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Abstract 
In a healthy host, a balance exists between members of the 

microbiota, such that potential pathogenic and non-pathogenic organisms 

can be found in apparent harmony. During infection, this balance can 

become disturbed, leading to often dramatic changes in the composition of 

the microbiota. For most bacterial infections, relatively non-specific 

antibiotics are used, killing the pathogens as well as non-pathogenic 

members of the microbiota and leading to a substantial delay in the 

restoration of a healthy microbiota. However, in some cases, infections can 

self-resolve without the intervention of antibiotics. In this review, we 

explore the mechanisms underlying microbiota restoration following insult 

(antibiotic or otherwise) on the skin, oral cavity, gastrointestinal and 

urogenital tracts, highlighting recovery by natural processes and following 

probiotic administration.  

 

Introduction 

Humans live in symbiosis with a diverse community of 

microorganisms, the composition of which has evolved to perform many 

specific tasks that benefit the host, as well as to survive and thrive in sites 

that provide these microorganisms with a suitable nutrient-filled habitat. 

The task of identifying specific roles for these 100 trillion symbionts, whose 

gene pool far exceeds that of their host, is currently elusive, but the 

composition of this microbiota is now being deciphered.  
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As far as can be determined, before birth the body is sterile. 

However, during and following birth the body becomes colonized by a vast 

array of microorganisms that originate from the mother’s birth canal, from 

the living environment and from handling by other individuals. A recent 

study of vaginally- and Caesarian-delivered babies showed that despite 

highly differentiated maternal communities, the neonate microbiota were 

undifferentiated across multiple body habitats, regardless of delivery 

mode1. Vaginally delivered babies acquired bacterial communities 

resembling their own mother's vaginal microbiota, dominated by 

Lactobacillus, Prevotella, or Sneathia spp., whereas infants delivered by 

Caesarian harbored bacterial communities that were more similar to the 

general skin surface and dominated by Staphylococcus, Corynebacterium, 

and Propionibacterium spp. Furthermore, the composition of the microbiota 

can differ between infants that are fed with either breast milk or formula2, 

however, it seems that after weaning there is a degree of maturation and 

homogeneity of the microbiota3. Indeed, a study of the gut microbiota of 

twins has identified a ‘core microbiome’ with a wide array of microbial 

genes that are shared from individual to individual, although with 

substantial diversity in bacterial lineages4. This functional homogeneity is 

surprising given the infant’s primary colonizing microorganisms, nutrient 

intake and macro-environment.  

The extent to which such differences in the infant microbiota 

influence health later in life will also be of great interest. For instance, it is 

known that bacterial strains can prime the immune system and alter 

susceptibility to respiratory ailments and metabolic syndrome5-7, while 

strains embedded in the microbiota, such as Clostridium spp., uropathogenic 

 11 



Escherichia coli, or perhaps sulfate-reducing bacteria, might later be 

associated with disease8-10. The crucial part played by the microbiota in 

human health has only relatively recently become widely recognized, in 

large part because of studies that have led to, and stemmed from, the 

Human Microbiome Project19.  

The human microbiota 

To date, the most comprehensive analysis of the human microbiota 

looked at 27 distinct sites on the body and revealed the presence of 22 

bacterial phyla, with most sequences (92.3%) related to just four phyla: 

Actinobacteria (36.6%), Firmicutes (34.3%), Proteobacteria (11.9%), and 

Bacteroidetes (9.5%)11. These sites included the oral cavity, gut and skin 

(three of the four areas discussed in this review). Each habitat harbored a 

characteristic microbiota and a relatively stable set of abundant taxa 

between individuals and over time (Figure 1), though the rare taxa varied 

immensely. Although there are differences in the abundance of phyla 

between sites, such as sebaceous, moist and dry skin sites colonized by 

Actinobacteria (Corynebacterium, Propionibacterium, Microbacterium, 

Micrococcus), Firmicutes (Staphylococcus, Clostridium), Proteobacteria 

(Pseudomonas, Janthinobacterium, Serratia, Halomonas, 

Stenotrophomonas, Delftia, Comamonas genera) and Bacteriodetes 

(Sphingobacterium, Cryseobacterium)12,13, the distributions are collectively 

much more similar than those found in the gut or vagina. In fact, the 

variation in microbial community constituents between body sites are much 

greater than those between different free-living communities (e.g. soil and 

water) 11. Indeed, bacterial distributions differ between the tongue and 

 12 



faeces far more than between faecal samples from different individuals14, 

and samples from the same individual taken three months apart, though 

dissimilar, resemble each other more than samples from different 

individuals.  

 

Figure 1 | Taxonomic distribution of microorganisms in mother 
and baby.  
Immediately after birth, humans become colonized by a range of microorganisms, 
particularly on the skin, oronasopharyngeal area, gastrointestinal tract and 
urogenital tract. The host and its microbiome have developed mechanisms to not 
only protect against infection, but also restore microbial homeostasis, even 
without pharmaceutical therapy. The genus-level distributions are shown for a 
sample of mothers and their babies, grouped according to the delivery method of 
the babies (vaginal or by Caesarian section (C-section)). The data shown are 
averaged for each group. Data from Reference 1. 
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Studies on the vaginal microbiota show a different pattern; at this 

site the bacterial type15 and abundance16 in the microbial community can 

change rapidly in a matter of weeks and sometimes days. In addition, 

differences in vaginal microbiota exist between individuals, even those who 

are reportedly healthy17. In ecological terms, a more diverse microbiota with 

adequate nutrients would be expected to equate to a more stable 

ecosystem18, although relationships between diversity and stability have 

long been debated in the ecological literature. The vagina provides a marked 

contrast: here, increased diversity, especially decreased dominance of 

lactobacilli, equates with an aberrant microbiota and infection16.  

Natural and artificially aided restoration 

The past sixty years have seen the introduction of antibiotics to treat 

bacterial infections. Yet, before and since this era, countless individuals have 

recovered from dysbiosis and infection through mechanisms not yet fully 

understood. With dwindling antibiotic options, and growing bacterial 

resistance, it is timely to examine the mechanisms of natural restoration of 

eubiosis, with a view to developing new methods to prevent and cure 

disease. Furthermore, the recognition that antibiotics also eradicate non-

pathogens and disrupt the natural microbiota for some time after their 

administration21,22 has been one reason for the growing interest in 

administering beneficial microorganisms (probiotics) to aid in recovery from 

infection23-25. In this review, we examine how indigenous microorganisms 

and probiotics are able to help the host overcome infection and restore the 

microbiota to a state associated with health. Four body sites, the skin, oral 

nasopharyngeal cavity, gastrointestinal and vaginal tracts, will be discussed 
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(Figure 2), as the complex microbial communities that occupy these sites 

carry a broad range of functions indispensable for human health, while at 

the same time being constantly challenged by potentially pathogenic 

organisms. 

 
Figure 2 | The sites discussed in this review.  
The figure illustrates the main areas discussed in this review that are colonized by 
bacteria, and for which there is some evidence for natural restoration after 
pathogen insult.  

 

Perturbation of the human microbiota 

The ability of microorganisms to selectively colonize a niche reflects 

their evolutionary adaptation. In many instances, it is when an organism 

from one niche migrates to another that problems for the host ensue. For 
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example, uropathogenic E. coli strains emerge from but do not infect the gut 

en route to infecting the bladder. The switch from homeostasis to a disease 

state can occur through various means, including physical insult to the 

mucosa, disruption of the indigenous microbiota by the use of 

antimicrobials, expression of specific virulence factors, and access to the site 

by excessive numbers of pathogens.  

Microorganisms at wound sites 

The main functions of the skin are to provide mechanical strength, 

regulate water and salt loss and protect the body from environmental 

damage, including that caused by microorganisms. The outermost layer of 

the skin, the stratum corneum consists of corneocytes surrounded by lipid 

regions containing long chain ceramides, free fatty acids and cholesterol26. 

Interspersed among keratinocytes in the epithelium are specialized antigen-

presenting Langerhans cells, of the dendritic cell family, which serve as 

sentinels of the immune system by sampling antigens that pass through the 

stratum corneum. These cells then migrate to draining lymph nodes and 

relay antigenic information to the adaptive immune system27. Diseased skin 

is often characterized by a reduced barrier function and an altered lipid 

composition and organization26. Although some Staphylococcus species, 

such as Staphylococcus epidermidis, are consistently found on the skin 

surface, other species such as Staphylococcus aureus may only transiently 

colonize intact skin. However, when this surface is penetrated both species 

can colonize the damaged area to exploit the nutrient-rich bloodstream28. 

Staphylococci cause a range of cutaneous and systemic infections, including 

impetigo, furuncle, subcutaneous abscess, staphylococcal scalded skin 
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syndrome, toxic shock syndrome and neonatal toxic shock syndrome-like 

exanthematous disease. The virulence factors produced by S. aureus can 

disrupt the epithelial barrier, inhibit opsonization by antibody and 

complement, interfere with neutrophil chemotaxis, cytolyse neutrophils, 

and inactivate antimicrobial peptides29. In a recent study of skin wounding in 

a diabetic mouse, there was a selective shift noted in colonizing bacteria 

accompanied by transcriptional changes indicative of mobilized defence and 

immune responses30. After wounding, there was a shift towards an 

increased abundance of Firmicutes species (including Staphylococcus) along 

with a prolonged immune response.  

