from L. gasseri 

and G. vaginalis using the CyQUANT cell proliferation/cell number assay (section 2.5.6.4). 

Fluorescent intensity was measured over the course of 72 hours (Fig. 5-4). Increasing doses of 

isolated EVs (equivalent to 5, 10 and 50 µg of protein) and time-points were evaluated in order to 

determine a non-toxic dose and time for further functional studies. Human cells incubated with an 
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equal volume of PBS alone were used as a control, representing 100% of viable cells. In order to 

estimate any potential cytotoxic effect of bacterial EVs on hECs, the percentage of viability from 

control was calculated (Fig. 5-4). 

 

 

Figure 5-4. The viability of hECs after treatment with L. gasseri EVs (L) and G. vaginalis EVs (G). Numbers 

after L and G indicate the concentration of these EVs taken for the experiment. Samples were measured at 1, 

5, 24, 48 and 72 h, as indicated. The black dotted line represents 100% viability of untreated hECs. The values 

are presented as the mean ± SD; n = 3 for each sample. 

 

 Treatment of hECs with low doses of EVs (5 µg of protein) from both vaginal bacteria was 

not toxic and did not cause any effect on cell survival until 24 hours post incubation. After this time 

point, the incubation with L. gasseri EVs led to a decline in hECs’ viability down to 66.3% when 

compared to the control and to 77.1% when treated with G. vaginalis EVs, with no further substantial 

decrease at the later time points. An increase on the L. gasseri EV dose to 10 µg caused a slight raise 

of the cytotoxic effect. As a result, the viability of hECs decreased toapproximately 48.4% after 24 

hours. At the same time, there was no significant difference after the G. vaginalis EVs dose was 

increased to 10 µg.  The incubation of hECs with the highest dose of EVs (50 µg) led to profound 

cell death at 48 hours. With L. gasseri vesicles at this dose virtually all cells died. This effect was less 

pronounced with G. vaginalis EVs, and cells were apparently able to recover between 48-72 hours. 
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Even though the CyQUANT assay results indicated some toxic effect on hECs at 10 µg of 

bacterial EVs, particularly with L. gasseri EVs, visual inspection of these wells after 72 hours under 

the light microscope did not show any drastic change on the cell monolayer integrity (Fig. 5-5 A and 

B) in comparison to the untreated control (Fig. 5-5 C). Only with the highest dose of bacterial EVs 

(50 µg), could I observe substantial morphological changes of the hEC monolayer visually under light 

microscopy (Fig. 5-5 D). CyQANT detection is based on a membrane-impermeable DNA dye. 

Therefore, although CyQUANT indicates that the membrane of hECs may get compromised after EV 

treatment, this did not drastically alter the morphology of the cell monolayers. 

 

 

Figure 5-5. Representative images of hECs morphology after 72 hours of incubation with: A – 10 µg of L. 

gasseri EVs, B –10 µg of G. vaginalis EVs, C –PBS (untreated control), D – 50 µg of L. gasseri EVs. Images 

were produced from light microscopy at 100 X magnification. 

 

In conclusion, these results together show that both types of bacterial EVs can be delivered to 

hECs actively and efficiently. These cells apparently take up L. gasseri EVs more efficiently than 

those of G. vaginalis EVs. The EV signals were found to get dispersed in the cytoplasm or 

concentrated in the nucleus, respectively. Cytotoxic effects may result from high EV doses, regardless 
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of the bacterium, without drastic morphological alterations. These results gave me guidance (EVs 

dose and incubation time) for the following assays, as presented in the next section.   

 

5.2.3 Bacterial EVs stimulate immune response at the epithelial level 

 

As described in the Introduction, vaginal bacteria can stimulate the immune response of 

epithelial cells [532, 545]. In the previous chapter, I demonstrated that the vesicles derived from L. 

gasseri and G. vaginalis carry the protein cargo that reflects the expected function or biological role 

that these bacterial cells play on the vaginal biome. Here, I hypothesize that EVs from vaginal bacteria 

may mimic their parental cells in the way they stimulate an immune response in the ectocervical and 

vaginal environment. In order to investigate the nature of this response, the release of cytokines was 

measured from hECs treated with the vaginal bacterial EVs.  

In these series of experiments, we sought to identify the range of cytokines, chemokines and 

growth factors that hECs are capable of producing in response to bacterial EVs stimulation. For that, 

hECs were incubated with different doses (5 and 10 µg) of bacterial vesicles for up to 72 hours or left 

unstimulated (basal level control). After each time point, media was collected and analysed for 

cytokine profiles using the Milliplex Cytokine/Chemokine Magnetic Bead Panel.   

Many of the analytes quantified from the panel were found below the limit of detection and 

were thus excluded. These were EGF, INFα2, INFy, G-CSG, IL-12P40, IL-12P70, IL-13, IL-15, IL-

17, IL-1β, IL-2, IL-3, IL-5, MCP-1, MIP-1α, MIP-1β and TNF-β.  

The remaining twelve analytes  (i.e., IL-10, GM-CSF, Eotaxin, IL-1rα, IL-1α, IL-4, IL-6, IL-

7, IL-8, IP-10, TNF-α and VEGF) were detected in various concentrations depending on the dose and 

type of bacterial EV (Fig. 5-6). The finding that hECs produce these specific cytokines is in agreement 

with the literature [546] and the official information from ATCC website [547], characterizing hECs 

as an important part of the innate defence system in the human ectocervix.  
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Figure 5-6. Cytokine profiling in hECs in response to the treatments with L. gasseri EVs (L) or G. vaginalis 

EVs (G). Numbers after L and G indicate the concentration of these EVs taken for the experiment. Supernatants 

were collected for measurements at 5, 24, 48 and 72 h, as indicated. The values are presented as a fold-change 

from the untreated hECs. The black dotted line represents untreated control samples. The values are presented 

as the mean ± SD; n = 2 for each sample representing biological replicas.  

 

Figure 5-6 illustrates the fold-change alterations on the levels of the 12 detected cytokines as 

a response to the EVs treatments. The individual graphs were sorted in descending order – from the 

largest to the lowest magnitude of fold-change.  

 Overall, with only some exceptions, the cytokine responses of hECs to bacterial EVs 

stimulation was shown to be time- rather than dose-dependent. In most of the cases, the highest 

concentration of cytokines was detected after 24 or 48 hours post treatment. A dose-dependent 

response was only seen for IL-1α and TNF-α and was more prominent for the samples treated with 

L. gasseri EVs.  

Another noticeable observation is that there were not many differences between treatments: 

L. gasseri or G. vaginalis EVs. Most of the detected cytokines were produced in comparable 

concentrations in response to either bacterial EVs. As anticipated, vesicles derived from commensal 

bacteria were also able to induce significant production of IL-6, IL-8 and TNF-α. This is important 
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to consider, as IL-8 has been demonstrated to decrease HIV-1 transcription in ectocervical tissue 

explants as well as the lymphocytes model [548]. This cytokine also plays a crucial role in the 

recruitment of immune cells during inflammatory responses [549]. The production of IL-8 was 

observed during the early stages of the interaction L. gasseri EVs with hECs (within 5 hours of 

stimulation), and this response was sustained for 24 hours.  

A similar trend of induction was observed for TNF-α by L. gasseri EVs; however, in this case, 

the induction was maintained at high levels for 48 hours. Both TNF-α and IL-8 are proteins that play 

influential roles in the regulation of inflammatory responses of immune cells [550] that are recruited 

to the place of inflammation after activation of epithelial cells, suggesting an immunostimulatory 

effect of L. gasseri EVs. 

Another cytokine that has been related to the risk of HIV acquisition is IP-10 [551]. Although 

the treatment with bacterial EVs stimulated the production of this cytokine (3.9 fold higher with L. 

gasseri EVs and 2.4-fold higher with G. vaginalis EVs in comparison to the control), the levels of IP-

10 dropped to the control level after 24 hours post treatment. This indicates the rapid immune 

response of hECs that is required as a part of initial defence mechanism.  

Even though IL-6 is commonly described as a pro-inflammatory cytokine, the important anti-

inflammatory and regenerative nature of it has also been described [552]. IL-6 was found to be 

produced from hECs in the greatest concentration in comparison to all other analytes. After 24 hours 

of treatment with L. gasseri EVs, the concentration of IL-6 was 1097.6 pg/ml which represents a 47-

fold increase from the unstimulated control. The concentration of this cytokine in samples co-

incubated with G. vaginalis EVs was 746.4 pg/ml, i.e., a 32-fold increase from the control. 

Despite minor differences between the effect of L. gasseri and G. vaginalis-derived EVs on 

main pro-inflammatory cytokines, a differentiated level of response was seen for some important anti-

inflammatory cytokines: IL-4, IL-7 and IL-10. L. gasseri vesicles induced higher release of these 

cytokines than G. vaginalis EVs. The process of inflammation depends on both anti- and pro-

inflammatory cytokines, where anti-inflammatory cytokine IL-10 is capable of inhibiting pro-

inflammatory cytokines, chemokines, and chemokines receptors responsible for the inflammation. 

The challenge for the infected host is to respond with adequate intensity and duration to defeat the 

infection while minimizing nonspecific injury to the host tissue. IL-10 plays a central role in striking 

a balance between pathology and protection [553]. IL-4 functions in a similar way to IL-10, mainly 

by suppressing the pro-inflammatory milieu. This cytokine was produced in a concentration that was 

almost two times higher in the samples treated with L. gasseri EVs than in the ones with G. vaginalis 

EVs and recorded as a 4.3-fold change and a 2.5-fold change from the control, respectively. IL-7 

functions as an immunoregulatory cytokine and is important for regulation of lymphocyte 
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development, maintenance and homeostasis [554]. Here, the maximum production of IL-7 from hECs 

was recorded after 48 hours of incubation with 10 g of vesicles being 5.8- and 3.8-fold higher than 

the unstimulated control for L. gasseri and G. vaginalis EVs, respectively. At the same time and 

regardless of the type of vesicle, we did not observe up-regulation of IL-1rα, a molecule that is known 

to inhibit the binding of pro-inflammatory cytokines like IL-1α.  

In conclusion, both types of bacterial vesicles were able to induce an early immune response 

from hECs in a similar manner. This similarity is likely due to the fact that the early response of 

human cells is a crucial step in initiating a host defence cascade. Epithelial cells are the first line of 

the defence; thus the timely activation of their immune response is needed to transmit a signal further 

to immune cells in order to control and fight the infection. While the effect of this immune stimulation 

can be explored in the future, the following sections of this current chapter will focus on the impact 

of bacterial EVs on the parasite T. vaginalis. 

 

5.2.4 Extracellular vesicles produced by vaginal bacteria are delivered to the parasite 

Trichomonas vaginalis 

 

After investigating the effect bacterial vesicles have on the human host cells, the next aim of 

this chapter was to evaluate their effects on the human parasite T. vaginalis.  

Firstly, the uptake of these vesicles by T. vaginalis was demonstrated by the flow cytometry. 

As in the previous sections with human cells, the parasite was treated with fluorescent-labelled EVs 

from either L. gasseri or G. vaginalis for up to 30 hours under the same conditions (Fig. 5-7). T. 

vaginalis alone, untreated or treated with bacterial vesicles but incubated at 4ºC, served as a negative 

control with the fluorescent intensity also being measured at each time point.  
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Figure 5-7. Bacterial EVs are delivered to parasite in a temperature- and time-dependent manner. The fusion 

of extracellular vesicles was measured by flow cytometry after PKH26-labelled EVs were incubated with T. 

vaginalis. Controls included T. vaginalis without EVs (blue bar labelled T. vaginalis) and with labelled EVs 

but incubated at 4°C (pink bar labelled Tvag+EVs 4C). On the graph L – L. gasseri EVs, G – G. vaginalis 

EVs. Fusion proceeded at 37°C and samples were taken at 1, 5, 16, 24 and 30 h, as indicated. The values are 

presented as the mean ± SD; n = 3 for each sample. 