 Skin can be damaged by burns owing to fire, heat/cold, electricity, 

radiation, or caustic chemicals. The extent of the burn is measured by the 

depth to which the skin layers are damaged. Partial thickness burns (first 

and second degree) usually heal well because new skin can grow upward 

from the dermis. However, when the dermis is destroyed (full thickness or 

third degree burn), skin growth is repudiated and deep scarring develops. In 

the case of heat causing partial thickness damage, some of the 

microorganisms on the skin are likely to survive, and, during handling of the 

patient, other microorganisms will contaminate the site, providing them 

with access to the blood through the permeated barrier. Burn infections are 

relatively common, with S. aureus the most common pathogen, followed by 

E. coli, Pseudomonas aeruginosa, coagulase-negative staphylococci, and a 

range of aerobic and anaerobic pathogens31,32. During the initial 48 hours 

following injury, Gram-positive bacteria heavily colonize the burn wound. By 

5–7 days, a shift occurs with Gram-negative opportunists, armed with 

invasive and virulent properties, superseding the initial colonizers33. 
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Antibiotics are often administered locally with a view to reducing the 

pathogen count and preventing infection.  

 The ability of the non-pathogenic indigenous microbiota to 

outcompete the pathogens and restore bacterial and immune homeostasis 

(defined in this case as maintaining stability associated with health of the 

host) to burn wound sites has not been studied to our knowledge. But, given 

the competitive nature of indigenous organisms, and the availability of 

progeny that survive at the burn site and that are present on adjacent skin, 

it is reasonable to suggest that the indigenous microbiota may help prevent 

infection in many instances, assuming that immune defences are intact. 

 The process of wound healing necessitates repair of the skin barrier 

and revascularization, as well as a return of normal immune function. It is 

not uncommon for wounds to become with persistently infected with 

Bacteroidales, Corynebacterium spp., Peptoniphilus spp., Staphylococcus 

spp., Serratia marcescens, Prevotella spp. and P. aeruginosa32. The 

persistence of these infections can have several causes, including the ability 

of the organisms to form biofilms34. However, in most otherwise healthy 

people, skin repair mechanisms allow the reparation to be completed, 

where after the indigenous skin microbiota are restored to the surface. To 

better understand the natural restoration process and determine the role, if 

any, of non-pathogenic microorganisms in this process, further studies are 

warranted to examine sequential changes in the skin microbiota after insult 

and during healing. 
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Recovery following antibiotic therapy 

In the vagina, the microbial profile can change quite rapidly and 

extensively from one in which Firmicutes, especially lactobacilli, dominate to 

one with high abundance of Bacteroidetes and Actinobacteria and an 

aberrant condition termed bacterial vaginosis (BV) (Figure 3). BV occurs in 

an estimated one-third of women at any given time, with rates over 70% in 

sex workers and HIV infected individuals35-37. In about one third of cases, BV 

is accompanied by vaginal discomfort and homogeneous, malodorous 

vaginal discharge. It is diagnosed most commonly by one of two methods. 

The Amsel criteria requires three out of the following four parameters: 

homogenous, milky discharge; vaginal pH greater than 4.5; presence of 

“clue cells” on microscopic examination of a vaginal smear; and/or positive 

amine or “Whiff” test38. The Nugent scoring system involves performing a 

Gram-stain on a vaginal smear and enumerating lactobacilli versus Gram-

negative rods and other bacterial morphotypes39. Irrespective of 

symptomatology, BV has been associated with an increased susceptibility to 

preterm labour perhaps owing to inflammatory processes40, sexually 

transmitted infections including HIV infection, perhaps owing to a damaged 

epithelial layer or altered expression of protective compounds like 

elafin41,42, and pelvic inflammatory disease caused by pathogens43.  

When treated with the nitroimidazole antibiotic metronidazole, the 

microbiota recovers to a state whose composition is close to, but not 

necessarily exactly the same as the healthy, pre-infection state, even up to 

25 weeks later (Figure 3). Notably, the lactobacilli abundance increases with 

recovery, coinciding with a decrease in Proteobacteria, Bacteroidetes and 

Actinobacteria, perhaps because lactobacilli are resistant to metronidazole.  
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In terms of organisms and host site, it is intriguing that Prevotella can 

persist in the mouth in some patients without any major pathological 

adversity though in others it is causative of destructive periodontitis, but in 

the vagina they become part of an aberrant microbiota causing BV44. Such a 

change in mucosal site exposes Prevotella to a new community of 

microorganisms, some of which may activate dormant virulence factors or 

provide a substrate for the production of amines that are responsible for 

malodor45. Although Prevotella colonization and an increase in bacterial 

diversity are key features of BV, the exact trigger(s) for the dysbiotic state 

has yet to be identified. However, when the abundance of Prevotella drops 

or disappears and Lactobacillus crispatus or Lactobacillus iners increases, 

the host no longer has BV16. In some women this process can happen 

without treatment, illustrating a natural restoration. Alternatively, probiotic 

lactobacilli can be administered to aid the restoration process. In healthy 

women, the cure rate for antibiotic treatment of BV would be expected to 

be higher than for HIV-positive individuals, but it still varies from 27% to 

63% depending on the cohort and regimen46,47, whereas intra-vaginal use of 

probiotic lactobacilli or oral antibiotic plus oral lactobacilli have been shown 

to give a cure rate of around 88%23,48. Interestingly, in a study following 

individuals for two months, BV self-resolved partially or completely in 31% 

individuals49. 
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Figure 3 | Changes in the vaginal microbiome before and after 
bacterial vaginosis. 
Vaginal samples from HIV-positive individuals in Mwanza, Tanzania, were 
processed by Illumina16. One group (n=60) was regarded as normal (N), or healthy, 
at day 0 of recruitment, with a Nugent score of ≤3 at screening. A second group 
had bacterial vaginosis (BV) on recruitment, with a Nugent score of ≥7. Individuals 
with BV were then treated with metronidazole, and those who subsequently 
returned to health at any time in the 25 weeks following treatment were 
designated as restored (R). The plots show the proportion of the microbiota in each 
clade at the level of order, class and phylum; the remainder (rem) groups contain 
all groups of organisms that made up less than 0.5% of the total in any of the three 
patient groups. Data from Reference 17. 
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Recovery of the intestinal microbiota 

Another example associated with a shift towards an increased 

microbiota diversity comes from celiac disease, an autoimmune disorder of 

the small intestine in which dietary gluten ingestion leads to chronic 

enteropathy. In a study of the dominant duodenal microbiota of children 

with celiac disease, differences were noted not between individuals but 

between active and remission states, with Bacteroides vulgatus and E. coli 

detected more often in patients than controls50 and a potential decrease in 

abundance of B. vulgatus and E. coli in individuals in remission. Another 

study suggested that the change from a microbiota dominated by 

Lactobacillus curvatus, Leuconostoc mesenteroides and Leuconostoc 

carnosum to one with Lactobacillus casei and Bifidobacterium adolescentis 

coincides with a return to health51. The ability to alter the phylum-level 

abundance of microorganisms in the gut52, for example by microbiome 

transfer53, demonstrates the power of microorganisms to influence health 

and disease. In addition, the fact that different microbiota compositions can 

be associated with a healthy state16 suggests that microbiome functionality, 

rather than precise species abundance, may be key maintaining health. By 

understanding how indigenous and probiotic organisms respond to different 

conditions in vivo, it should become possible to understand the mechanisms 

by which pathogens are displaced leading to a return to homeostasis.  
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Mechanisms of restoration 

Restoration of a healthy microbiota is driven by multiple species, and 

requires substantial reorganization after insult. There are numerous 

mechanisms whereby the normal microbiota can return as depicted in 

Figure 4.  
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Figure 4 | Possible mechanisms contributing to microbiota 
restoration.  
A | Coaggregation of non-pathogens and pathogens interferes with their ability to 
infect the host.  
B | Biosurfactants produced by lactobacilli help to prevent pathogen adhesion to 
mucosal surfaces.  
C | Bacteriocins and hydrogen peroxide produced by lactobacilli can inhibit or kill 
pathogens.  
D | Signalling between bacteria can lead to down-regulation of toxin production in 
pathogens.  
E | By competing for nutrients and surface receptors, bacteria can competitively 
exclude pathogens from surfaces.  
F | Regulation of immune responses by microbiota constituents can result in; (1) 
the production of host factors such as lysozymes and defensins, which can kill 
pathogens; (2) the production of alkaline phosphatases which bind to LPS and 
negate its toxicity; (3) deregulation of NF-κB signaling in host epithelia (whether 
this is influenced by lactobacilli as indicated remains to be confirmed).  
G | Upregulation of tight junction proteins might help to limit damage caused to 
epithelia by inflammatory processes or pathogens. 
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Coaggregation  

The phenomenon of coaggregation is one in which microbial 

communities assemble in distinct, inter-linked structures54. In the oral 

microbiota, following disruption by antibiotic administration or mechanical 

cleaning, the reorganization of a non-pathogenic biofilm with specific 

subsets of species derived from the planktonic phase, is a key component in 

a return homeostasis. A problem arises if the antibiotic has depleted levels 

of non-pathogenic species to the extent that recovery of their normal levels 

is delayed and the new biofilm that forms is essentially made up of 

pathogenic species.  

In the vagina, L. iners survives antibiotic therapy for BV, and it is 

possible that L. iners and other lactobacilli coaggregate with BV constituents 

as a key step to restoration of homeostasis. If lactobacilli are depleted and 

planktonic drug resistant pathogens are in the vicinity, a recurrence of BV is 

more likely. A genomic study of L. iners has identified potential surface 

adhesins that could bind other bacteria55 but differential binding of non-

pathogens versus pathogens has not been investigated.  