 

As seen in Figure 5-7, the fluorescent signal from labelled EVs taken up by the parasite was 

observed from 1 hour of incubation and increased over the time course. The maximum uptake of G. 

vaginalis EVs was observed after 16 hours of post treatment whereby 36.4% of parasite cells became 

fluorescent. The maximum uptake of L. gasseri vesicles was registered between 5 and 16 hours post 

treatment, but the percentage of fluorescent T. vaginalis cells was significantly lower – 19.7% - i.e., 

almost two times less than when incubated with G. vaginalis EVs. After 16 hours of co-incubation 

the fluorescent signal started gradually decreasing. Samples of untreated T. vaginalis or treated with 

bacterial EVs at 4ºC (negative controls) showed some background fluorescence, but this signal did 

not increase during the time course of the experiment and presented in the graph as an average 

percentage of fluorescent cells from all time points for convenience.  
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Interestingly, the patterns of bacterial EVs delivery to human cells (Fig. 5-2) and the parasite 

(Fig. 5-7) looked almost mirror images of each other. While human cells were more prompt to take 

up EVs produced by L. gasseri, T. vaginalis cells were more eager to take up G. vaginalis vesicles. 

These findings suggest differential mechanisms that result in human ectocervical cells preferring EVs 

from a beneficial bacterium over a dysbiotic one, while the opposite preferential behaviour was 

displayed by the parasite.  

 

5.2.5 EVs from vaginal bacteria affect the viability, growth and motility of T. vaginalis in a 

bacterium-species dependent manner 

 

Following the delivery of bacterial EVs to T. vaginalis, their potential cytotoxic effect on the 

parasite was studied. This experiment was set up in the same manner as previously discussed for the 

human cells treated with bacterial EVs (section 5.2.2), meaning that the co-incubation of the parasite 

with bacterial EVs was performed in a serum-free defined media KSFM that has no nutrition to 

support T. vaginalis growth. The effects of different doses of bacterial vesicles as well as the duration 

of co-incubation were investigated (Fig. 5-8). 

 

Figure 5-8. The viability of T. vaginalis after treatment with L. gasseri EVs (L) and G. vaginalis EVs (G). 

Numbers after L and G indicate the concentration of these EVs taken for the experiment. Samples were 

measured at 1, 5, 16 and 24 h, as indicated. The black dotted line represents 100% viability of untreated T. 

vaginalis. The values are presented as the mean ± SD; n = 3 for each sample. 
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 Overall, parasite’s viability fluctuated after treatment with L. gasseri EVs across the time 

course. Noticeably, a short incubation of 1 hour caused a 50% drop in T. vaginalis viability. However, 

parasites managed to recover in another 4 hours and sustained the viability of ~90% up to 16 hours, 

dropping again at 24h. The increase of the dose of L. gasseri EVs to 10 µg did not result in any 

changes from the previous observation. At the earlier time point (1 hour of post treatment) the 

viability of T. vaginalis treated with L. gasseri vesicles was about 49% (regardless the dose of EVs) 

but recovered and reached the control rates after 5 hours of co-incubation. After 24 hours of the 

treatment, T. vaginalis viability decreased again and was 76.3% following the incubation with 5 µg 

of L. gasseri EVs and 64.5% when EVs dose was increased to 10 µg. 

 In contrast, the treatment with G. vaginalis EVs did not affect viability but instead promoted 

T. vaginalis growth in a short period of time. As seen in Figure 5-8, there was a 2- to 2.5-fold increase 

(EVs dose-dependent) in the number of viable cells at 5 hours post incubation which number steadily 

declined from 5 to 24 hours. It is important to note that T. vaginalis is not expected to grow at all 

under these conditions (i.e. minimal defined media without serum, as used for the growth of the 

hECs). These results demonstrated that, while L. gasseri EVs were damaging to T. vaginalis, whereas 

G. vaginalis-derived EVs promoted the growth of T. vaginalis in a growth-restrictive media. This 

growth was not sustainable for long periods, possibly because these vesicles may have been all 

consumed by the parasite between 5-16 hours post incubation.  

Serendipitously, during incubation of T. vaginalis with bacterial EVs, we observed drastic 

behavioural changes on this parasite in culture. It was observed that, within 5 hours of co-incubation, 

T. vaginalis cells that were treated with 5 and 10 µg of L. gasseri EVs appeared to clump together 

(Fig. 5-9 B). This aggregative phenomenon of T. vaginalis was described before and attributed to L. 

gasseri cells due to the aggregation promoting factor Apf-2 on the surface of this bacterium [111], as 

discussed in the previous chapter. Coincidently, Apf-2 was found to be very abundant in both crude 

and purified EVs with over 30 times fold-enrichment when compared to the L. gasseri cells, as 

discussed in Chapter 4 (Fig. 4-20 and 4-21). Even prior to this publication [111], it has been well 

described that one of the main functions of these proteins from Lactobacillus is to induce co-

aggregation with other microorganisms inhibiting the adherence of various pathogens to host cells 

[435, 484].  

At the same time, the parasite’s cells that were treated with 5 or 10 µg of G. vaginalis EVs 

(Fig. 5-9 C) resembled their normal morphology compared to untreated T. vaginalis throughout the 

course of the experiment. Despite normal morphology, we observed that G. vaginalis EVs induced a 

visual increase on the motility of T. vaginalis cells, which was recorded but not quantified, when 
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compared to untreated parasites. On the other hand, the motility of non-clumped T. vaginalis cells 

treated with L. gasseri-derived EVs seemed visually reduced in comparison to untreated samples. 

 

 

Figure 5-9. Representative images of T. vaginalis morphology after 24 h incubation with: A – PBS (untreated 

control) or 10 g of EVs from B – L. gasseri or C –G. vaginalis. Images were produced from light microscopy 

at 100 X magnification. 

 

5.2.6 EVs from vaginal bacteria alter the adhesion of T. vaginalis to human ectocervical cells in 

a bacterium-species dependent manner 

  

 Adhesion of the extracellular parasite T. vaginalis to hECs is one of the most crucial virulence 

features [321]. It is also an essential step for infection establishment. The effect of the co-incubation 

of T. vaginalis with either L. gasseri or G. vaginalis cells, among other bacteria, has been previously 

investigated at our laboratory [55, 111, 150, 151]. Our group has shown that incubation with 

beneficial Lactobacillus, particularly vaginal L. gasseri, leads to inhibition of T. vaginalis 

cytoadherence [55, 111]; while dysbiotic bacteria, including G. vaginalis, enhances parasite 

adherence significantly [151].  
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Therefore, to evaluate whether bacterial EVs may substitute this functional attribution of the 

parental cells, I investigated if EVs produced from these two bacteria can alter the adhesion potential 

of T. vaginalis. To do this, I applied flow cytometry to quantify adhesion of T. vaginalis to hECs and 

to measure if bacterial EVs may affect parasite adhesion levels. It was previously demonstrated that 

T. vaginalis cells could not be easily distinguished from hECs based on their scattering properties and 

thus the staining of the parasite with a CellTracker fluorescent dye was recommended [321].  

Firstly, I had to set up a gating strategy for the analysis of the samples. The flow cytometric 

parameters were adjusted to detect hECs, unstained parasite cells, parasite cells stained with the 

CellTracker and then the mixed population of hECs with stained T. vaginalis (Fig. 5-10). The top 

forward scatter height (FSC-H) versus side scatter height (SSC-H) dot plots show the light scatter 

properties of the analysed cells.  

CMTPX-stained parasite cells were detectable in FL2 and FL3 channels of the flow cytometer 

(Fig. 5-10 bottom 4 images). Hence the gates of FL2 versus FL3 were set and the threshold based on 

the signal from the unstained T. vaginalis first (Fig. 5-10, second from the left bottom image). With 

this gating, cells that were not fluorescent at either FL2 or FL3 channels appeared at the bottom 

quadrant, Q4. The bottom quadrant, Q3, represents cells that fluoresce only at FL2 channel. The top 

quadrant, Q2, shows cells with a signal at both FL2 and FL3, and the Q1 represents cells that fluoresce 

at the FL3 channel. Thus, 99.8 % of unstained T. vaginalis resulted in Q4. Stained T. vaginalis showed 

only 2.58 % of the cells at Q4, while the other 97.5 % of the cells appeared at the Q1 and Q2 

combined. One of the control samples (hECs+stained T. vaginalis) is also shown in Figure 5-10 as 

an example (bottom left image). 
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Figure 5-10. Representative images of detection of T. vaginalis and hECs by flow cytometry. Samples were 

detected first by FSC-H/SSC-H (top 4 dot blots) and followed by FL2-H/FL3-H (bottom 4 images).  

 

Samples, assayed for T. vaginalis adhesion to hECs, were analysed by employing the same 

gating approach as above and adhesion was quantified (Fig. 5-11). For this purpose, eight different 

incubation modes were designed. In addition to the control, which represented parasites incubated 

with hECs in the absence of EVs, these incubation modes varied on the bacterial type of EVs and also 

whether these EVs were pre-delivered to either hECs or T. vaginalis cells or to both prior to the 

adhesion assay. These incubation modes are described in detail in the Methods chapter (section 

2.7.3.1) and depicted in the legend of Fig. 5-11. 

 We used the medium-to-high adherence T. vaginalis strain B7RC2 which was previously 

shown to display about 40% adherence to hECs [63, 65, 321]. Here, ~44% of T. vaginalis B7RC2 

was found in Q1 and Q2, meaning the amount of hECs-adhered T. vaginalis that remained bound to 

these cells after washes and trypsinization. This basal level of adhesion of B7RC2 to hECs is 

represented by the dotted line in Figure 5-11 and the percentage of the adherent cells derived from 

the different incubation modes was compared to this control.  
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Figure 5-11. The effect of bacterial EVs on the adherence of T. vaginalis strain B7RC2 to hECs. The values 

are demonstrated as a percentage of fluorescent adherent cells with the black dotted line representing the 

adherence level of this strain (44.8%) in the absence of EVs. The assay varied according to the cell type 

receiving the bacterial EVs prior to the adhesion assay. EVs were pre-delivered to hECs, T. vaginalis (to TV) 

or to both cell types prior to the adhesion assay. Lastly, one type of bacterial EV was pre-delivered to hECs, 

either from L. gasseri (to hECs+L) or G. vaginalis (hECs+G) while parasites received the other type of 

bacterial EV. The values are presented as the mean ± SD; n = 3 for each sample; * p<0.047, ** p<0.0011. 

 

We could observe that the treatment of cells with G. vaginalis EVs caused a substantial 

increase in parasite adhesion to the human cells (all the grey bars except for “to hECs”). Only in the 

case when hECs were pre-treated with G. vaginalis EVs and then incubated with the untreated 

parasite (labelled “to hECs”), was the least difference from the control samples was recorded. 

The evident enhancement of adhesion was observed when untreated hECs were incubated 

with T. vaginalis that had been pre-treated with G. vaginalis EVs (labelled “to TV”) based on the 

increase of the mean values. This resulted in an increase of parasite adhesion by 16.3% but was not 

significantly different from the control.  

The further increase of the parasite adhesion was likely due to the cumulative effect when 

both hECs and T. vaginalis were pre-treated with G. vaginalis EVs (labelled “to both”) before being 

incubated together. Thus, the collective impact was to induce the 21.1% significant (p<0.001) 
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increase in T. vaginalis adhesion potential. This enhanced effect was also more profound than in 

samples labelled “to hECs” and “to TV”.  

Similarly, the pre-treatment of hECs with L. gasseri EVs first and then incubation with T. 

vaginalis that was pre-treated with G. vaginalis EVs (labelled “to hECs+L”) caused the maximum 

significant (p<0.05) increase of parasite adhesion. This increase was 27.8% of the control. These 

findings indicate that vesicles derived from G. vaginalis might counteract the effect of L. gasseri 

EVs. 

An opposite trend was observed when T. vaginalis was pre-treated with L. gasseri EVs and 

then incubated with hECs (pink bars). All these incubation modes resulted in a decrease of parasite 

adhesion to human cells except for the combination of pre-treated hECs and untreated parasite 

(labelled “to hECs”).  

Pre-treatment of the parasite with L. gasseri EVs (samples labelled “to TV”) caused a decline 

in T. vaginalis adhesion to hECs by almost 8%. The most substantial inhibitory effect and drop of 

adhesion were recorded in the samples when both hECs and T. vaginalis were pre-treated with L. 

gasseri EVs (labelled “to both”) before their co-incubation. In this case, the adhesion decreased by 

27.9% and was significantly (p<0.001) different from the control. The decline of the parasite’s 

adhesion was also recorded when hECs were pre-treated with G. vaginalis EVs and co-incubated with 

T. vaginalis that received a dose of L. gasseri EVs (samples “to hECs+G”).  

These findings demonstrate that bacterial EVs likely play their roles, whether it is a protection 

or attack of the host, indirectly by involving the third player – the parasite T. vaginalis. Thus, all the 

pre-incubation modes of hECs with both types of bacterial EVs did not result in the change of T. 

vaginalis initial adhesion, if the parasite was not first pre-treated with these vesicles. On the other 

hand, pre-treatment of T. vaginalis with G. vaginalis EVs caused an increase of parasite adhesion, 

while treatment with L. gasseri EVs had an opposite inhibitory effect. These results also support the 

idea of preferential co-operation between T. vaginalis and EVs from the pathogenic bacterium.  

Adhesion of T. vaginalis to host cells is strain-dependent, and the level of adhesion is directly 

associated with the virulence properties of the parasite [26, 61]. That is why the next goal was to test 

if a similar effect of the bacterial vesicles on parasite adhesion could be achieved when using the low-

adherent T. vaginalis strain G3. The adhesion of this stain was measured previously to be about 6% 

[321, 555]. This was measured at the current experiment to be 3.2% and taken as a control (shown as 

a dotted line) (Fig. 5-12). The experimental setup and gating approach at the flow cytometer was 

exactly the sample as earlier described for the experiment with T. vaginalis B7RC2. 
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In the experiment with T. vaginalis G3, we saw a similar trend on how bacterial EVs modified 

the ability of the parasite to bind to human cells. Thus, all co-incubation modes that involved G. 

vaginalis vesicles (grey bars on Fig. 5-12) resulted in a noticeable increase of parasites adhesion. 

Although the pre-treatment of T. vaginalis G3 with G. vaginalis EVs led to a greater boost (over 2%) 

of parasite adhesion to hECs (labelled “to TV”), that increase was not statistically different from the 

control.  

On the other hand, pre-treatment of the parasite with L. gasseri EVs (pink bars) demonstrated 

the inhibitory effect, but these changes in parasite adhesion were not significant. Only when both 

hECs and T. vaginalis were pre-treated with L. gasseri EVs before co-incubation, did the adhesion of 

the parasite drop by 1%. 

 Even though the results obtained with T. vaginalis G3 followed the overall tendency we 

observed with strain B7RC2, the lower initial adhesion might cause a bias when interpreting this data 

as the absolute number of adherent cells. That means that 3.2% of adherent cells in the control sample 

(as an example) is 320 out 10000 cells counted by the flow cytometer. These low readings likely 

challenged the accurate estimation of adhesion enhancement or inhibition as well as resulted in a 

greater deviation between technical replicas as seen on Fig. 5-12. 
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Figure 5-12. The effect of bacterial EVs on the adherence of T. vaginalis strain G3 to hECs. The values are 

demonstrated as a percentage of fluorescent adherent cells with the black dotted line representing the adherence 

level of this strain (3.2%) in the absence of EVs. The assay varied according to the cell type receiving the 
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bacterial EVs prior to the adhesion assay. EVs were pre-delivered to hECs, T. vaginalis (to TV) or to both 

cell types prior to the adhesion assay. Lastly, one type of bacterial EV was pre-delivered to hECs, either from 

L. gasseri (to hECs+L) or G. vaginalis (hECs+G) while parasites received the other type of bacterial EV. The 

values are presented as the mean ± SD; n = 3 for each sample.  

  

  To summarise the key findings from this chapter, bacterial EVs were demonstrated to be 

delivered to the host cells - human vaginal cells and human parasite T. vaginalis. These vesicles 

influenced their host organisms in a dose, time and bacterium-type dependent manner. EVs derived 

from the commensal and pathogenic bacteria induced a similar immune response from hECs. Vesicles 

produced by G. vaginalis enhanced growth and motility of T. vaginalis when co-incubated. At the 

same time, incubation with L. gasseri EVs caused aggregation of T. vaginalis cells and noticeably 

reduced their motility. Lastly, the adhesion potential of the parasite was as well affected by bacterial 

EVs. Thus, G. vaginalis-derived vesicles increased initial adhesion to hECs, while treatment with L. 

gasseri EVs demonstrated the opposite effect.  

These results all together support the main hypothesis of the current chapter that bacteria-

derived vesicles resemble the roles of their cells of origin. They also contribute to the main idea of 

this thesis that intricate communications between microorganisms and the host in the vaginal 

environment can be achieved by the extracellular vesicles. 

 

5. 3 Discussion  

 

Communication between cells is crucial and necessary even across domains of life in order to 

manage and maintain species interactions [556]. This is achieved by delivering molecular signals, 

either via cell-to-cell interaction or their secretion into the extracellular environment. Like any other 

organisms, bacteria produce EVs as a system of communication with each other and surrounding 

organisms [284, 286, 371, 375, 426, 557]. These vesicles act as a storage and long-distance vehicles 

for an enclosed selective cargo that aims to reach recipient cells. By delivering their contents, 

microbial EVs can modulate the host response and its immune system [541]. Even though pro-

inflammatory effects of pathogenic bacterial EVs on host immune cells has been well studied [295, 

382], only a few papers to date have reported the tolerogenic effects of EVs derived from commensal 

bacteria [541, 542]. Moreover, to date, there are no studies addressing the role of EVs from vaginal 

bacterial on host responses. In a broader context, although the role of bacterial EVs in cell-to-cell 

communication has been established in diverse human-microbe interactions, no attention has been 
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given to bacterial EVs interfering with the interaction between the host and a protozoan parasite. T. 

vaginalis is an extracellular parasite which, during infection, is surrounded by a high-density number 

of vaginal bacteria [68]. Therefore, since vaginal bacterial produce EVs (Chapter 4), then it is very 

conceivable that these bacterial EVs would influence the host and parasite behaviours (Chapter 5). 

Having identified this gap of knowledge, this chapter proposed to investigate whether 

bacterial EVs derived from the two bacteria, L. gasseri and G. vaginalis, - belonging to two 

community states of the vaginal microbiome - can be delivered to both human ectocervical epithelial 

cells and the parasite T. vaginalis and, and if, upon delivery, they can change various behavioural 

aspects of these cells.     

 

5.3.1 Cervical immunity and bacterial EVs  

 

The female reproductive tract (FRT) can be divided into two morphological and 

immunological regions: the upper (endocervix, uterus, and oviduct) and lower (vagina and 

ectocervix) FRT [558]. Microorganisms are common and abundant for the lower FRT, while the 

upper area is considered “sterile”; however, this theory has recently been challenged [559]. Both 

regions are responsible for the complex immune response essential for protection against infection 

[355, 560, 561]. Epithelial cells, one of the dominant cell types in both the endo and ectocervix and 

are the “first responders” to come in direct contact with potential pathogens that penetrate the FRT 

[560]. Effective communication between epithelial and immune cells is critical for building efficient 

protection against infection. Thus, FRT epithelia carry diverse innate and adaptive immune functions. 

These include mounting a physical immune barrier, producing mucus, antimicrobials, cytokine, and 

chemokine factors, and expressing some of the more specialized innate and adaptive immune 

functions, such as antigen presentation [527].  

Overall, there is a distinction in the composition of produced antimicrobials of the lower in 

comparison to the upper FRT, which reflects the unique functions of the two regions [561]. For 

instance, common cervical secretions include cytokines, such as IL-1β, IL-6, IL-10, IL-18, and CC-

chemokine ligand 2 (CCL2), and vascular endothelial growth factor (VEGF), which levels are 

significantly higher in the lower FRT, while IL-12, IL-15, and macrophage migration inhibitory factor 

(MIF) levels are very low in cervical secretions compared to endometrial secretions [562]. Cytokines 

modulate variety of physiological, inflammatory, and noninflammatory processes and development, 

but they also modulate paracellular permeability by restructuring tight junctions through different 

signalling pathways [527]. For instance, the pro-inflammatory cytokine tumour necrosis factor-alpha 
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(TNF-α) directly impaired tight junctions in a number of epithelial and endothelial cell lines [563], 

including uterine epithelium [564]. 

The cervix epithelia are also equipped with receptors to help sense the microbial environment 

[561]. They recognize pathogen-associated molecular patterns (PAMPs) on microorganisms 

(bacteria, parasites, and viruses) via pattern recognition receptors (PRR) such as toll-like receptors 

(TLR), retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs), and NOD-like receptors (NLRs) 

[565-567]. TLR2 and TLR4 detect signals from gram-positive and gram-negative bacteria, 

respectively [565-567], while NOD1 and NOD2 mediate signals from nonbacterial pathogens, such 

as viruses and protozoan parasites [568]. Microbial stimulation of PRRs initiates cytokine/chemokine 

signalling cascades, for example, secretion of interleukin IL-1β, IL-6, IL-8, and TNF-α, in order to 

recruit or activate specialised cells, such as CD3+ and CD4+ helper T-cells, and CD8+ cytotoxic T-

cell lymphocytes and B lymphocytes, NK cells and macrophages [524, 561].  

 The immune response of reproductive epithelia, that balances immune tolerance with 

protection against genital infections, has been studied for numerous habitants of the human vagina. 

Although this question has been widely addressed to bacterial pathogens and probiotic bacteria, there 

is inconsistent and conflicting evidence regarding modulation of host immunity by commensal 

bacteria [569].  

  An extensive study published in 2015 [538] demonstrated that women with CST-IV states 

(groups of bacterial communities described at Chapter 1, section 1.2) show significant increase of 

pro-inflammatory cytokines IL-1α, IL-1β, TNF-α, IFN-γ, IL-4, IL-8, IL-10, and IL-12P70 in 

comparison to CST-I. In particular, Prevotella amnii, Mobiluncus mulieris, Sneathia amnii and 

Sneathia sanguinegens (all represent CST-IV) were found to induce higher levels of IL-1α, IL-1β, 

and IL-8 relative to L. crispatus dominated communities (CST-I), whereas L. iners dominated 

communities (CST-III) induced moderate IL-8 levels relative to CST-I.  

 In vitro experiments using co-cultured FRT epithelia and common vaginal bacteria provide 

some insight into the basic host-microbe interactions. In models using a monolayer culture of vaginal 

epithelial cells, treatment with Atopobium vaginae or Gardnerella vaginalis induce significantly 

higher levels of IL-6 and IL-8 than Lactobacillus species [149, 570]. 

C.R. Eade and co-authors investigated the immune response initiated by different 

reproductive epithelial cells in response to ten bacterial species, both bacteria with pathogenic 

potential (Gardnerella vaginalis, Atopobium vaginae, Mobiluncus curtisii, Prevotella bivia) and 

host-protective commensals (Lactobacillus crispatus, Lactobacillus acidophilus, Lactobacillus 

johnsonii, Lactobacillus jensenii, Lactobacillus gasseri, Lactobacillus vaginalis) [571]. Their results 
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demonstrated that among bacteria with pathogenic potential, A. vaginae induced the most potent 

response from all epithelia as measured by cytokine concentration. The induction of immune response 

by G. vaginalis, however, was similar in magnitude to the majority of commensal lactobacilli, while 

the response triggered by L. vaginalis was comparable with the one from BV bacteria. 

Different Lactobacillus strains and species were demonstrated to trigger strikingly different 

immune responses in a variety of cells and experimental systems [572]. Moreover, many authors have 

measured cervicovaginal cytokine levels stimulated by Lactobacillus, with disparate results [532]. 

For instance, Lactobacillus rhamnosus GG and L. rhamnosus KLSD, L. helveticus, and L. casei 

showed the induction of early pro-inflammatory cytokines such as IL-8, TNF-α, IL-12P70, and IL-6 

and were able to activate human macrophages after 24 hours of stimulation [573]. 

Another study [574] determined the effect of 57 Lactobacillus strains isolated from females 

on the immune response of cervical epithelial Ca Ski cells. Authors demonstrated a general tendency 

toward the anti-inflammatory side, with many of evaluated strains able to up-regulate major pro-

inflammatory cytokines, such as TNF-α, IL-12P70, IL-6, IL-1β, MIP-1α, MIP-1β, and IP-10. 