Pathogens that inhibit interleukin-8 (IL-8) and disrupt epithelial-cell 

homeostasis or block access by other species to toll-like receptors (TLRs) can 

more easily infect the host56. Potentially, non-pathogens could compete 

with pathogens and enhance host defences, or the pathogenic biofilm could 

reach a state in which pH levels or certain metabolites stress the cloistered 

structure and lead to its disintegration or detachment57. The administration 

of probiotic lactobacilli may simply accelerate these pH and metabolic 

changes58. 
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Biosurfactant production 

There is evidence from two body sites that biosurfactants, surface-

active compounds synthesized by microorganisms, may have a role in 

restoration and maintenance of microbial homeostasis. In the oral cavity, 

home of unexpected microbial diversity59,60, regular toothbrushing and use 

of antimicrobial mouth rinses disrupt the microbiome, while dietary 

components, particularly sugars, increase bacterial growth. Despite these 

insults, the oral cavity in most individuals maintains a degree of microbial 

stability for long periods of time. One reason for this appears to be 

indigenous non-pathogens such as Streptococcus mitis which produces 

biosurfactant molecules that can substantially reduce the presence of 

pathogenic species such as Streptococcus mutans61. When adsorbed onto 

surfaces, these rhamnolipid-rich compounds can prevent S. mutans adhesion62 

through weakening adhesion forces between the pathogen and enamel, yet 

other early colonizing members of the oral microbiota are not blocked, 

suggesting selective activity against cariogenic strains.  

Vaginal lactobacilli produce biosurfactants, made up of a mixture of 

proteins, lipids and carbohydrates, that help displace dense mixed cultures 

of uropathogenic E. coli, Enterococcus faecalis and Gardnerella vaginalis63-65. 

These effects occur even with sparse numbers of lactobacilli, suggesting that 

the secreted low-molecular-weight biosurfactants spread out over the 

surface of the vaginal mucosa and the subsequent alteration in surface 

tension helps repel hydrophobic pathogens66. The biosurfactants therefore 

provide a means of restoration towards lactobacilli-dominated microbiota 

and displacement of the pathogenic species.  
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Bacteriocin and hydrogen peroxide production 

Once in contact with pathogens, the ability to produce substances 

that kill or inhibit their growth could be an important factor in restoring 

homeostasis. Bacteriocins are ribosomally synthesized molecules with a 

relatively narrow killing spectrum whose modes of action include interfering 

with cell wall structure and biosynthesis, forming pores in their target 

bacterial membrane, and permeabilizing membranes67. However, the 

organisms producing bacteriocins are not simply indiscriminate killing 

machines. Rather, they likely sense the bacterial dynamics of their niche, 

and produce bacteriocins to retain a competitive presence. This is illustrated 

by L. acidophilus La-5, whose bacteriocin expression is controlled by an 

auto-induction mechanism involving the secreted peptide IP-1800: 

bacteriocin production increases when the organism senses its target68. The 

ability of bacteriocin-producing strains to make immunity proteins, such as 

the product of the associated Abi gene (skkI) found in Lactobacillus sakei, 

that protect the organism from its own bacteriocin, is crucial for the survival 

of the organism and retention of the microbiome structure69.  

Several studies have strongly suggested that bacteriocins could have 

a role in restoring homeostasis. An S. mutans strain in which the lactate 

dehydrogenase gene had been deleted (making it entirely deficient in lactic 

acid production), produces mutacin 1140, a peptide antibiotic, that gives it a 

strong selective advantage over most other strains of S. mutans70. 

Experiments in gnotobiotic rats have shown that this strain is genetically 

stable and less cariogenic than wild-type S. mutans, and possesses strong 

colonization properties such that a single application can result in its 

permanent colonization and displacement of indigenous, disease-causing S. 
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mutans strains. The lantibiotic mutacin 1140 was shown to remove lipid II 

from the target’s septum and block cell wall synthesis.  

In arguably the most elegant in vivo verification of how a bacteriocin 

functions in the gut to date, Corr et al.71 showed that the Abp118 

bacteriocin produced by Lactobacillus salivarius UCC118 was essential to 

protect the host against infection by invasive Listeria monocytogenes. This 

does not prove that the bacteriocin restores homeostasis, but it shows at 

least one mechanism whereby pathogenesis can be interfered with in the 

gut. 

Hydrogen peroxide (H2O2), a powerful oxidizing agent produced by 

lactobacilli, is able to kill pathogens in the vagina through the production of 

free radical72. Lactobacilli appear able to protect themselves from toxic 

accumulations of H2O2 through the production of Fe(3+) activated 

extracellular peroxidase73. Hydrogen peroxide induces peroxisome 

proliferator activated receptor (PPAR)-gamma nuclear translocation and 

enhances transcriptional activity in gut epithelial cells, directly modulating 

epithelial cell responsiveness to inflammatory stimuli74. The use of H2O2 as 

an antibacterial agent and host signaling transduction molecule, makes its 

contribution to homeostasis two-fold.  

Signaling effects 

In the 1960s, a number of studies on urinary tract infections (UTI) 

showed that in a portion of women, the infections resolved without 

treatment. More recently, in a study of 1143 women in northern Sweden 

who had symptoms suggestive of UTI, of the 288 individuals that were 

treated with a placebo for seven days, 28% showed a spontaneous curing of 
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symptoms after the first week, and 37% after 5-7 weeks75. After evaluating 

dropouts, the overall spontaneous cure rate of symptoms and bacteriuria 

was calculated as 24%. In a study of 50 women, the median time for 

spontaneous remission was reported to be 4 weeks with placebo treatment, 

substantially shorter than the 7 months for those who required concurrent 

antibiotics76.  

One possible mechanism for these effects is that host and/or 

bacterial signaling factors induce a down-regulation in the expression of 

virulence factors, forcing the pathogens to retreat deeper into the bladder 

epithelium77 or back to the vagina. For uropathogenic E. coli, this process 

might involve a two-component response system composed of a histidine 

kinase activated by extracellular signals in the host environment and a 

response regulator that, in turn, modulates the expression of genes that 

induces cell invasion78. Whether the clinical subsidence of the infection is 

influenced by indigenous bacteria in the vagina is debatable, but anti-

virulence signaling molecules have been identified in some strains of 

lactobacilli, known to be present in the vagina and intestine, as well as in 

some probiotics. These include Lactobacillus reuteri RC-14 which produces 

signaling molecules that inhibit toxic shock toxin (TSST-1) expression in 

multiple strains of S. aureus, and interferes with the P2 and P3 promoters of 

the staphylococcal global regulatory system agr79. Presumably in vivo, the 

ability to repress toxins could reduce host damage and inflammation, and 

thus symptomatology, but whether it would help restore microbiota 

homeostasis remains to be seen. 
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Competitive exclusion 

 The ability of indigenous bacteria to compete with transient 

pathogens requires that the former have attributes that strengthen their 

ability to colonize the host. For instance, Bacteroides fragilis produces 

multiple capsular polysaccharides that are essential for colonization of the 

gut80. These polysaccharides not only aid in persistence but also function in 

immune regulation helping to exclude pathogens and restore homeostasis.  

Arguably, the most extreme assessment of competitive exclusion of 

pathogens comes from whole stool implantation to treat individuals with 

chronic gut infections. In this process, a sample of homogenized faeces from 

a healthy relative or friend is instilled through a nasogastric tube into the 

recipient’s stomach or through enema infusion or nasoduodenal tubes81,82. 

For a cohort of 159 individuals, the overall reported success rate for 

restoring normal homeostasis to the gut microbiota was 91%83. In one 

patient infused with her husband's microbiota through colonoscope, there 

was a rapid and prolonged change in bacterial composition with Bacteroides 

dominating, Clostridium difficile absent and defecation frequency returning 

to normal84. This was a particularly interesting case, as it showed that 

colonization with exogenous bacteria is possible, an end result that has so 

far eluded probiotics. The implantation appears to re-establish colonization 

resistance whereby the dense population of infused microorganisms blocks 

the pathogens from causing a relapse of enteric disease. 

This treatment appears to competitively exclude C. difficile and 

prevent potentially fatal symptomatic relapse. The recipients had received 

extensive antibiotic treatments during their C. difficile management and just 

prior to faecal transplant, thus much of their indigenous microbiota would 
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have been eradicated. In future, it may be possible to create a healthy 

microbiota in a chemostat or other complex multistage continuous cultures 

that simulate the large bowel, and use this as an inoculum rather than 

human stool.  

Immunomodulation 

Antimicrobial factors such as defensins, lysozyme and hemocidins 

can have a role in restoration of microbial equilibrium. The host’s immune 

system must properly calibrate responses to pathogens and differentiate 

commensal and exogenous non-pathogenic organisms85, and appears to do 

this through pattern recognition receptors, which mediate the detection of 

bacterial antigens and activate signaling cascades that regulate the immune 

response. The homeobox-containing protein Caudal has been shown in to 

regulate the interaction between Drosophila and its indigenous microbiota 

by repressing nuclear factor kappa B (NF-κB)-dependent antimicrobial 

peptide genes, thereby maintaining homeostasis86 (Figure 4). These studies 

illustrate that immune regulation, to a large extent instigated or controlled 

by microorganisms, can target pathogens and thus help indigenous 

organisms to re-emerge.  

The microbiota can have a role in intestinal inflammatory 

autoimmunity, but perhaps they also counter systemic immune aberrations 

such as allergy, rheumatoid arthritis (RA) and type I diabetes (T1D)87. 

Polysaccharides purified from microbiota constituents can suppress pro-

inflammatory interleukin-17 production by intestinal immune cells and 

protect the host from inflammatory disease through a functional 

requirement for interleukin-10-producing CD4+ T cells88. Short-chain fatty 
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acids produced by intestinal commensals also appear able to counter 

immune aberrations, as illustrated by their binding to G-protein-coupled 

receptor 43 (GPR43) in models of colitis, arthritis and asthma89. In relation 

to restoration after skin injury, staphylococcal lipoteichoic acid can act 

selectively on keratinocytes triggered through TLR3, which then inhibits 

inflammatory cytokine release from keratinocytes and inflammation 

triggered by injury through a TLR2-dependent mechanism90.  

These examples illustrate some of the molecular mechanisms used 

by commensal bacteria to help prevent disease and restore equilibrium. 