Despite the relevant number of studies focusing on the importance of the host response to 

bacterial stimulation, little is known about the contribution of their extracellular vesicles in the host 

immune response and even less from vaginal bacteria. In that respect, a publication [394] has only 

recently described the pro-inflammatory response in the vaginal epithelial cells after treatment with 

G. vaginalis-derived EVs. However, only the production of IL-8 was evaluated in that study. The 

effect of extracellular vesicles isolated from L. gasseri on the host immune response has not been 

investigated before. 

 In this chapter, I have first investigated whether bacterial EVs from L. gasseri and G. vaginalis 

can be delivered to host hECs (Fig. 5-2 and 5-3). The results of flow cytometry analysis demonstrated 

that fluorescently labelled EVs could be detected within the human cells starting from 1 hour post 

application, with their maximum being recorded after 16 hours of co-incubation. Interestingly, there 

was a preference by hECs in regard to the bacterial origin of the vesicle. Notably, the same human 

cells incorporated more of the L. gasseri than G. vaginalis EVs. It is possible that this preference may 

relate to the pattern recognition receptors (PRR), such as toll-like the receptor (TLR), that these cells 

employ to detect pathogen-associated molecular patterns (PAMPs) and commensal-associated 

molecular patterns (CAMPs) [380]. These molecular patterns include LPS, peptidoglycan, 

lipoproteins, DNA and RNA. Recently it has been found that PAMPs, CAMPs, and other 

immunomodulatory molecules are released into the extracellular space as part of EVs [380]. I have 

not examined these possible molecules in these vesicles, as our cargo analysis (Chapter 4) was 

focused solely on the protein content. The presence of pathogen or commensal-specific enzymes, 
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toxins, or PAMP-containing molecules distinguishes one type of EVs from another and may explain 

differences in their uptake and even on the downstream responses [380].  

 The binding of the specific bacteria-derived ligands to TLR results in the induction of a 

signalling cascade that modulates the expression of inflammation mediators, such as cytokines and 

chemokines, and may further activate signalling pathways [575]. Here, I have investigated the effect 

bacterial vesicles have on the host immune response via the detection of different cytokines, 

chemokines and growth factors.  

We demonstrated that both types of vesicles whether from L. gasseri or G. vaginalis were 

capable of inducing an early innate immune response of hECs, as shown by the production of high 

levels of cytokines starting from 5 hours post treatment (Fig. 5-5). Our assumption behind the similar 

manner of stimulation is that epithelial cells, being the first line of the defence, react immediately to 

both types of vesicles to trigger the host defence mechanisms needed for employment and activation 

of the immune cells. This signal transmission via cytokine production is therefore crucial for the 

control of infection or intrusion. As our hECs were naïve when in pure cultures, I would expect them 

to respond immunologically regardless of the bacterial origin of the EVs. 

Despite the similarity in hECs immune response to both L. gasseri and G. vaginalis EVs, I 

determined there was a moderate anti-inflammatory potential of L. gasseri-EVs. This was 

demonstrated by the higher concentration of produced interleukins (IL-4, IL-7, IL-10) in the samples 

that were treated with L. gasseri EVs. These findings are also an important indication of a possible 

application of commensal vesicles for therapeutic purposes.  

Overall, these results contribute further to the hypothesis that bacterial EVs reflect the nature 

and role of their cells of origin. I have demonstrated in this chapter that hECs immune response can 

be induced by bacterial EVs in a similar way as by their parental cells [95, 148, 527, 532, 533]. 

However, the immunostimulating effect of EVs I demonstrated in vitro might not truly reflect the 

actual vaginal microenvironment. In our experiments, hECs were treated with a single dose of 

vesicles, while in a living system (whether it is normal healthy conditions or BV), epithelial cells are 

constantly exposed to different combinations of bacteria, their extracellular components and other 

microorganisms including pathogens. My experiments were focused on the response from 

unstimulated hECs and the response we reported here is entirely attributed to these bacterial EVs. We 

can, however, speculate that the introduction of a more complicated model - for example, stimulation 

of hECs first with pro-inflammatory EVs from G. vaginalis and then treatment with L. gasseri EVs, 

might change the immune response of hECs. A more realistic scenario would have been pre-

colonising the hECs with one bacterium or a microbiome and then introducing EVs to evaluate 



180 

 

changes in the cell immune response. These, nevertheless, will require further investigations and 

could be followed up in the future.  

 

5.3.2 Parasite’s virulence and bacterial EVs  

 

Adhesion is an inherent characteristic of microorganisms and is a part of important biological 

processes. For microorganisms that live extracellularly (commensals or pathogens), adhesion to host 

cells is essential for to establishing colonization or infection of the mucosa [61, 576]. This is no 

different for T. vaginalis, where adhesion might be crucial for survival in the host. T. vaginalis is 

capable of binding to numerous cell types as well as a variety of host cell substrates including 

components of the extracellular matrix, mucus and microbial biofilm [61, 151, 577, 578]. Different 

strains of the parasite vary considerably in their ability to adhere to host cells, and the level of 

adhesion is directly associated with the virulence properties of the strains [26, 61, 579]. 

Recent studies, including from our group, demonstrated that vaginal microbiota likely plays 

a pivotal role in T. vaginalis pathogenesis [55, 68, 111, 149, 150]. As discussed in the introduction of 

this thesis, T. vaginalis infection is preferentially accompanied by a dysbiotic microbiota that is 

associated with BV [149]. Both trichomoniasis and BV are linked to increased risks of HIV 

transmission and gynaecological complications. Even though it is still not clear whether these bacteria 

predispose to the acquisition of trichomoniasis, or whether the parasite disrupts the microbiome 

causing the dysbiosis, a number of studies have examined the effects of this interaction of the parasite 

with common vaginal bacterial [68].  

Firstly, it was demonstrated that T. vaginalis significantly inhibits colonization by 

Lactobacillus species but not the BV-associated ones, supporting the clinical observations that 

trichomoniasis is associated with a specific vaginal bacterial community [149]. At the time, protective 

lactobacilli were found to modulate adhesion of T. vaginalis to hECs by modifying the natural 

adhesive properties of different strains of the parasite [55, 111]. The decrease of T. vaginalis adhesion 

by up to 80% in a contact-dependent manner was observed [111]. It is known that lactobacilli can 

also inhibit the growth of various sexually transmitted pathogens including Candida albicans, 

Gardnerella vaginalis and Neisseria gonorrhoeae [89, 580]. These bacteria secrete molecules with a 

broad spectrum of inhibition (lactic acid, bacteriocins) as well as employ their surface molecules that 

target pathogens in a specific manner [581, 582]. Among them, mucin-binding proteins, S-layer 

proteins and aggregation-promoting factors were demonstrated to inhibit the adhesion of different 

pathogens to host cells and substrates [109, 110].  
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Moreover, the significant contribution of aggregation-promoting factor APF-2 from L. gasseri 

to prevent the adhesion of T. vaginalis was reported recently by our group [111]. These proteins are 

essential to maintain the shape and integrity of cells, but are also implicated in adhesion and cell 

aggregation. Authors have shown that most of the inhibitory activity of L. gasseri is derived from 

surface proteins and that strains that are self-aggregative are also highly inhibitory to T. vaginalis 

cytoadhesion. They found that T. vaginalis sediment when co-incubated with the self-aggregative 

vaginal L. gasseri ATCC 9857. But not as much with the non-aggregative intestinal L. gasseri ATCC 

33323, suggesting that the vaginal L. gasseri could inhibit motility of T. vaginalis and/or co-aggregate 

with it. Finally, they showed that the Lactococcus lactis expressing L. gasseri Apf-2 on its surface 

becomes inhibitory to T. vaginalis cytoadhesion. This finding provided indirect evidence on the 

involvement of this aggregation-promoting factor on the inhibitory phenotype of L. gasseri to T. 

vaginalis cytoadhesion.  

On the other hand, the team up of T. vaginalis with BV-associated bacteria benefits parasite’s 

pathogenicity [149-151]. For instance, G. vaginalis and A. vaginae induced high cytokine response 

(IL-8 and RANTES) and significant reduction of anti-inflammatory microbicide secretory leukocyte 

protease inhibitor in a tissue culture model of T. vaginalis infection. These combined effects cause 

the weakening of the epithelial antiviral barrier and promote viral co-infection, including HIV [149]. 

Cooperative interactions between BV-bacteria and T. vaginalis were shown to enhance paracellular 

permeability of hECs by up to 50% by disturbing the integrity of the tight junction complex [150]. 

Furthermore, vaginal dysbiotic bacteria (G. vaginalis, A. vaginae and P. bivia) enhance the 

pathogenic effects of the parasite on host cells by inducing apoptosis of hECs. Along with this 

observation, adherence of T. vaginalis to human ectocervical cells was also significantly modulated 

by these bacteria. Simultaneous co-incubation of the parasite with a mix of BV bacteria resulted in 

up to a 3-fold increase on the initial adhesion rate of T. vaginalis [151].  

Even though the interplay of the human pathogen T. vaginalis and bacterial residents of the 

human vagina has been investigated to some extent, no studies to date have examined the contribution 

that bacterial EVs may have on this intricate triad: host-parasite-microbiota. Here, for the first time, 

the effect of L. gasseri and G. vaginalis-derived EVs on the virulence of this human parasite was 

investigated.  

 In this chapter, I have demonstrated that EVs that are naturally produced by L. gasseri and G. 

vaginalis can be successfully delivered and taken up not only by the human cells but also by the 

human parasite T. vaginalis (Fig. 5-7). The delivery to T. vaginalis was recorded by flow cytometry 

and started as early as 1 hour post treatment with bacterial EVs. Curiously, preference by the recipient 

cell (i.e. T. vaginalis) in reference to the bacterial origin of the EVs was again demonstrated. This 



182 

 

time, the parasite took up two times more EVs if they originated from G. vaginalis rather than L. 

gasseri, which is opposite to what I saw before with the uptake of the same EVs by the human cells. 

Furthermore, G. vaginalis-produced EVs were not only delivered faster and in a greater amount to 

the parasite, but also significantly enhanced its growth (Fig. 5-8). Thus, after 5 hours of co-incubation 

with these vesicles, the viability of the parasite increased by 2.5-fold when compared with untreated 

parasite cells, indicating that G. vaginalis EVs induce proliferation of T. vaginalis within only 5 hours. 

Plus, the motility of the parasite was visually boosted with the G. vaginalis EV treatment. These 

findings are particularly interesting, as the parasite was co-incubated with bacterial EVs in a defined 

media with no serum or other supplements to support its growth. Even in serum-containing media 

specifically designed for T. vaginalis (i.e., Diamond’s), the parasite only starts growing after 6-8 

hours after passage. These findings indicate that EVs derived from G. vaginalis - a bacterium found 

in the dysbiotic vaginal community known to accompany T. vaginalis infection very frequently - play 

an important beneficial role in parasite survival, and possibly to the progress of the infection, by 

promoting its growth and motility. 

The answer for this intriguing cooperation between T. vaginalis and G. vaginalis-produced 

EVs might be found in the cargo these vesicles carry. As discussed in the previous chapter, the 

majority of identified in G. vaginalis EVs proteins were involved in various metabolic processes, 

including organic acid metabolic process, glycogen catabolic process, cellular biosynthetic process, 

cellular carbohydrate, lipid and protein metabolic processes. Plus, we were able to find highly 

abundant proteins participating in arginine biosynthetic processes via ornithine that were over 100-

fold enriched in crude G. vaginalis EVs in comparison with cells and with over 200-fold enrichement 

in purified EVs (Appendix). Although not enriched as much as these enzymes, multiple proteins 

involved in the synthesis of different forms of glucose and maltose were also enriched mainly in 

purified EVs. It is known [31] that T. vaginalis utilizes carbohydrates as the preferential source of 

energy. Both glucose and maltose are energy sources for T. vaginalis, glucose is converted to pyruvate 

and can be used by the parasite to produce ATP. However, when their sources are limited, the parasite 

can use amino acids such as arginine via the arginine dihydrolase pathway to support its growth and 

survival [31]. Our findings suggest that G. vaginalis EVs may boost the T. vaginalis metabolism by 

shuttling enzymes that give the parasite the potential of exploring other molecules for obtaining 

energy, permitting access to alternative nutrients and thus improving its growth.  

 In contrast, L. gasseri EVs affected the viability of T. vaginalis in a time-dependent manner 

and resulted in a drop of parasite viability. This was mostly noticeable within 1 hour of EVs delivery, 

with up to a 50% drop in viability. These results are in agreement with the general concept that 

lactobacilli provide a protective role on the vaginal epithelium against pathogens [1, 86, 98, 524] and 
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defined previously by our group for L. gasseri against T. vaginalis [55, 111]. Moreover, we observed 

that these vesicles caused the clumping of T. vaginalis cells within 5 hours of co-incubation, visible 

under the light microscope as clumps of hundreds if not thousands of cells. The presence of a highly 

abundant aggregation promoting factor Apf-2 in the L. gasseri EVs could explain this interesting 

observation. In the previous chapter, we reported that L. gasseri EVs, both crude and purified, were 

significantly enriched for these surface proteins, with more than a 30-fold change from the parental 

cells. The main functions of these proteins in Lactobacillus are to support cell shape but also co-

aggregation with other microorganisms have been reported as a strategy to prevent the adherence of 

pathogens to host cells. This has also been described by our group as a contributing factor in the 

inhibition of T. vaginalis adhesion via the Apf-2 of L. gasseri [111]. Furthermore, the motility of T. 

vaginalis was also affected by L. gasseri-produced EVs. In this respect, the parasites motility was 

visually more reduced in comparison with untreated T. vaginalis while T. vaginalis incubated with 

G. vaginalis EVs were much more motile. 

 As the adhesion of T. vaginalis to the host is crucial for the parasite's survival and identifies 

its pathogenic potential, I then aimed to investigate whether bacterial EVs can modulate this important 

process. 

 Here I used several incubation modes where either parasite, hECs, or both were pre-treated 

with bacterial EVs prior to assaying for cytoadhesion of the parasite (Fig. 5-11). I demonstrated that 

treatment with G. vaginalis EVs significantly increased parasite adhesion to hECs. This was 

noticeable when EVs were pre-delivered to parasites supporting the observation that, contrary to 

hECs, T. vaginalis is more receptive to G. vaginalis than L. gasseri EVs. This demonstrated that G. 

vaginalis-derived EVs prime parasite for further better adhesion to host cells. Nevertheless, even 

more enhancement of T. vaginalis cytoadhesion was seen when both hECs and parasites were pre-

treated with these EVs. Since we demonstrated that these vesicles and the cargo they carry can be 

successfully delivered to host cells, we speculate that the delivery of these vesicles may possibly alter 

the expression of host adherence ligands and/or adhesins from T. vaginalis [68]. Curiously, I have 

also seen that the delivery of these vesicles produced aggregated signals in the nuclei of hECs (Fig. 

5-3). In addition, I assume that G. vaginalis cells should also be capable of attaching to hECs 

themselves [583]  and thus their EVs could incorporate bacterial surface proteins involved in adhesion 

onto the host cell membranes. In previous chapter, I reported the presence of a number of 

moonlighting proteins within G. vaginalis EVs that potentially function as fibrinogen- and actin-

binding proteins, mainly responsible for the adhesion to a host surface. Altogether, this might lead to 

a cumulative effect on enhancing parasite adhesion as seen here. These hypotheses could be 

investigated in the future.  
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 On the other hand, the pre-treatment of T. vaginalis with L. gasseri EVs negatively influenced 

parasite adhesion to hECs. We again saw a cumulative effect, up to 38% of inhibition when both T. 

vaginalis and hECs were treated with L. gasseri EVs prior to the adhesion assay. This time, however, 

the inhibition was greater with the EVs pre-treatment of parasites than hECs. The inhibitory effect of 

L. gasseri EVs on the parasite adhesion might relate to our previous finding that co-incubation with 

these EVs caused aggregation of parasites. This could prevent them from binding to the host cells. 

This mechanism has been previously described as a way lactobacilli suppress virulence of pathogens 

[584]. Thus, pathogens Escherichia coli K88, Campylobacter coli, and Campylobacter jejuni were 

shown to aggregate in the presence of Lactobacillus coryniformis and its supernatant [584]. The 

process of clumping of parasites cells together, we attribute here to the presence of highly abundant 

Apf-2 proteins within L. gasseri EVs.  

As adhesion is a key trait to define the virulence of T. vaginalis strains and clinical isolates, 

we next turned our attention to the investigation of the effect of bacterial EVs on the poorly adhesive 

strain T. vaginails G3 (Fig. 5-12). Although we observed a similar trend, none of these differences 

were significant. We assume this might be due to an insufficient dose of bacterial vesicles to trigger 

the same effect as with the B7RC2 strain or that the response to the bacterial EVs may be strain-

specific. For example, we have not measured if EVs are equally incorporated among different strains. 

 In summary, we have demonstrated here that extracellular vesicles produced by two 

commensal bacteria belonging to different states of the vaginal microbiome largerly reflect the 

different biological roles of their cells of origin. Thus, the potential protective, although indirect, 

effect of L. gasseri EVs is supported by the induction of the main anti-proinflammatory cytokines 

and the decrease of parasite virulence. At the same time, the pathogenic potential of G. vaginalis EVs 

was shown by enhancement the T. vaginalis virulence – increase in growth, motility and adhesion to 

the host. In the presence of a pathogen (i.e., T. vaginalis), we have shown that bacterial EVs can fulfil, 

at least partially, the protective or pathogenic function of these bacteria. Most of our findings here 

with the EVs are in agreement with the biological attributes that have been previously given to these 

bacteria, including previous studies from our group [111, 151]. We conclude that, based on our 

findings, many of these protective and pathogenic attributes of L. gasseri and G. vaginalis can be 

attributed to the EVs that these bacteria produce.  
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Chapter 6. 

 

General discussion and concluding remarks 

 

6.1 Introduction 

 

All multicellular eukaryotic organisms without exception represent complex collaborations 

between the entire microbiome and their host cells [585]. While microorganisms are nurtured by a 

eukaryotic host; in turn, they provide to the host a general health balance that is important to maintain 

body homeostasis at various physiological levels including metabolism, neuronal function and 

immune system [586, 587]. Numerous health outcomes have been correlated with changes in 

microbial communities. While much focus has been placed on the gastrointestinal niche, there is 

increasing interest in the microbiome relevant to female reproductive health [588] 

The human vagina is a complex ecosystem created through relationships established between 

host mucosa and microbial communities [71]. The vaginal microbiome accommodates diverse 

communities of microorganisms known as the “vaginal flora” which has an important impact on 

women's health and their new-borns [589]. Bacteria largely dominate the vaginal microbiome. A 

woman of childbearing age produces about 1–4 ml of vaginal fluid per day that contains 106 to 108 

bacterial cells per ml [590]. The composition of the vaginal microbiota varies greatly depending on 

age, hormonal fluctuations, sexual behaviour, and also the use of medications such as probiotics and 

antibiotics [71, 591, 592]. 

In general, the presence of high numbers of lactic acid bacteria in the vagina is often equated 

with “healthy” state [593]. Low numbers of lactobacilli, or absence therefore, as being “abnormal” 

[594]. The “healthy” or host-protective Lactobacillus species include Lactobacillus crispatus, 

Lactobacillus gasseri, Lactobacillus iners, and Lactobacillus jensenii. These vaginal lactobacilli 

defend the vaginal environment by producing antimicrobial molecules that inhibit the growth and 

development of other potentially pathogenic microorganisms [71, 593, 595]. Lactic acid, which 

maintains vaginal pH between 3.5 and 4.5, hydrogen peroxide, and bacteriocins - are antimicrobial 

products that protect against harmful microbes that are usually associated with a dysbiotic state [71, 

596]. 

The vagina is a very dynamic organ, directly linked to the health of women and their new-

borns [71]. The disruption of the vaginal ecosystem contributes to the overgrowth of pathogens which 
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causes complicated vaginal infections such as bacterial vaginosis (BV), candidiasis, aerobic vaginitis, 

and facilitates sexually transmitted infections (STIs) [77]. BV is characterised by a shift from 

predominantly lactobacilli to a polymicrobial community that includes various facultative and 

anaerobic bacteria [112, 590, 597]. During the BV, the vaginal microbiome represented by a broad 

spectrum of bacteria including Gardnerella vaginalis, Atopobium vaginae, Mycoplasma hominis, 

Ureaplasma urealyticum, members of genera Prevotella, Bacteroides, Dialister, Megasphaera, 

Peptostreptococcus, Mobiluncus, Sneathia, and Leptotrichia. BV is considered a risk factor for 

several common STIs, including those caused by the bacteria Neisseria gonorrhoeae, Chlamydia 

trachomatis, and Mycoplasma genitalium [598]; the protozoan Trichomonas vaginalis [76, 599, 600]; 

and viruses such as human immunodeficiency virus (HIV), human papilloma virus (HPV), and herpes 

simplex virus type 2 (HSV-2) [600, 601]. 

BV is one of the most common conditions seen by health care specialists in reproductive-age 

women [602]. It is well reported that in some cases BV co-occurs with another infection, 

trichomoniasis (TV), the commonest STI and caused by the flagellated protozoan Trichomonas 

vaginalis [7]. BV is linked to increased chances of acquiring TV epidemiologically, which is in 

agreement with most women carrying TV reported as having a BV-like microbiome. Both BV and 

TV are commonly asymptomatic, and neither requires mandatorily reporting. That is why their 

occurrence rates and prevalence are believed to be underestimated. They also share some other 

common biological features: lack of effective adaptive immunity, high recurrence rate, and increased 

risk of reproductive problems (e.g., chorioamnionitis, preterm birth, premature rupture of membranes, 

low birth weight, pelvic inflammatory disease) [603]. Another common unfavourable outcome of 

both conditions is an increased risk of HIV transmission and acquisition, and other STIs [603].  

In agreement with the above, recent publications have shown that these correlations may not 

be coincidental [7, 149, 151]. Studies conducted in my laboratory demonstrated that team-up of T. 

vaginalis with various BV-associated bacteria was beneficial for the parasite, promoting its 

pathogenic capabilities [151]. Thus, dysbiotic microbiome modifies the ability of the parasite to bind 

to various vaginal substrates, including host cells. Parasite cytoadhesion was also significantly 

increased by these bacteria [151]. G. vaginalis, in particular, has been associated with disruption of 

tight junction and enhancement of paracellular permeability of the cervicovaginal epithelium [532, 

604, 605]. These events consequently cause cervical remodelling, which is an initiating step toward 

preterm birth [606]. Moreover, the combination of TV with BV bacteria (G. vaginalis or A. vaginae) 

has a synergistic effect on pro-inflammatory responses from human [149, 150]. Parasite and protective 

lactobacilli, on the other hand, counteract each other [111, 149]. In this study [149] authors 

demonstrated that TV infection significantly reduced the number of Lactobacillus species but not the 
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ones associated with BV. This supports clinical observations that TV infection is associated with 

specific vaginal bacteria, lack of significant numbers of lactobacilli and a higher proportion of strictly 

anaerobic organisms such as G. vaginalis, A. vaginae, and P. bivia. Further, the vaginal strain L. 

gasseri ATCC 9857 was shown to be highly inhibitory against the adhesion of T. vaginalis to host 

cells and that surface proteins such as Apf-2 are the main contributors to this inhibitory phenotype 

[111].  

Considering this possible nonaccidental relationship between this human parasite and the 

status of the vaginal microbiome, I have hypothesised that interactions within this triad parasite-host-

microbiota might be mediated, at least to some extent, by extracellular vesicles (EVs) (Fig. 6-1).  

 

 

Figure 6-1. Graphical illustration of the current knowledge and hypothesis of this study that extracellular 

vesicles produced by microorganisms might mediate interactions among pathogen (T. vaginalis), vaginal 

microbiome and the human host. On the picture: Grey arrows represent the direction of EVs confirmed in this 

study; grey dotted arrows represent the directions of EVs yet to be determined as the future investigation. 