Intriguingly, the effects can be conferred by species that under other 

conditions may be pathogenic. The interface between the microbiota and 

the host’s immune system is changing with dietary modifications and the 

widespread use of antimicrobials91. Likewise, our categorization of 

pathogens versus non-pathogens needs to be carefully considered, as clearly 

some so-called pathogenic or virulence factors are used by commensal and 

perhaps even probiotic organisms to convey benefits to the host. For 

example, capsules, adhesins, biofilm capacity, production of toxins and the 

ability to induce inflammation are regarded as pathogenic properties, yet 

many commensals also have capsules, use adhesins, and have the capacity 

to induce antimicrobial inflammatory processes depending on 

circumstances. Indeed, part of the reason that E. coli Nissle 1917 is 

considered to be a probiotic and useful for treating some inflammatory 

bowel disease cases, is the part that its capsule plays in chemokine 

induction92. As Blaser and Falkow illustrate, there is a need to increase our 

focus on the rules that govern the evolution of cooperation91. In terms of 

ecology, equilibrium requires boundaries and penalties for transgressors, 
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and maintenance of homeostasis requires inputs from multiple sources, 

including the commensal microbiota. In a state defined clinically as being 

healthy or devoid of disease, the equilibria form a continuum structure that 

permits the co-evolution of competing organisms with sufficient elasticity to 

cope with invaders. Studies are needed to not only understand these 

phenomena, but to investigate aberrant conditions in which equilibria either 

is not functioning, has never been attained, or is unable to be recalibrated.  

Modulation of tight junctions 

 The integrity of the epithelial lining of the mouth, gut and vagina is 

crucial to maintaining health. When this is disrupted or breached, the 

microorganisms on the outer surface gain access to the tissue and 

bloodstream and induce disease. For example, HIV can decrease trans-

epithelial resistance through disruption of tight junction proteins (claudin 1, 

2, 4, occludin and ZO-1) and thereby allow viral entry into the host93. 

Potentially, lactobacilli could counter this effect as they up-regulate the 

scaffold protein zonula occludens (ZO)-1 and transmembrane protein 

occludin94,95, as well as elafin (unpublished data), a molecule associated with 

HIV resistance42. However, there is no evidence to date that the sparse 

coverage of vaginal cells by indigenous lactobacilli or the presence of 

specific bacterial species can protect against HIV, and it remains to be 

determined whether probiotic application could confer any degree of 

protection. 

In the intestine, various sensory pathways can influence homeostasis 

and recovery from, or prevention of, inflammatory processes96. For 

example, Paneth cells whose function can be regulated by the unfolded 
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protein response and autophagy, have a crucial role in limiting barrier 

breaches of the epithelial lining through their ability to sense the microbiota 

and produce antimicrobial molecules through cell-autonomous MyD88-

dependent activation of TLRs96. 

 

Probiotics to augment microbiota restoration 

One rationale for the use of probiotics is to help restore and 

maintain homeostasis. Although the commercial field of probiotics is sadly 

still lined with too many undocumented products making unproven claims, 

the pending implementation by regulatory agencies of some or all of the 

guidelines published on what constitutes a probiotic97, will hopefully focus 

attention on strains proven to confer health benefits (exemplified in Table 

1). Not all probiotic applications have been successful. For example, 

attempts at using probiotics to treat Crohn’s disease met with failure, 

although this may not be unexpected given that there is only sparse 

evidence to indicate that microbial imbalance is its primary causation98. In 

other cases, such as treatment of Helicobacter pylori infections, the inability 

of probiotic organisms to colonize and displace deeply embedded pathogens 

is also anticipated. Nevertheless, probiotic therapy has been shown to 

reduce some of the side effects of pharmaceutical treatment of H. pylori and 

potentially decrease pathogen density99.  
Several studies have shown that probiotic bifidobacteria and 

lactobacilli may help prevent or reduce caries rates100. This is somewhat 

counter-intuitive, as both species can actually be involved in deep carious 

lesions. However, it seems when supplemented as a probiotic, these 
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organisms displace and reduce salivary levels of mutans streptococci and 

that by failing to colonize, they do not induce acidic damage to the 

teeth.101,102 

The recent interest in the potential for probiotics to influence 

obesity through altering the gut microbiome is fueled by studies showing 

that a higher abundance of certain species, such as Bacteroides and 

Staphylococcus, can be found in obese individuals103. However, to date no 

interventions have been tested for obesity, although a randomized study of 

256 pregnant women showed that ingestion of probiotic Lactobacillus 

rhamnosus GG and Bifidobacterium lactis Bb12 reduced threefold the 

frequency of gestational diabetes mellitus (GDM)104, potentially through 

alteration of energy uptake. Furthermore, a combination of L. rhamnosus 

GG and B. lactis Bb12 improved glucose tolerance in non-obese pregnant 

women, suggesting that this approach is worthy of consideration for 

obesity105.  

One of the most chronic inflammatory skin diseases is atopic 

dermatitis (AD), the hallmark of which is dry, red, itchy skin. The prevalence 

of AD is about 18% to 25% in children106. Risk factors for AD include 

sensitizations to ingested and inhaled allergens. Unlike microorganisms on 

healthy skin, the microorganisms colonizing the skin of AD patients, 

Staphylococcus, Corynebacterium, and Candida107, are characterized by 

profound polymorphism of cells. AD is accompanied by destructive changes 

on the skin and bacteria on the upper layers of epidermis. Potentially, the 

maturation of the intestinal microbiota has a role in the spontaneous 

resolution of AD that occurs by age two in many children. To test this 

theory, probiotic lactobacilli and/or bifidobacteria have been administered 
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to pregnant women and newborns at high risk of AD. In one study of 68 

infants followed for a year, the prevalence of eczema was significantly lower 

in the probiotic group versus placebo (18.2% vs. 40.0%, p=0.048)108. In 

another study, children aged between 2 and 10 years old who had received 

a L. sakei supplement109 showed significant clinical improvement, suggesting 

that the effect may not be specific for a probiotic strain. However, the 

failure of L. reuteri to remediate eczema110 contradicts this theory, and the 

lack of clinical effect on AD or asthma-related events using L. rhamnosus GG 

in a prospective double-blind study randomly assigned trial of 131 children 

(6-24 months old)111, indicates that more studies are needed. In terms of 

how the gut microorganisms might influence the skin, several mechanisms 

have been proposed including immune modulation and improving tight 

junction barrier function. 

The high prevalence of an aberrant microbiota does not necessarily 

translate into symptomatic infections in all cases. This is certainly the case 

with BV. A major reason for a natural return to homeostasis is likely the 

ability of indigenous lactobacilli to ascend from the rectum into the vagina 

and dislodge BV biofilms, using mechanisms outlined in Figure 4. Several 

studies have provided conceptual proof. Ingested probiotic L. rhamnosus 

GR-1 and L. reuteri RC-14 have been shown to reach the rectum, ascend to 

the vagina, reduce yeast and bacterial pathogen ascension and increase the 

number of women whose BV resolved49,112. This approach holds great 

promise to interfere with dysbiosis before symptomatic BV or UTI recurs.  
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In closing 

Chau et al.113 speculated that probiotic species may have arisen by a 

selection process on peptidoglycan that can down-regulate the effects of 

toxic virulence factors produced by pathogens. The proposal was that 

pathogens might rather be commensal and live in an environment that is 

not pathologic to the host. This implies there are triggers that can sway the 

balance of the microbiome away from homeostasis to pathogenesis, and 

similarly factors that return the balance from an infected state. Many such 

triggers of disease have been identified, yet far less known are triggers of a 

natural return to homeostasis. Studies that provide insight into this area will 

be challenging, but may lead to new methods to treat and prevent disease. 

The alternative challenge will arise if we let the current, often ineffective 

arsenal of therapies run out.  
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Chapter 1.2  

General Aims of this Thesis 

The general aim of this thesis is to develop a better understanding of 

the biophysical interactions that exists between vaginal microorganisms and 

probiotic strains. The specific interactions that have been investigated in this 

thesis are coaggregation behavior and adhesion forces, changes in virulence 

markers, fluctuation patterns of inflammatory cytokines, and changes in 

artificial biofilm morphology and composition. This research may help to 

give insight on how commensal and pathogenic vaginal strains physically 

influence each other and the epithelial cells to which they adhere and 

whether a probiotic strain can be helpful either to reduce virulence/target 

the epithelium and when. Furthermore, the bacterial adhesion forces 

obtained may yield potential target therapeutic binding sites on the 

epithelial cells.  
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Chapter 2 

Adhesion Forces and Coaggregation 
between Vaginal Staphylococci and 
Lactobacilli 
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Abstract  

Urogenital infections are the most common ailments afflicting 

women. They are treated with dated antimicrobials whose efficacy is 

diminishing. The process of infection involves pathogen adhesion and 

displacement of indigenous Lactobacillus crispatus and Lactobacillus 

jensenii. An alternative therapeutic approach to antimicrobial therapy is to 

reestablish lactobacilli in this microbiome through probiotic administration. 

We hypothesized that lactobacilli displaying strong adhesion forces with 

pathogens would facilitate coaggregation between the two strains, 

ultimately explaining the elimination of pathogens seen in vivo. Using 

atomic force microscopy, we found that adhesion forces between 

lactobacilli and three virulent toxic shock syndrome toxin 1-producing 

Staphylococcus aureus strains, were significantly stronger (2.2 – 6.4 nN) than 

between staphylococcal pairs (2.2 – 3.4 nN), especially for the probiotic 

Lactobacillus reuteri RC-14 (4.0 – 6.4 nN) after 120 s of bond-strengthening. 