Illustration was created with BioRender.com. 
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Nowadays, it is accepted that most if not all living organisms release EVs [276]. EVs are lipid 

bilayer nano-sized particles that are found in all domains of life on earth, including all eukaryotic 

living forms (uni and multicellular), Gram-negative and -positive bacteria, and archaea [21, 22, 162, 

182, 240, 241, 276, 286]. These evolutionarily conserved vesicles are capable of packaging specific 

cellular molecules, including proteins and nucleic acids, and are generated in different processes 

known as vesicular biogenesis [21, 161, 162, 214, 215, 241, 286, 295]. Unfairly ignored for many 

years, EVs have gained increasing interest in recent decades and have been extensively studied 

primarily in model of eukaryotic cells or organisms but also more recently in prokaryotes [607]. 

The release of EVs has also been demonstrated for vaginal microorganisms [242, 274, 275, 

314, 327, 337, 394]. The protozoan T. vaginalis was the first among a series of organisms of interest 

reported to produce EVs during its normal growth [242, 274, 275]. Recently, during this thesis work, 

some vaginal bacteria were confirmed to release vesicles too [314, 394]. 

In addition to the limited understanding of EVs in the vaginal niche, my thesis aimed to fill 

two major gaps of knowledge. Firstly, there is still much discussion about the true cargo of EVs. 

While there is a consensus about the biogenesis and vesicular cargo of eukaryotic EVs, there is much 

ongoing argument on how prokaryotic EVs are produced and what they incorporate as a cargo [162, 

169, 281]. It is well established that EVs biogenesis in eukaryotes is largely conserved and mainly 

occur by an endosomal route. This route imparts a “set” of marker molecules (such as tetraspanins 

CD63, CD9 and CD81) that help to identify them [456]. Bacterial EVs, on the other hand, have 

different formation routes, depending on the structure of their cell walls [21, 162, 286, 392, 454]. The 

variety in the membrane envelope structure and mechanisms of biogenesis result in the release of 

EVs of various size, density and molecular cargo, and absence of known universal markers (either 

nucleic acids or proteins) [398, 608].  

While the release of EVs by T. vaginalis and its proteome have been previously described 

[242], a full profile of their RNA cargo was missing. Therefore I set up to provide detailed molecular 

analysis on the cargo of EVs produced by two vaginal bacteria that occupy opposite sides of the status 

of this microbiome. These two bacteria - L. gasseri and G. vaginalis - are known to either counteract 

or support T. vaginalis infection, respectively [149]. This brings me to the second major gap of 

knowledge that this thesis aimed to address: the function of microbial EVs in the context of host-

pathogen-microbiota. To date, increasing evidence has been published showing that microbial EVs 

are key players in host-commensal as well as host-pathogen interactions [24, 161, 181, 241, 283, 286, 

295, 296, 309, 609, 610]. However, much is lacking when we consider that a pathogen must also 

interact with the microbiome, particularly pathogens that reside extracellularly such as T. vaginalis. 
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My research showed that microbial EVs do mediate interactions among pathogen-host-microbiota 

(Fig. 6-1). 

In the following pages, I will briefly address how my research helps fill these gaps of 

knowledge (cargo and function) with an integrated view of the key findings of this research, highlight 

their significance to the field of inter-domain interactions via EVs, while acknowledging the 

limitations of this study and pointing to directions for further investigations. 

 

6.2 The cargo of microbial EVs: new insights into the insides 

 

The field of extracellular vesicles is rapidly progressing and expanding, affecting almost all 

biomedical disciplines, from oncology and reproductive biology to microbiology [611]. One of the 

main challenges in the field, however, is the disconnection between visualising the vesicles and 

deeply characterising them, particularly defining what their true contents are [209]. This is primarily 

because EVs produced by different cells are highly heterogeneous [612]. They vary greatly in size, 

biogenesis pathways, the cargo they carry and as a result their subsequent biological function. Even 

being released by the same cell, EVs can originate from a different cellular source (endosome or a 

membrane), resulting in different subtypes of these vesicles within one sample [611]. The ISEV by 

publishing their guidelines [184] advanced the general consensus on EVs nomenclature, isolation 

methods and reporting results, however, for eukaryotic EVs, a lack of these standards still remains 

for prokaryotic EVs. 

EVs derived from microorganisms, similar to mammalian cells, carry a variety of molecular 

cargoes such as proteins, lipids, nucleic acids, and other small molecules [21, 22, 161, 162, 214, 241, 

286, 295]. Consequently, when this load is delivered to recipient cells, it can elicit functional 

responses and promote phenotypic changes affecting their physiological or pathological status [161, 

181, 214, 286, 295, 296]. 

This work started with the knowledge that the vaginal pathogen T. vaginalis produces EVs, 

most typically exosomes, with a protein and RNA cargo [242]. However, this RNA cargo was 

uncharacterised. In collaboration with the group at UCLA (California) who made this original 

discovery, I have now demonstrated here that this RNA cargo is indeed encapsulated into the EVs 

and is composed of small size RNAs. Most importantly, these molecules are delivered to human cells. 

By employing the deep sequencing and bioinformatic analysis, we identified biotypes of RNAs in T. 

vaginalis EVs and showed their preferential packaging into vesicles. 
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RNA-seq has been and continues to be one of the essential technologies for EVs 

characterisation [209]. These technologies are sensitive to a vast dynamic range of transcripts [613]. 

The benefits of studying extracellular RNA profiles are obvious: EVs are only one of many RNA 

carriers, and therefore, they only demonstrate one element of the molecular picture. However, a 

systematic approach to investigating each type of RNA carrier, e.g., EVs, also creates essential 

foundation for understanding the whole system [209]. Therefore, RNA-seq studies with careful 

attention to analysis will continue to make valuable contributions to the understanding of EVs biology 

in the context of RNA transportation between cells, and we believe our study is one of them. 

EV-derived RNAs comprise a large variety that is only beginning to be acknowledged with 

the employment of RNA-seq [209, 614-616]. My experiments demonstrated that T. vaginalis EVs 

contain a bona fide small RNA cargo that is significantly enriched for tRNA-derived small RNAs 

(tsRNAs), particularly tRNA halves that are stably delivered to host cells. tsRNAs are still an 

underappreciated constituent of EVs, with significant unexplored biological functions [617], as many 

groups have reported their incorporation into EVs and hypothesised about their functions, particularly 

in protozoans [240, 338, 346, 367, 618, 619]. Thus, my findings are consistent with these studies 

[258, 338, 342, 346]. For instance, the RNA cargo of EVs produced by various trypanosomatids is 

mostly represented by specific fragments tRNA and rRNA transcripts [258, 338, 346]. The study of 

EVs isolated from Leishmania spp showed that RNAs packaging into the parasite EVs is specific and 

evolutionarily conserved [338]. Another publication, where T. cruzi was used as a model, 

demonstrated that EVs exchange between parasites increases metacyclogenesis in culture [346]. 

Comparing the RNA cargo, between either EVs and cells or EVs produced by different developmental 

stages, indicated potential roles in intercellular communication and parasite development [258, 338, 

346]. The relative abundance of tsRNAs in the trypanosomatid EVs, however, was not as dominant 

as we demonstrated here for T. vaginalis EVs. The tsRNA content in Leishmania EVs ranged between 

two species and varied from ~25 to 46% [338]. In the EVs isolated from T. cruzi epimastigotes, 

tsRNAs and rRNA fragments were equally distributed (~45% each) [343, 346]. There was also a 

considerable variation in the relative abundance of tsRNAs between metacyclic- and epimastigote-

derived EVs of T. cruzi (~7 to 35%, respectively) [258]. To our knowledge, the dominance of tsRNAs 

I found here for T. vaginalis EVs (83-91%) is unprecedented.  

The meaning of tsRNAs as cargo of parasite-derived EVs will deserve further investigation, 

and the perspective for this ongoing work is exciting. tsRNA have a significant contribution to the 

overall non-coding RNA profile [620], which is just being acknowledged and can be comparable with 

miRNAs in terms of their capacity and importance [621]. tsRNAs are known to perform regulatory 

functions during translation. This is achieved by binding ribosomal subunits and aminoacyl t-RNA 
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synthetases, and by binding Argonaute and piwi proteins [622, 623]. The question of whether 

protozoans have a typical miRNA pathway or not, remains to be answered [340]. I speculate the 

tsRNA pathway may represent an alternative mechanism to produce small RNAs with a regulatory 

function in these parasites. Moreover, once packaged in EVs and released by T. vaginalis to the 

extracellular milieu, these tsRNAs could reach other cells and be essential to mediate parasite:parasite 

and parasite:host communication.  

The ability of EVs to transfer functional RNA content is still, however, a controversial topic 

in the field [209]. This is because of the difficulty in determining whether changes in the host's activity 

is a result of EVs delivery is indeed dependent on the vesicular RNA cargo. EVs carry many other 

molecules, and therefore attributing an effect to RNA-dependent activity can be a biased viewpoint. 

Further experiments are still needed to show that RNAs are the primary functional factor in a specific 

context. It is important to acknowledge these challenges and limitations as an opportunity for future 

investigations. Looking ahead, my wider research group is giving focussed attention on this topic of 

research, aiming to elucidate mechanisms by which tsRNA are sorted and packaged in EVs and 

whether the parasite uses these RNA molecules to control host cellular responses.  

In my thesis work, I was interested in discovering if EVs could also be produced by other 

microorganisms of the vagina. I was particularly interested in commensal vaginal bacteria that might 

interact with the pathogen T. vaginalis, whether they may produce EVs and what cargo these vesicles 

may carry. We chose two vaginal bacteria that represent the opposite sides of vaginal microbial 

ecology: Lactobacillus gasseri and Gardnerella vaginalis. These two bacteria were also reported to 

either counteract T. vaginalis or promote its pathogenic potential [149, 151]. 

With the increasing body of literature on prokaryotic EVs [21-23, 161, 162, 276, 286, 295], I 

set high expectations that these two vaginal bacteria would be capable of producing EVs. Since the 

field of prokaryotic EVs is not as developed as of the eukaryotic ones, I paid attention to establishing 

and evaluating protocols for bacterial EVs isolation. These protocols for isolation and purification 

should aim to minimise contamination with cellular debris and non-vesicular secretion material, 

helping us to define the vesicular cargo to the best of our confidence. Because of that, before 

performing compositional or functional analysis, we tested different techniques for vesicles isolation 

and purification.  

In this work, I reported that additional purification steps from crude bacterial EVs should be 

tested. In addition to this I investigated the impact of RNase treatment, and this purification step 

helped me to exclude RNA as a relevant cargo of these bacterial vesicles. This step increased my 

confidence that RNA was not a major cargo for one of the two bacteria (i. e., G. vaginalis). This also 

demonstrated that every bacterium can be different, so there is a need for purification steps for EVs 
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isolation to be tested case by case. Regarding the protein cargo, purification of L. gasseri EVs with 

SEC resulted in a distinct cluster of identified proteins which, in comparison to cells, was not enriched 

in crude preparations. These proteins could have been missed if we had not applied SEC for EVs 

purification. On the other hand, the purification step resulted in the removal of only a small number 

of proteins in G. vaginalis samples. My results demonstrated the difference between crude and 

purified EVs was relatively small, as shown by the number of differentially expressed proteins and 

their relative representation. 

Coincidently, at the time this thesis was being written, two publications reported that vaginal 

bacteria produce EVs with a protein cargo including G. vaginalis [314, 394]. Here, we significantly 

expanded this characterisation offering a comprehensive proteomic analysis of these bacterial 

vesicular cargoes. By applying a recently new and advanced proteomics approach - the SWATH 

technology - we demonstrated specific enrichments for bacteriocins and other antimicrobial 

compounds in L. gasseri EVs and virulence factors and potential toxins in G. vaginalis EVs. The 

purification steps for L. gasseri EVs along with the SWATH revealed that this bacterium packages 

very specific protein components in their EVs. For example, I detected a bacteriocin and an 

aggregation promoting factor in EVs whose abundances were enriched by over 2000- and 40-fold, 

respectively, as compared to parental cells. Similar, with G. vaginalis samples, the approach I selected 

(an additional purification and the SWATH method) improved our confidence on the vesicular protein 

cargo. I identified, among others, highly abundant pore-forming toxins, vaginolysin and cytolisin 

within G. vaginalis EVs with a fold change of 200 and 100 in comparison with parental cells. These 

findings also support the idea of preferential packaging of specific content into EVs.  