Moreover, stronger adhesion forces resulted in significantly larger 

coaggregates. Adhesion between the bacteria occurred instantly upon 

contact and matured within one to two minutes, demonstrating the 

potential for rapid anti-pathogen effects using a probiotic. Coaggregation is 

one of the recognized mechanisms through which lactobacilli can exert their 

probiotic effects to create a hostile micro-environment around a pathogen. 

With antimicrobial options fading, it therewith becomes increasingly 

important to identify lactobacilli that bind strongly with pathogens.  
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Introduction  

Vaginal and bladder infections are among the most common causes 

of illness in women. Antimicrobial treatment regimens have remained 

relatively static for 40 years without reducing recurrences, and now with 

drug resistance developing, efficacy is further diminishing. High throughput 

sequencing studies on well-characterized cohorts have revealed that 

Lactobacillus iners, Lactobacillus crispatus, Lactobacillus gasseri, and 

Lactobacillus jensenii dominate the vaginal microbiota in healthy women, 

but L. crispatus and L. jensenii are unable to withstand the influx of 

pathogens leading to infection, and thus are more displaced from the 

normal microflora1-3. This inability to persist is believed to be related to their 

lack of adhesion to the vaginal surface, other microbes and their failure to 

adapt to the changing urogenital environment4. Contrarily, the capacity of 

pathogens to adhere to each other and the mucosa is critical in the infection 

process5, and of these organisms, aerobic Escherichia coli and the toxic 

shock syndrome (TSS) toxin-producing Staphylococcus aureus are the most 

virulent6.  

In patients with bacterial vaginosis (BV), dense pathogenic biofilms 

cover the epithelial surface. Such biofilms afford not only a synergistic 

opportunity for survival and evasion of host defences, but also a means to 

resist host and exogenous antimicrobials, allowing the development of 

recalcitrant infections7. Interestingly, in a portion of women, BV 

spontaneously resolves without antimicrobial intervention, and lactobacilli 

return to dominance8. In vitro studies have shown that the administration of 

certain probiotic lactobacilli can lead to disruption of these pathogenic 
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biofilms9, but the actual mechanism of interference and biofilm penetration 

has not been studied.  

We hypothesized that probiotic lactobacilli used successfully to 

prevent recurrent infections, would display strong adhesion forces with 

pathogenic strains and be able to bind to pathogens creating coaggregates. 

If adhesion forces of lactobacilli with pathogens are greater than those 

binding the pathogens to each other, this could explain the disruptive 

process. The ability to penetrate dense pathogen biofilms could also be 

aided by biosurfactant production10, but thereafter Lactobacillus integration 

into the multilayered structure and formation of coaggregates with the 

pathogens would allow their antimicrobial molecules to disrupt the biofilms 

and reduce pathogen viability9,11,12. For instance, Lactobacillus reuteri RC-14 

has shown the ability to penetrate mature E. coli biofilms and kill the E. coli 

upon coaggregation and integration within the biofilm9.  

Since the introduction of the atomic force microscope (AFM) and the 

development of techniques to prepare bacterial probes for interaction with 

surfaces13-16, adhesion forces involved in bacterial (co)aggregation have 

been measured. Bacterial (co)aggregation has been demonstrated to be 

sensitive to even minor differences in adhesion forces between strains. 

Coaggregating and non-coaggregating oral bacterial pairs had adhesion 

forces of around 1 and 4 nN, respectively17. Aggregation between 

Enterococcus faecalis strains is mediated by the aggregation substance Agg, 

a plasmid encoded surface protein, and strains lacking Agg had smaller 

adhesion forces (1.3 nN) than strains possessing Agg demonstrating 

adhesion forces between 2.3 and 2.6 nN18. Moreover, adsorption of an 

antibody against Agg to an aggregating enterococcal strain reduced the 
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adhesion force to around 1.2 nN. It has even been argued that a beneficial 

effect of cranberry juice on adhering urogenital pathogens could be 

attributed to a reduction in adhesion force between E. coli and a silicon 

nitride AFM tip upon adsorption of cranberry juice components from higher 

than 0.5 nN to smaller than 0.5 nN19. 

The aim of the current manuscript is to evaluate our hypothesis that 

adhesion forces mediating coaggregation between lactobacilli and 

staphylococci are stronger than the forces that mediate staphylococcal 

aggregation. Using AFM and coaggregation assays, we were able to 

demonstrate that lactobacilli indeed had equal or stronger adhesion forces 

to the staphylococci than the pathogens did with themselves, while 

furthermore pairs of strains showing more extensive (co)aggregation 

possessed significantly higher adhesion forces. 

 

Materials and Methods  

Bacterial strains, culture conditions  

Three TSS toxin 1–producing S. aureus strains, MN8 (isolated from a 

patient with menstrual TSS), COL (isolated from an operating theatre; a 

methicillin-resistant strain), and Newman (isolated from a human infection) 

were cultured aerobically from brain heart infusion (BHI; OXOID, 

Basingstoke, UK) agar plates in 10 mL of BHI broth at 37°C. Resident 

lactobacilli, L. jensenii RC-28, L. crispatus 33820, and the established 

probiotic strain L. reuteri RC-14 were cultured anaerobically from de Mann, 

Rogosa and Sharpe (MRS; MERCK, Darmstadt, Germany) agar plates in 10 
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mL of MRS broth at 37°C. All strains were harvested in late-exponential 

phase by centrifugation for 5 min at 5000 g at 10°C, washed twice with 

sterile phosphate-buffered saline (PBS: 150 mM NaCl, 10 mM potassium 

phosphate; pH 7.0) and resuspended in 2 mL of the same buffer.  

Measurement of bacterial adhesion forces using atomic force microscopy 

In order to measure adhesion forces between bacterial pairs, a 

bacterium-coated AFM cantilever must be manoeuvred toward another 

bacterium that is immobilized on a substratum surface (Figure 1A and B), 

and the force upon approach and retraction of the bacterial probe is 

recorded from the cantilever deflection (see Figure 1C for a schematic 

example of a so-called “force-distance” curve). Upon approach, an 

increasing repulsive force is measured until physical contact, while upon 

subsequent retraction, an attractive force is found between the two 

adhering bacteria until failure20-22.  

Immobilization of bacteria  

Glass slides were used for the immobilization of bacteria. The glass 

surface was cleaned by sonication for 2 min in 2% RBS35 and subsequently 

thoroughly rinsed with demineralized water, 70% ethanol, and finally with 

demineralized water. After air-drying, 20 µL of a 0.1% w/v poly-L-lysine 

solution (Sigma-Aldrich, Zwijndrecht, The Netherlands) was put on the glass 

surface and allowed to air dry. Bacterial suspensions of 1.0 x 105 

bacteria/mL (lactobacilli) and 1.0 x 106 bacteria/mL (staphylococci) were 

vortexed with a bench-top vortex for 5 s before a 50 µL suspension droplet 

was added to the glass slide, yielding a low number of bacteria of between 

103 and 104 bacteria/cm2, respectively. A low number of adhering bacteria 
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was preferred in order to enable the selection of single immobilized bacteria 

for force measurements. After 20 min, the slide surface was carefully rinsed 

with demineralized water to remove any loosely adhering bacteria and 

transported in a covered petri dish containing paper moistened with 

demineralized water. All surfaces with immobilized bacteria were freshly 

prepared for each experiment. 

Preparation of AFM probes 

Bacterial AFM probes were prepared by adhering bacteria to “V”-

shaped tipless AFM cantilevers (Veeco, DNP-0, Woodbury, NY, USA) through 

the use of a micromanipulator (Narishige International, Tokyo, Japan) under 

microscopic observation (Leica DMIL, Wetzlar, Germany). A small droplet of 

poly-L-lysine solution was placed on a glass slide, and the cantilever was 

dipped in the droplet for 2 min. After a 2 min drying period, the cantilever 

was dipped in a bacterial suspension (1.0 x 105 bacteria/mL for lactobacilli 

and 1.0 x 106 bacteria/mL for staphylococci) for 2 min and placed in a 

covered box with wet paper on the side to ensure moist conditions during 

transport to the AFM (note that all bacterial probes were freshly prepared 

for each experiment). Bacterial strains were grouped into identical pairs of 

staphylococci (S-S), and mixed pairs of lactobacilli and staphylococci (L-S). 

Staphylococci were the preferential probe bacteria, because of their 

spherical shape.  

Bacterial adhesion force measurements 

AFM measurements were carried out at room temperature in sterile 

PBS (pH 6.0) using an optical lever microscope (Nanoscope V, Digital 

Instruments, Woodbury, NY, USA) with z-scan rates of 1.0 Hz under a 
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maximal loading force of 5 nN. Calibration of cantilevers was performed 

using the AFM Tune-it Version 2 software, yielding an overall average spring 

constant of 0.053 ± 0.003 Nm-1. Force curves were measured after different 

contact times (0, 30, 60, and 120 s) between the bacterial probe and a 

bacterium immobilized on the glass slide and the maximal adhesion force 

upon retraction was recorded. All force curves were analyzed using Force-

Distance software (Version 3.0.0.19).  