As mentioned previously, one of the challenges when working with prokaryotic EVs is a lack 

of standardisation. Even though bacterial EVs have been the focus of investigations for several 

decades now, the databases covering the prokaryotic origin of EVs are still less developed than those 

for eukaryotes. That is why broad studies like ours where a lot of attention was dedicated to reporting 

the isolation methods and detailed on the vesicular cargo, are beneficial for the field and help improve 

overall reliability and reproducibility of published results. 

In conclusion, my efforts on the characterisation of EVs molecular cargoes from vaginal 

microorganisms revealed a unique RNA cargo in the EVs of the protozoal pathogen T. vaginalis and 

a very species-specific protein cargo in the vaginal bacterial EVs. There are lots to be learned 

regarding to what this cargo might do, once delivered to recipient cells. Although it feels like we are 

just scratching the surface of what these EVs can do to the host and microbes themselves, in the next 

section, I will discuss what functions might be attributed to these microbial EVs based on our 

proteomics data and experiments collected along this thesis. 
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6.3 The many functions of microbial EVs: what we think EVs do, what they actually do 

 

EVs secretion was initially thought to be a process for dumping or eliminating unneeded or 

unwanted cellular material [624]. However, it has since been found that EVs participate in cell:cell 

communication, cell maintenance, and have been found to stimulate immune responses of the host 

[22, 24, 154, 164, 182, 214, 241, 276, 293]. Similar with microbial EVs, originally believed to be 

artefacts of bacterial growth, it is now accepted that they are a conserved secretion mechanism used 

by bacteria to incorporate specific molecules [21, 23, 161, 162, 286, 625]. The uniqueness of EVs is 

that they have the ability to package a selective and functionally active cargo (proteins, nucleic acids, 

and lipids) and deliver these molecules to another cell, neighbouring or distant, altering the recipient 

cell response after internalisation [169, 203, 204, 223, 225, 626]. 

In this study, I characterised the cargo from three vaginal microorganisms: the protozoal 

pathogen T. vaginalis and two species of bacteria (Lactobacillus gasseri and Gardnerella vaginalis), 

belonging to opposite ecological sides of this microbiome [7]. Since the protein cargo of T. vaginalis 

EVs has been well described before [242], here we aimed to characterise the RNA cargo of these 

vesicles for the first time. As described in the previous section, the levels of enrichment for tRNA 

fragments in these vesicles was unprecedented. This is a new class of small RNA whose regulatory 

functions are just being elucidated [351, 364, 622]. The importance of tsRNAs in a variety of 

biological and pathological processes have been reported in recent years [627]. tsRNAs are associated 

with various human infections and diseases, demonstrating their functions in cell viability and 

disruption of cellular proliferation, regulation of apoptotic processes, RNA degradation and stability 

[628-632]. Interestingly, tsRNAs were found to perform similar functions as to canonical miRNAs 

regulating gene expression via interactions with Argonaute [633] but also inhibiting translation in 

novel Argonaute-independent pathways that are just being discovered [634]. Possibly eukaryotic 

species that do not have canonical miRNAs could employ tsRNAs as alternative regulators. For 

example, in the parasite Gardia lamblia, these fragments were claimed to be involved in the cell 

differential processes [635]. In Plasmodium parasites, they participated in post-transcriptional 

regulation needed during the rapid morphological changes undergone by these parasites [636].  

The latest study on T. vaginalis small RNAs, published during the writing of this thesis [627], 

showed that tsRNAs are abundant in cells but not the most abundant type of small RNAs as I found 

for the vesicles in my study [637]. In agreement to my data, however, they found that the most 

abundant type of tsRNAs was the one derived from the 5’-end of the tRNA transcript (~68% of the 

total tsRNAs) with many representing 5’-tRNA halves. Albeit their functions were not experimentally 

verified and thus remain elusive, authors speculated that these fragments may be important for the 
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parasite development, DNA replication and transposon activities. In eukaryotic models, abundant 

tsRNAs have been identified in EVs from various cell types [638, 639] and their roles in epigenetics 

and immunomodulation [367] and cancer progression have been reported [640, 641]. Hence, it is very 

tempting to speculate that the tsRNA cargo of T. vaginalis EVs could regulate protein translation of 

the host recipient cell by Argonaute-dependent and/or independent mechanisms, a topic of research 

that will deserve to be delved into as this field develops. 

Regarding the two bacterial EVs, my data did not support nucleic acids as a major cargo of 

these vesicles; therefore, I focused on the protein cargoes that EVs might carry and what function we 

may attribute to them. As detailed ahead, and supported by some experimentation, my findings 

indicate that the cargo of these EVs contribute to the expected ecological roles that these bacteria play 

to the vaginal biome. The EV proteomes from L. gasseri and G. vaginalis revealed abundant proteins 

that are largely associated with host-protective and virulence attributes of these bacteria, respectively.  

To my knowledge, this was the first study to look into the EVs proteome of two bacteria 

belonging to the opposite status of the same microbiome simultaneously. Despite contributing to the 

understanding of EVs to this specific biome, my findings were not that distant from other reports in 

the literature. Currently these suggests that the biochemical signatures present as the cargo of EVs 

can determine their role to a large extent [169]. Thus, EVs can contribute to microbial survival and 

competition [642]. For example, EVs derived from Mycobacterium tuberculosis and Staphylococcus 

aureus were shown to contain iron-binding factors that are important to maintain the bacterial survival 

under iron-limited conditions [301, 411]. The proteomics study also demonstrated the presence of 

beta-lactamase in S. aureus EVs. In this way, EVs produced by resistant bacteria could protect 

susceptible bacteria by degrading ampicillin in their habitat [308]. EVs have also been proposed to 

play a role in horizontal gene transfer [643]. Additionally, EVs may also promote gene transfer by 

mediating phage infection, as was discussed in a previous chapter [444].  

In addition to the role of bacterial EVs on the behaviour and physiology of bacterial cells, 

their functions on interacting with the human host have also been demonstrated [642]. Since virulence 

factors were found to form a large portion of EVs protein content, close attention was paid to the role 

of bacterial EVs during infection [308]. This was not only because of the abundance, ranking among 

the top protein hits, but also the great diversity of these virulence factors reported in EVs [301, 644]. 

To date, functional effects of EV-incorporated virulence factors have been mostly demonstrated for 

cytotoxic factors [645, 646]. EVs released by Bacillus anthracis, Staphylococcus aureus, 

Streptococcus pneumoniae, Streptococcus pyogenes, and Streptococcus agalactia  were reported to 

incorporate a variety of hemolysins and/or pore-forming toxins [305, 645-647]. Strikingly, the 
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activity of these toxins can be changed or developed by being within or placed in the membrane of 

EVs.  

In my experiments, I was also able to demonstrate that G. vaginalis EVs were enriched for 

virulence factors and toxins. The highly abundant proteins we identified (cytolisin and vaginolysin) 

are considered the most important virulence factors of G. vaginalis and implicated on the 

pathogenesis of BV [134]. Here, I advocate that the proteins we found in G. vaginalis may be involved 

in mediating the cytotoxic effect of the EVs on vaginal epithelial cells. The results also suggest that 

these EVs are an important source for delivery of cytotoxic and other virulence factors to the host 

cells and can contribute to the cellular damage associated with the pathogenesis of BV. Curiously 

though, it seems that T. vaginalis is ‘immune’ to these cytotoxic factors derived from G. vaginalis 

EVs. Instead of affecting the viability of the parasite, these vesicles were found to promote motility 

and the growth of T. vaginalis. First this can be explained by the cell-specificity of cytolisin and 

vaginolisin we found within G. vaginalis EVs. These toxins lyse target cells in a species-specific 

manner, which is achieved through recognition of the complement regulatory molecule CD59 [134]. 

At the same time T. vaginalis is known to evade complement-mediated lysis, as its genome does not 

possess DNA sequence with homology to human protectin CD59 [648]. Our findings from the 

proteomics data also suggest that G. vaginalis EVs may boost parasite metabolism by shuttling 

metabolic enzymes that give the parasite access to alternative nutrients and thus improving its growth. 

We can as well speculate that these EVs may be a source of metabolites that the proteomics would 

not detect and thus should be investigated further.  

Despite many studies focusing on EVs produced by pathogens and associating them with 

pathogenesis, there is also evidence that EVs released by probiotic or commensal bacteria are directly 

implicated with health benefits to the host [391, 649]. Bacteria, such as Bifidobacterium longum, 

Lactobacillus rhamnosus, Lactobacillus casei, and Lactobacillus plantarum were demonstrated to 

release EVs that carry cargo associated with the probiotic properties of their parental cells [313, 388, 

389, 650]. Vesicles produced by L. casei carry proteins that protect the host intestinal epithelial cells, 

providing also anti-apoptotic effects; L. plantarum-derived EVs can as well defend the host against 

pathogenic bacteria. Interestingly, in many cases it was mentioned that these effects can be promoted 

by EVs, likely because vesicles could go through the intestinal epithelial barrier easier than entire 

bacterial cells spreading to other organs or getting into contact with the host immune system [388, 

650].  

In this study, I demonstrated specific enrichment of L. gasseri EVs for various antimicrobial 

compounds. I found bacteriocins that may be active against other bacteria giving an overall 

competitive advantage for nutrients or might even target a specific pathogen [99, 429, 430]. The 
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>2000-fold enrichment for a bacteriocins in the L. gasseri EVs suggests the contribution of these 

vesicles to the Lactobacillus-mediated protection of the vaginal biome. Following this line of thought, 

I observed that these vesicles were toxic to the pathogen T. vaginalis in a short period of time, after 

which, parasites were able to recover. In my experiments, I gave only one dose of EVs to the parasites. 

In a real situation, these EVs may be produced constitutively. Further experiments could be designed 

to investigate if this toxicity can be attributed to this specific bacteriocin. This could be achieved by 

knocking out the gene of this bacteriocin in L. gasseri or by producing a recombinant form of this 

bacteriocin. It would be interesting to find out if this bacteriocin has a broad antimicrobial spectrum 

as well. 

Another significant finding within L. gasseri EVs was the enrichment for the aggregation 

promoting protein factor Apf-2. The ability of Lactobacillus to aggregate is one of the mechanisms 

that increase their survival and persistence in a competitive vaginal environment [437]. L. gasseri 

Apf proteins serve as major factors in auto-aggregation, induce aggregation of other lactobacilli but 

are also crucial for bacteria cell shape maintenance [435]. To my knowledge, these Apfs have not 

been reported in the cargo of EVs before. Interestingly, the very same Apf-2 protein was reported by 

our group to be a major contributing factor for inhibiting adhesion of T. vaginalis to host cells [111]. 

I found that challenging T. vaginalis with L. gasseri EVs reduces parasite motility and causes the 

formation of large parasite aggregates. It is very tempting to speculate that these effects are a result 

of Apf-2 in these EVs. Unfortunately, Apfs are essential proteins (for maintenance of bacterial cell 

shape) and the knockout of these genes would either be lethal or compromise bacterial shape and 

viability [437]. Also, as expected, it would be technically challenging to produce this protein in a 

recombinant form because of their intrinsic self-aggregation properties. If specific antibodies were 

available, however, further experiments could assess if Apf-2 is indeed delivered and located on the 

surface between cells in these large parasite aggregates by immunocytolocalisation. It would be also 

interesting to see if Apf-2 has a broad aggregative spectrum against various vaginal pathogens.  

In regard to the innate immune response of human ectocervical cells (hECs) - the first layer 

of host cells that may recognise these bacterial EVs - I demonstrated that vesicles from both L. gasseri 

and G. vaginalis are capable of inducing an early innate immune response by the production of high 

levels of cytokines starting from 5 hours post treatment. My results suggest a potential protective role 

of EVs from L. gasseri, with the induction of main anti-inflammatory cytokines from hECs. This 

observation is in agreement with the potential of employing these EVs for novel therapeutic strategies. 

Because EVs have a possible mechanism for targeting and delivering their cargoes to specific 

recipient cells [651, 652], several groups are investigating EVs as potential vehicles for the delivery 
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of antimicrobial compounds, reinforcing phage therapy, vaccination, disease diagnosis, and delivery 

of health-promoting compounds [642, 653, 654].  