In order to verify that a bacterial probe enabled a single contact with 

the surface, a scanned image in AFM contact mode with a loading force of 1-

2 nN was made at the onset of each experiment and examined for double 

contour lines, which are indicative of multiple bacteria on the probe in 

contact with the bacterium selected on the slide. Any probe exhibiting 

double contour lines was discarded. At this point it must be noted however, 

that double contour line images seldom or never occurred, since it 

represents the unlikely situation that bacteria on the cantilever are 

equidistant to an immobilized bacterium on the glass surface within the 

small range of the interaction forces, which is unlikely if only by the angle 

under which the cantilever is in contact with the substratum. To ensure that 

a bacterial probe was not affected by previous measurements, a force curve 

at 0 s surface delay on clean glass was compared to five initially measured 

control force curves on glass. If the continued measurement differed by 

more than 0.2 nN from the average control force, data were discarded and a 

new probe was prepared. For each combination of bacterial strains, at least 

40 force-distance curves were recorded with two to four bacterial probes 

and bacteria from at least two different cultures of each strain.  
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Coaggregation assay 

Bacterial suspensions in PBS (pH 6.0) of all strains were adjusted to 

equal concentrations of bacteria, after which equal volumes of each pair 

were mixed for 20 s using a bench top vortex, and left for 2 h. A droplet of 

this suspension was then put on a glass slide and Gram-stained for visual 

observation of aggregates, defined as visible clumps of bacteria and 

classified according to the presence of large and dense visible clumps of 

bacteria (++), small and sparsely distributed clumps (+), or no visible clumps 

or bound bacteria (-), as based on the assays used by Kolenbrander et al. for 

oral-coaggregation23.  

Statistical analysis 

In order to determine the statistical significance of differences in 

maximal adhesion forces between L-S and S-S pairs, the differences in 

adhesion force between S-S pairs and the corresponding L-S pairs were 

calculated for each pair of Lactobacillus and staphylococcal strains at all 

surface delay times up to 120 s using a linear mixed model (LMM). For a 

fixed combination of strains, i.e. a specific L-S or S-S pair, the LMM was 

applied to account for random variations due to the differences in adhesion 

forces, including the use of multiple cultures and probes. Next, procedure 

MIXED of SAS (Version 9.2) using restricted maximum likelihood and the 

Kenward-Rogers option for the number of degrees of freedom was used to 

fit the LMM. This yielded modeled values of the mean adhesion forces at all 

four surface delay times, representing the maximal adhesion force from the 

interaction of each bacterial pair as can be read from Figure 1C at position 3.  
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The null-hypothesis that the mean adhesion forces for the L-S pairs 

equals the corresponding S-S pairs at all four surface delay times was tested 

for each mixed pair separately with an F-test at significance level α=0.05.  

The mean adhesion forces from this LMM at 120 s were used as 

input for the two-sample Student’s t-test to investigate a relation between 

adhesion forces and coaggregation scores and statistical significance was set 

at p<0.05. 

 

Results  

Figure 1A and C show schematics of the experimental AFM setup 

used in this study and the force-distance data that is generated, while Figure 

1B shows the AFM bacterial probes used in the measurements.  
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Figure 1 | AFM experimental set-up and the resulting force-
distance curve. 
A | Schematic presentation of the experimental AFM set-up. This depicts lactobacilli 
immobilized on poly-L-Lysine coated glass and a Staphylococcus bacterium 
attached to the AFM cantilever. 
B | Fluorescence image of a bacterial probe coated with S. aureus Newman. The 
tipless cantilever (Bruker; Camarillo, CA) was prepared according to the methods 
outlined in the paper, used for AFM force adhesion experiments and stained using 
LIVE/DEAD Baclight viability stain (Molecular Probes Europe BV; Leiden, The 
Netherlands). Green spots represent viable bacteria. 
C | Schematic presentation of the cantilever deflection and the resulting force-
distance curve upon approach and retraction of two bacteria in AFM. At large 
separation distances, no adhesion force is measured between bacteria (1), while at 
closer approach, repulsion occurs between the interacting bacteria, indicated by 
positive force values (2). Upon retraction, an attractive, negative force is measured 
(3). 
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Examples of actually measured force distance curves over the surface delay 

time points are shown in Figures 2A and B for an identical staphylococcal 

pair and a mixed pair of staphylococci and lactobacilli, respectively. For both 

bacterial pairs, adhesion forces increased over time. For the identical 

staphylococcal pair (Figure 2A), a maximal adhesion force of -5.8 nN was 

reached after 120 s, which is considerably smaller than the maximal 

adhesion force of -7.1 nN between the mixed Staphylococcus and the 

Lactobacillus strain (Figure 2B).  

 

Figure 2 | AFM force-distance curves from different bacterial 
pairs.  
A | Representative force-distance curves between an identical pair of S. aureus 
Newman with retraction curves measured after 0, 30, 60, and 120 s surface delay. 
B | Representative force-distance curves between a mixed pair of L. crispatus 
33820 and S. aureus Newman. Retraction curves were measured after 0, 30, 60, 
and 120 s surface delay time.  
 

The maximal adhesion force was reached at slightly closer distances for the 

identical staphylococcal pair (40 nm) compared to its mixed counterpart (70 

nm), but pull-off events were sustained at much larger distance ranges for 

the mixed pair (> 200 nm).  
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Figure 3 | Maximal adhesion forces as a function of surface 
delay.  
Maximal adhesion forces, obtained using the LMM on the measured data, as a 
function of the surface delay time for the three strains of identical staphylococcal 
pairs involved in this study, with their 95% confidence intervals indicated by the 
dotted lines.  

 

Figure 3 summarizes the maximal adhesion forces derived from the 

LMM as a function of the surface delay times for the three identical S-S pairs 

in this study. S. aureus MN8 consistently showed the strongest adhesion 

forces irrespective of the surface delay time, increasing from -0.5 to -3.4 nN 

within 120 s. S. aureus COL and Newman displayed similar increases in 

adhesion forces over time, but adhesion forces were generally smaller than 

those of MN8. Note, from Figures 2A and B, that depending on the bacterial 

combination involved, an increase in surface delay time may be 

accompanied by adhesion forces sustaining over longer distances.  

The difference in maximal adhesion forces between mixed pairs of 

staphylococci and lactobacilli and each corresponding S-S pair is shown in 

Figure 4 as a function of surface delay time. The LMM analysis for all time 

points indicated that the L-S pairs had equal or stronger adhesion forces 

when compared to the S-S pairs. While the L-S pairs on the whole showed 
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stronger adhesion forces (2.2 – 6.4 nN) than the S-S pairs (2.2 – 3.4 nN) after 

120 s, there were differences seen within the lactobacilli strains themselves. 

Pairs involving the probiotic strain L. reuteri RC-14 after 120 s surface delay, 

overall had the strongest adhesion forces (4.0 – 6.4 nN) and showed 

significant differences in adhesion forces with two pathogen pairs (p<0.05).  

 

 
Figure 4 | Maximal adhesion force differences between L-S and 
S-S pairs as a function of surface delay.  
Differences between the maximal adhesion forces for mixed pairs of staphylococci 
and lactobacilli pairs (L-S) and the corresponding identical staphylococcal pairs (S-S) 
as a function of the surface delay time, together with their 95% confidence 
intervals indicated by the dotted lines. Positive values indicate stronger adhesion 
forces between identical S-S pairs than between mixed L-S pairs. Significant 
differences (confidence interval not including the zero line) from the corresponding 
S-S pair at individual time points are indicated by an asterisk (*). 
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On the other hand, L. jensenii RC-28 and L. crispatus 33280, both vaginal 

commensals showed statistically significant different adhesion forces with 

only one pathogen pair each (p<0.05). One noteworthy point is that there 

were no significant differences between L-S pairs with the S. aureus MN8 

strain; all such pairs contained either S. aureus COL or Newman. 

Within all pairs studied, only coaggregation scores ++ (dense 

clumping for L. reuteri RC-14 with S. aureus COL) or + (minimal clumping as 

seen for L. crispatus 33820 with S. aureus COL) were observed (Figure 5A). 

The pairs were grouped according to their coaggregation scores and their 

corresponding maximal adhesion forces (Figure 5B). Pairs that coaggregated 

well (++) had a significantly (p=0.020) higher adhesion force (-4.9 ± 1.0 nN) 

than pairs coaggregating less well (+), which had an adhesion force of -3.1 ± 

1.1 nN. 
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Figure 5 | The relationship between coaggregation scores and 
maximum adhesion forces.  
A | Phase-contrast micrographs, demonstrating the difference between 
coaggregation score (+) and (++) for mixed pairs of L. crispatus 33820 (left) and L. 
reuteri RC-14 (right) with S. aureus COL. Images were obtained with a CCD camera 
(Basler AG, Germany) mounted on a phase contrast microscope (Leica DM2000; 
Leica Microsystems Ltd, Germany) set at 40x objective. 
B | Maximal adhesion forces grouped according to the corresponding 
coaggregation scores for the identical and mixed bacterial pair included in this 
study. The adhesion forces shown here are the means of the two groups of 
coaggregation scores, also visually represented with the thin grey horizontal lines. 
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The dotted grey line visually represents the difference between the mean of the 
maximal adhesion forces of the two coaggregation groups, at a statistically 
significant difference of p=0.020 (*). 
 

Discussion 

Bacterial adhesion is an important determinant of biofilm formation 

on host surfaces and their pathogenesis. Biofilms can be formed by 

adhesion of single bacteria or coaggregates, emphasizing the role of 

adhesion forces between bacteria in the infectious process. Furthermore, 

we have proposed that these adhesion forces may mediate coaggregation. 

Indeed the main findings of this study supported our hypotheses. Adhesion 

forces between pairs of lactobacilli and staphylococci were equal or greater 

in magnitude than adhesion forces between staphylococcal pairs in all cases 

(Figure 4). In addition, a significant difference was found between the 

adhesion forces corresponding to the two coaggregation scores (p=0.020). 

Statistical significance is generally hard to establish in the measurement of 

adhesion forces between microorganisms using AFM. Both parametric and 

non-parametric statistics as well as Weibull analyses of adhesion forces have 

been applied to compare AFM adhesion forces in biological systems24. The 

LMM statistical method25,26 applied here is relatively new in this field and 

allows the user to combine and account for multiple sources of variation 

(inter-probe and intra-probe effects for specific pairs) in order to be able to 

identify the true standard error around the mean adhesion forces between 

pairs at different time points. Therewith LMM has allowed us to determine 

realistic statistical significances, instead of using statistical tests that cannot 
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incorporate this heterogeneity and thus provide either over- or under-

estimates of standard errors. This type of statistical model is highly 

recommended for adhesion force data, as it is able to deal with issues that 

have hitherto compounded the analysis of this type of heterogeneous data.  

Adhesion forces between lactobacilli and pathogenic staphylococci 

occurred instantly upon contact and matured within one to two minutes. 

Clinically, it has been shown that the microbiota can shift within days from 

being healthy and dominated by two of the species tested here, L. crispatus 

or L. jensenii1-3, to a pathogen-dominated aberrant microbiota, including in 

some women to one that has a large abundance of S. aureus (unpublished 

data). The adhesion forces of the S. aureus strains with L. crispatus 33820 

and L. jensenii RC-28 were less strong when compared to those with the 

probiotic RC-14. This suggests that Lactobacillus species effective in 

displacing pathogens, need to display strong adhesion forces to their 

pathogen targets, a desirable probiotic characteristic for infectious 

interventions. As studies of the human microbiome divulge, critical changes 

that lead to homeostasis and health or disease, the ability to understand 

physical forces at the nano-level that influence these dynamic reactions, will 

be critical to develop novel therapeutic interventions. 

Although all three S. aureus strains involved in this study have the 

ability to produce TSST-1, only S. aureus MN8 was isolated from a clinical 

case of TSS. Interestingly, S. aureus MN8 had stronger adhesion forces to 

itself when compared to S. aureus Newman and COL (see Figure 3), 

especially after 120 s surface delay that could hardly be surpassed by 

Lactobacillus interaction with S. aureus MN8 (see Figure 4). This suggests 
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that strong adhesion forces between pathogenic organisms must be 

considered as a virulence factor.  

Coaggregation between enterococci and different oral bacterial pairs 

has been previously shown to occur with forces ranging from 2.6 to 4.0 

nN17,18, which are slightly less than observed here, probably because herein 

we account for bond-strengthening while most other studies only report 

adhesion forces immediately upon contact. Adhesion forces between 

bacteria can become stronger over time due to progressive removal of 

water from in between the interacting cell surfaces, re-arrangement of 

surface structures and unfolding of binding molecules. Note that these 

aspects of bond-strengthening are all physico-chemical in nature and occur 

for inert polystyrene particles as well. Irreversible anchoring of organisms, 

through for example, production of extracellular polymeric substances, 

requires more time and is unlikely to happen in the absence of nutrients, as 

applied in the current study which occurred in PBS. Interestingly, bond-

strengthening was accompanied by adhesion forces extending over longer 

distances, which is likely due to the involvement of more and longer 

adhesive cell surface appendages in the bond after strengthening. This 

opens an alternative way to analyze our data.  

The analysis presented so far is based on adhesion forces, whereas 

the area under a force-distance curve represents the energy required to 

disrupt the bond between two bacteria. Analysis of the data in terms of 

adhesion energy (see supplementary material) demonstrated that overall 

the L-S pairs had greater or equal adhesion energies than the S-S pairs and 

four L-S pairs showed significantly stronger adhesion energies (p<0.05) than 

their corresponding S-S pairs, in general agreement with our hypothesis and 

 65 



the analysis on basis of adhesion forces. However, whereas adhesion forces 

confirmed our hypothesis for four L-S pairs (Figure 4), the same number of 

L-S pairs also showed significantly greater adhesion energy than the S-S 

pairs. Only one pair was different in bacterial strains from the adhesion 

force analysis: the analysis on the basis of adhesion energies identified 

significant effects for L. jensenii RC-28 and S. aureus MN8, while in the 

adhesion force analysis, L. jensenii RC-28 was significant with the pathogen 

S. aureus strain COL. The combined analysis of adhesion forces and energies 

strengthens our conclusions, despite the strain difference detected between 

both analyses. 

The coaggregation process in the oral cavity has been well described 

not only for diseased states but also for the maintenance of a relatively 

homeostatic microbiota27. In the vagina, when the coaggregates are 

pathogen-dominated, conditions like BV arise and increase the subject’s risk 

of numerous complications including infections and preterm labour28. On 

the other hand, when lactobacilli form coaggregates and bind to pathogens, 

this results in a return to homeostasis29, as coaggregation creates a hostile 

biochemical micro-environment around a pathogen and prevents it from 

continuation of growth and domination of the niche. Therewith this study 

provides support for the use of probiotic lactobacilli to treat and prevent the 

most common aberrant conditions in women, namely urogenital infections. 

In summary, adhesion forces between lactobacilli and three virulent 

TSST-1–producing S. aureus strains, were found to be equal or stronger than 

between staphylococcal pairs, especially for the probiotic L. reuteri. In 

addition, pairs of strains showing stronger adhesion forces showed more 

extensive (co)aggregation. The lower adhesion forces between resident 
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lactobacilli and pathogenic staphylococci may explain why these lactobacilli 

are more easily displaced by urogenital pathogens in vivo28. Therewith, this 

study opens a new pathway for the design of effective probiotic strains that 

involves optimization of the adhesion forces governing coaggregation with 

target pathogens. AFM, as applied here, can provide a quantitative means to 

guide this process. 
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Chapter 3 
 
Disruption of Gardnerella vaginalis 
Biofilms by Lactobacilli In Vitro 
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Abstract 

Bacterial vaginosis is one of the most common vaginal infections, 

caused by polymicrobial biofilms, in which Gardnerella vaginalis is one of 

the initial colonizers. With increasing antibiotic resistance among many 

pathogens, it is important to explore alternative routes of therapy and 

prevention, such as the use of lactobacilli. This study summarizes a number 

of observations on the disruption of G. vaginalis BME-1 biofilms by 

lactobacilli that collectively support a new biophysical mechanism of 

antagonistic Lactobacillus action towards G. vaginalis biofilms. First, a 

significant decrease in thickness was observed in mixed species biofilms of 

G. vaginalis and lactobacilli as compared to similarly grown, single-species 

G. vaginalis biofilms. Cell-free supernatants from different Lactobacillus 

strains were also able to significantly disrupt G. vaginalis biofilms. Secondly, 

bacterial probe atomic force microscopy demonstrated that the 

Lactobacillus strains adhered more strongly to G. vaginalis than the 

pathogen did to itself. This implies that lactobacilli can incorporate 

themselves within and co-adhere with G. vaginalis in mixed species biofilms, 

as confirmed using fluorescence in situ hybridization probes and confocal 

laser scanning microscopy. Summarizing, this study demonstrates an 

adhesion force based, biophysical mechanism by which lactobacilli can 

disrupt G. vaginalis biofilms, thereby offering future options for better 

management of bacterial vaginosis and targeting pathogens with 

antagonistic lactobacilli.  
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Importance 

The ability of Gardnerella vaginalis to form biofilms is a critical 

component of bacterial vaginosis (BV), a condition that can have serious 

consequences for the health of women and the children they bear. 

Antibiotic treatments are often ineffective and do not restore a healthy 

vaginal microflora. Here, we demonstrate that different strains of 

lactobacilli can adhere to G. vaginalis to incorporate themselves within and 

cause disruption of G. vaginalis biofilms, thereby helping to explain the 

potential for probiotic approaches to this highly common condition. 

Observations 

BV is the most common infection in women and can have serious 

consequences for the health of women and the children they bear, like 

preterm labour and sexually transmitted diseases1, 2. In the healthy vagina, 

there is a sparse bacterial coverage of the epithelium, mostly by lactobacilli3 

with low species diversity4. BV is associated with a reduction in Lactobacillus 

prevalence and an overgrowth by other (facultative) anaerobic bacteria, 

such as Gardnerella vaginalis, Atopobium vaginae, Prevotella bivia, and 

Fusobacterium nucleatum4, 5. BV infections are thought to be potentially 

partially initiated by G. vaginalis colonization3, 6, in part because of its ability 

to adhere to the vaginal epithelium and to form thick biofilms3. 

Antibiotic treatments for BV are largely ineffective and with 

increasing antibiotic resistance among many pathogens, it is important to 

explore alternative routes of therapy and prevention, such as the use of 
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lactobacilli. Attempts to restore a healthy microflora from an unbalanced 

one with BV, have been made by using Lactobacillus strains7. Some 

Lactobacillus strains such as Lactobacillus reuteri RC-14 can reduce G. 

vaginalis biofilms in vitro8 and the clinical occurrence of BV7. However, other 

Lactobacillus strains are not detectable after a certain amount of time, 

indicating that they are unable to participate in colonization9. Integration 

and residence of lactobacilli in the biofilm is desirable as research indicates 

that most healthy vaginal communities are colonized mainly by lactobacilli10. 

Among the antagonistic Lactobacillus mechanisms against 

pathogenic biofilms that have been studied, perhaps the least explored 

remain the biophysical ones11. This study summarizes a number of 

observations on the disruption of G. vaginalis BME-1 biofilms by lactobacilli 

that collectively forward support of a new, biophysical mechanism of 

Lactobacillus action towards G. vaginalis biofilms. 

As a key-finding to this study, our first observation involves the 

incorporation of lactobacilli in 24 h old G. vaginalis BME-1 biofilms (Table 1). 

Incorporation of L. reuteri RC-14 or Lactobacillus iners AB-1 significantly 

reduced the thickness of G. vaginalis BME-1 biofilms, but incorporation of 

Lactobacillus crispatus 33820 left the thickness of G. vaginalis biofilms 

unaffected. Challenging G. vaginalis BME-1 biofilms with cell-free 

supernatant (CFS) of Lactobacillus growth medium yielded reductions in 

thickness of G. vaginalis biofilms for all three Lactobacillus strains (p<0.05: 

Student’s t test), that were larger than could achieved by incorporating 

lactobacilli in the biofilms (Table 1). This is probably due to the fact that the 

CFS of the Lactobacillus strains are concentrated with respect to what is 

being produced in a biofilm. 
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Table 1 | Thicknesses and CLSM cross-sectional views of 48 h 
single-species G. vaginalis BME-1 biofilms, 24 h G. vaginalis 
BME-1 biofilms, subsequently grown for 24 h in presence of 
different Lactobacillus strains and 24 h G. vaginalis BME-1 
biofilms challenged with Lactobacillus cell-free supernatant 
(CFS) and subsequently grown for another 24 h.  