With a note of caution, however, the immunostimulating effects of bacterial EVs that I 

detected in vitro might not truly simulate the actual vaginal microenvironment. In my experiments, 

hECs were treated with a single dose of vesicles without sensing previously any bacteria. In a living 

system, either in health or disease, epithelial cells are constantly exposed to various microorganisms 

and their extracellular products. My study was primarily focused on the response from intact 

unstimulated hECs, and the response I reported is entirely attributed to these bacterial EVs. However, 

by knowing now which molecules are mostly involved in this response, we can envisage a more 

complex model for experimentation which could help to better mimic this environment. For example, 

hECs could be pre-colonised with one or another bacterium and then challenged with one or another 

type of EVs. Another way of “priming” hECs would be by stimulating them with antigens that are 

known to trigger a specific immune response (e.g., bacterial lipopolysaccharides or T. vaginalis 

lipoglycans) [63, 64] and measuring if treatment with the vaginal bacterial EVs would change this 

immune response and to what extent.  

Finally, microbial vesicles could also be used to modulate the status of the microbiome. My 

study has not addressed this question, but it would be beneficial to gain experimental insight on how 

EVs may contribute to eubiosis and dysbiosis. Our group has shown previously that T. vaginalis 

secretes cell wall hydrolases that control bacterial population [655]. Here, I also reported the presence 

of such hydrolases, in addition to bacteriocins, in the bacterial EVs. Together, we can envisage a type 

of microbial arms race where EVs may be an important contributor to define the success of the 

pathogen as well as the functional status of the microbiome.  

 

6.4 Concluding remarks 

 

The field of inter-and intra-domain communication via extracellular vesicles is in its infancy. 

We still lack much understanding on the basic knowledge of EV biogenesis and their cargoes, 

particularly from microorganisms including prokaryotes and evolutionarily-divergent unicellular 

eukaryotes. My study helps fill this gap of knowledge by elucidating the molecular cargoes of EVs 

from microorganisms of this kind. Most studies on microbial EVs take a reductive view on either 

host-commensal or host-pathogen interactions. However, it is becoming increasingly evident that 

interactions among the triad host-pathogen-commensal is indeed very influential to the disease 
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outcome. Hence, it is strongly expected now that EVs will contribute to this three-way interaction 

and even to the status of the microbiome itself.  

We took advantage of the simplicity of the vaginal microbiome, where core functional 

microbiomes (eubiosis and dysbiosis) are quite well established, in contrast to other complex and 

species-rich communities of our microbial flora such as the gut microbiome. This investigation did 

not address all possible ways of interaction (Fig. 6-1). However, my study demonstrated that EVs 

released by different commensal bacteria modulate both host response and parasite behaviour to 

different ends of the spectrum, in a way that reproduces the expected ecological contribution of these 

bacteria to the vaginal biome. Furthermore, I was able to identify specific EV factors and link them 

to these ecological attributes for the first time. Some of the phenotypic changes on host and parasite 

responses, supported by previous literature describing the interaction of these bacteria with host and 

T. vaginalis, can now be attributed to the bacterial EVs. This study shows that microbial EVs largely 

contribute to host response and pathogen behaviour, highlighting that this knowledge can be explored 

towards new antimicrobial interventions in the future. It shows that EVs have a real potential to be 

exploited in novel therapeutics approaches aiming to prevent and combat infections while 

simultaneously preserving or restoring a healthy microbiome. 
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Appendix 

 
 

 

 

Uniprot Pval 

Proteins 

FC 

Proteins 

Found in Protein Name Gene GO Mentioned 

on 

1 A0A087QAA9 

 

0.00071 13.42453 Crude L. 

gasseri EVs 

Putative LPXTG-

motif cell wall 

anchor domain 

protein 

 

HMPREF51

75_01779 

cell wall [GO:0005618]; 

extracellular region 

[GO:0005576] 

 

P 144 

0.002095 7.608067 Purified L. 

gasseri EVs 

2 A0A087QC99 0.014264 12.7758 Crude L. 

gasseri EVs 

Enterocin A 

Immunity 

superfamily protein 

 

HMPREF51

75_00091 

N/A P 144 

0.012674 13.35471 Purified L. 

gasseri EVs 

  
3 D6T0S1 

 

0.001782 10.33946 Crude G. 

vaginalis 

EVs 

Glyceraldehyde 3-

phosphate 

dehydrogenase C 

 

GV51_1198 oxidoreductase activity, 

acting on the aldehyde or 

oxo group of donors, NAD 

or NADP as acceptor 

[GO:0016620] 

 

P 150 

0.005971 9.313785 Purified G. 

vaginalis 

EVs  
4 I4M847 

 

0.555598 0.865541 Crude G. 

vaginalis 

EVs 

Phosphoglycerate 

kinase 

pgk cytoplasm [GO:0005737]; 

ATP binding [GO:0005524]; 

phosphoglycerate kinase 

activity [GO:0004618]; 

glycolytic process 

[GO:0006096] 

 

P 150 

0.057334 0.704424 Purified G. 

vaginalis 

EVs 

D6SZM8 

 

0.022328 0.397725 G. vaginalis 

cells  
5 D6T2C3 

 

0.672364 0.728319 Crude G. 

vaginalis 

EVs 

Pyruvate kinase 

 

GV51_0004 kinase activity 

[GO:0016301]; magnesium 

ion binding [GO:0000287]; 

P 150 
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I4M7F8 

 

6.65E-06 0.171836 G. vaginalis 

cells 

CGSMWGv

00703Dmas

h_03754 

potassium ion binding 

[GO:0030955]; pyruvate 

kinase activity 

[GO:0004743] 

 

6 A0A087QEA2 

 

0.001161 0.081648 Crude L. 

gasseri EVs 

Glyceraldehyde-3-

phosphate 

dehydrogenase, type 

I 

 

HMPREF51

75_00796 

NAD binding 

[GO:0051287]; NADP 

binding [GO:0050661]; 

oxidoreductase activity, 

acting on the aldehyde or 

oxo group of donors, NAD 

or NADP as acceptor 

[GO:0016620]; glucose 

metabolic process 

[GO:0006006] 

 

P 150 

9.69E-07 0.041941 L. gasseri 

cells 

7 A0A087QCT1 

 

0.49749 0.813022 Crude L. 

gasseri EVs 

Enolase eno cell surface [GO:0009986]; 

extracellular region 

[GO:0005576]; 

phosphopyruvate hydratase 

complex [GO:0000015]; 

magnesium ion binding 

[GO:0000287]; 

phosphopyruvate hydratase 

activity [GO:0004634]; 

glycolytic process 

[GO:0006096] 

 

P 150 

A0A087QE99 

 

6.7E-06 0.184723 L. gasseri 

cells 

8 A0A087QCR7 

 

0.001569 0.197092 L. gasseri 

cells 

Chaperone protein 

DnaK (HSP70) (Heat 

shock 70 kDa 

protein) 

 

dnaK ATP binding [GO:0005524]; 

unfolded protein binding 

[GO:0051082]; protein 

folding [GO:0006457] 

 

P 150 

0.955299 0.980639 Crude L. 

gasseri EVs 
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9 A0A087QC20 

 

0.019362 0.244575 Crude L. 

gasseri EVs 

Fructose-

bisphosphate 

aldolase class-II 

 

HMPREF51

75_00012 

aldehyde-lyase activity 

[GO:0016832]; zinc ion 

binding [GO:0008270]; 

carbohydrate metabolic 

process [GO:0005975] 

 

P 150 

0.017955 0.242648 L. gasseri 

cells 

10 A0A087QAI3 

 

0.00077 0.139166 Crude L. 

gasseri EVs 

60 kDa chaperonin 

(GroEL protein) 

(Protein Cpn60) 

 

groL cytoplasm [GO:0005737]; 

ATP binding [GO:0005524]; 

unfolded protein binding 

[GO:0051082]; protein 

refolding [GO:0042026] 

 

P 150 

0.018051 0.375119 L. gasseri 

cells 

11 A0A087QCR6 

 

0.73318 1.140925 Crude L. 

gasseri EVs 

Protein GrpE grpE cytoplasm [GO:0005737]; 

adenyl-nucleotide exchange 

factor activity 

[GO:0000774]; chaperone 

binding [GO:0051087]; 

protein homodimerization 

activity [GO:0042803]; 

protein folding 

[GO:0006457] 

 

P 150 

12 A0A087QDU4 

 

0.680789 0.817156 Crude L. 

gasseri EVs 

UDP-N-

acetylmuramoylalani

ne--D-glutamate 

ligase (EC 6.3.2.9) 

(D-glutamic acid-

adding enzyme) 

(UDP-N-

acetylmuramoyl-L-

alanyl-D-glutamate 

synthetase) 

 

murD cytoplasm [GO:0005737]; 

ATP binding [GO:0005524]; 

UDP-N-

acetylmuramoylalanine-D-

glutamate ligase activity 

[GO:0008764]; cell cycle 

[GO:0007049]; cell division 

[GO:0051301]; cell wall 

organization [GO:0071555]; 

peptidoglycan biosynthetic 

process [GO:0009252]; 

P 150 



202 

 

regulation of cell shape 

[GO:0008360] 

 

13 A0A087QEA1 

 

0.063245 0.444268 Crude L. 

gasseri EVs 

Phosphoglycerate 

kinase 

pgk cytoplasm [GO:0005737]; 

ATP binding [GO:0005524]; 

phosphoglycerate kinase 

activity [GO:0004618]; 

glycolytic process 

[GO:0006096] 

 

P 150 

1E-07 0.086015 L. gasseri 

cells 

14 A0A087QAS5 

 

0.023647 1.883628 Crude L. 

gasseri EVs 

Phosphoglycerate 

mutase 

HMPREF51

75_01205 

catalytic activity 

[GO:0003824] 

 

P 150 

15 A0A087QEA0 

 

0.889015 1.048828 Crude L. 

gasseri EVs 

Triosephosphate 

isomerase 

tpiA cytoplasm [GO:0005737]; 

triose-phosphate isomerase 

activity [GO:0004807]; 

gluconeogenesis 

[GO:0006094]; glycolytic 

process [GO:0006096] 

 

P 150 

0.001647 0.257909 L. gasseri 

cells 

16 I4M7L5 

 

0.000519 129.2982 Crude G. 

vaginalis 

EVs 

Argininosuccinate 

lyase 

argH cytoplasm [GO:0005737]; 

argininosuccinate lyase 

activity [GO:0004056]; 

arginine biosynthetic 

process via ornithine 

[GO:0042450] 

P 182 

0.012633 215.655 Purified G. 

vaginalis 

EVs 

D6T2J7 

 

1.71E-05 13.7625 Crude G. 

vaginalis 

EVs 

0.001448 14.7197 Purified G. 

vaginalis 

EVs 
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17 D6SZA7 

 

0.0172 5.421488 Purified G. 

vaginalis 

EVs 

UDP-glucose 

pyrophosphorylase 

GV51_0885 UTP:glucose-1-phosphate 

uridylyltransferase activity 

[GO:0003983]; UDP-

glucose metabolic process 

[GO:0006011] 

 

P 182 

I4M7T8 

 

0.328296 1.695937 

18 D6T1G5 

 

0.000267 3.684837 Purified G. 

vaginalis 

EVs 

Glucose-6-phosphate 

1-dehydrogenase 

 

zwf glucose-6-phosphate 

dehydrogenase activity 

[GO:0004345]; NADP 

binding [GO:0050661]; 

glucose metabolic process 

[GO:0006006]; pentose-

phosphate shunt 

[GO:0006098] 

 

P 182 

I4MBD8 

 

0.000814 3.683319 

19 D6SZ23 

 

0.02929 2.715903 Purified G. 

vaginalis 

EVs 

ABC-type maltose 

transporter, permease 

component 

GV51_0561 integral component of 

membrane [GO:0016021]; 

plasma membrane 

[GO:0005886]; 

transmembrane transport 

[GO:0055085] 

 

P 182 

20 I4MBK7 

 

0.167092 1.584971 Purified G. 

vaginalis 

EVs 

4-alpha-

glucanotransferase 

CGSMWGv

00703Dmas

h_01785 

4-alpha-glucanotransferase 

activity [GO:0004134]; 

beta-maltose 4-alpha-

glucanotransferase activity 

[GO:0102500] 

 

P 182 
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