 

Data are averages of 4 images taken over 3 separate experiments with standard 
deviations. Images were scaled to the same magnification for comparative 
purposes. Scale bar = 50 µm. Statistical differences (p<0.05: Student’s t test), 
compared to the G. vaginalis BME-1 biofilm, are indicated by an asterisk (*). Gv is 
G. vaginalis BME-1, Lr is L. reuteri RC-14, Li is L. iners AB-1 and Lc is L. crispatus 
33820. 
 

Reductions in biofilm thickness were two-fold larger for CFS of L. reuteri RC-

14 or L. iners AB-1 than for L. crispatus 33820 CFS, which is in line with the 

fact that incorporation of L. crispatus in a G. vaginalis BME-1 biofilm did not 
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yield a reduction in biofilm thickness. Both L. crispatus and L. reuteri are 

known to produce bioactive compounds in their CFS that inhibit pathogen 

growth12 and initial adhesion13. CFS is usually multi-component and these 

components are hard to analyse individually. The best-characterized CFS 

component is produced by L. reuteri RC-14 and involves a 29-kDa protein 

with an N-terminal sequence identical to that of a collagen-binding protein 

from L. reuteri NCIB 1195114, and exhibiting surfactive properties15. The 

literature is very sparse for the analysis of the CFS for the remaining two 

lactobacilli, other than potential bacteriocins for L. crispatus 3382016. The 

observed reduction in the thickness of the G. vaginalis biofilms could be due 

to surfactant effects, although effects of bacteriocin release by lactobacilli 

cannot be ruled out either16.  

Thus, relating Lactobacillus action with bioactive compound release 

raises the question whether bioactive compounds produced in the vicinity of 

adhering G. vaginalis would be more effective in their antagonistic action 

than when produced elsewhere, like for instance in Lactobacillus 

microcolonies. Accordingly, in a second set of observations, we utilized 

bacterial probe atomic force microscopy (AFM) to compare adhesion forces 

between G. vaginalis BME-1 pairs and between lactobacilli paired with G. 

vaginalis. All adhesion forces increased when contact between bacteria was 

allowed to mature over time and differences became significant after 120 s 

of bond maturation (Figure 1). G. vaginalis BME-1 adhered to itself with a 

relatively low adhesion force of -4.2 ± 0.6 nN. All three Lactobacillus strains 

had statistically stronger adhesion forces to G. vaginalis BME-1 than the 

pathogen possessed to itself (p<0.05: mixed linear model), with L. reuteri 

RC-14 having the strongest adhesion force (-7.0 ± 0.6 nN), followed by L. 
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crispatus 33820 (-6.4 ± 0.5 nN), and L. iners AB-1 (-5.8 ± 0.5 nN). These 

adhesion forces are similar in magnitude to the adhesion forces between 

lactobacilli and different Staphylococcus aureus strains17. Moreover, here 

too lactobacilli had a stronger adhesion force to S. aureus than the pathogen 

had to itself.  

 

Figure 1 | Adhesion forces measured by AFM between G. 
vaginalis BME-1 and between lactobacilli and G. vaginalis BME-
1 during bond-maturation.  
Each data point represents an average of 30 force-distance curves, measured using 
three bacterial probes prepared out of two different bacterial cultures per strain. 
Asterisks (*) represent statistical significance between lactobacillus and G. vaginalis 
adhesion forces as compared with adhesion forces between G. vaginalis after 120 s 
bond maturation (p<0.05: mixed linear model). 
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This implies that lactobacilli should indeed be able to incorporate 

themselves within G. vaginalis biofilms, in close association with G. 

vaginalis. Using lactobacilli-specific fluorescence in situ hybridization (FISH) 

probes and CLSM imaging, Lactobacillus incorporation and co-adhesion with 

G. vaginalis BME-1 could indeed be observed for all three Lactobacillus 

strains (Figure 2).  

Collectively, our observations on the disruption of G. vaginalis BME-1 

biofilms by lactobacilli forward support of an adhesion force based, 

biophysical mechanism of antagonistic Lactobacillus action towards G. 

vaginalis biofilms. Adhesion forces between lactobacilli and G. vaginalis 

favor co-adhesion between these two antagonistic strains rather than 

between G. vaginalis itself. This in turn implies that biosurfactants and other 

bioactive compounds released by lactobacilli reach their highest 

concentration in the close vicinity of the pathogens, enhancing their 

efficacy.  
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Figure 2 | CLSM overlay images and optical cross-sections of 24 
h G. vaginalis BME-1 biofilms challenged with lactobacilli and 
subsequently grown together for another 24 h.  
FISH staining involved EUB 338 general bacterial staining (red) and LAB 158 for 
Lactobacillus staining (green). Correctly hybridized lactobacilli can be either green- 
or yellow-fluorescent, indicating a possible overlay of the green and red channels. 
Scale bar indicates 50 μm. 
A | 48 h G. vaginalis BME-1 biofilm.  
B | 24 h G. vaginalis BME-1 biofilm, subsequently grown for 24 h with L. reuteri RC-
14 added.  
C | Same as in B, but with L. iners AB-1.  
D | Same as in B, but with L. crispatus 33820. 
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Thus, adhesion forces between lactobacillus and G. vaginalis cell surfaces 

are critical for effective antagonistic action of lactobacilli. This conclusion 

coincides with a generalized statement by Dufrene18, that force microscopy 

yields new structural and functional insights into the microbial cell surface. 

Accordingly, it is suggested that selection of probiotic strains should include 

comparison of their adhesion forces with target pathogens in relation with 

the adhesion forces between the pathogens themselves, a suggestion that 

most likely also holds for other probiotic strains with antagonistic action 

towards their target pathogens. As an example we mention the competition 

between Streptococcus pneumoniae as a leading pathogen in otitis media 

and colonizer of the upper respiratory tract with members of the healthy 

microflora in this particular habitat, such as Corynebacterium and 

Dolosigranulum19. 

 

Methods 

Biofilm formation and imaging  

All bacterial strains were cultured anaerobically from a frozen stock 

on agar plates at 37°C. One colony of G. vaginalis BME-1 was cultured 

anaerobically in brain heart infusion (BHI, Basingstoke, UK) broth and one 

colony of the L. reuteri RC-14, L. iners AB-1 and L. crispatus 33820 was 

cultured anaerobically in deMan, Rogosa and Sharpe (MRS, MERCK, 

Darmstadt, Germany) broth overnight at 37°C. All strains were harvested by 

centrifugation for 5 min at 5000 g, washed twice with sterile PBS (150 mM 

NaCl, 10 mM potassium phosphate, pH 7.0) and suspended in PBS. Twelve-
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well plates (used for live/dead staining) and 8-well chamber slides (used for 

FISH probes) with BHI growth medium were inoculated with G. vaginalis 

BME-1 to a final concentration of 1.0 x 105 bacteria/mL. For the single-

species G. vaginalis biofilm, the medium was replaced after 24 h with 1 mL 

fresh BHI and grown for an additional 24 h. For the mixed-species biofilms, 1 

mL of medium from the 24 h old G. vaginalis BME-1 biofilm was replaced 

with fresh BHI and one of the Lactobacillus strains (final concentration: 1.0 x 

105 bacteria/mL) was added and both strains were grown together for an 

additional 24 h. For the challenge with CFS (see section below for CFS 

preparation), a final concentration of 1.0 mg/mL was added to the 24 h old 

G. vaginalis biofilm and grown for an additional 24 h. After 48 h of growth, 

the single and mixed-species as well as CFS-challenged G. vaginalis BME-1 

biofilms were gently rinsed with sterile PBS and then stained for 30 min in 

the dark with live/dead stain (BacLightTM, Invitrogen, Breda, The 

Netherlands) and imaged with CLSM (Leica TCS-SP2, Leica Microsystems 

Heidelberg GmbH, Heidelberg, Germany). 

The biofilms designated for FISH were fixated with 3.7% 

paraformaldehyde and dehydrated with ethanol. Hybridization of lactobacilli 

required an additional step to increase membrane penetration using a 

buffered enzyme mixture (2 mg/mL lysozyme was dissolved in a buffer (25 

mM Tris-HCl pH 7.5, 10 mM EDTA, 585 mM sucrose, 5 mM CaCl2 and 0.3 

mg/mL sodiumtaurocholate)20 that was added prior to probe hybridization 

for 60 min at 37°C in a closed moist chamber. The probes used were a 

fluorescein-isothyocyanate (FITC)-labeled Lab158 probe, specific for 

Lactobacillus strains (fluorescing green) and a rhodamine-labeled EUB338 

probe, a general probe for bacteria (fluorescing red). The slides were 

 79 



hybridized overnight at 50°C in a moist, dark chamber using 200 μL per slide 

of pre-warmed (50°C) hybridization mix (0.9 M NaCl, 20 mM Tris, pH 7.2, 

and 0.01% SDS) containing specific oligonucleotide probes as previously 

described20. Post-hybridization, the slides were washed in a pre-warmed 

(50°C) buffer solution (0.9 M NaCl, 20 mM Tris, pH 7.2) for 15 min to remove 

unbound probes, dipped in ultrapure water, immediately dried with air, 

mounted in Vectashield® medium for fluorescence (Vector Laboratories, Inc. 

Burlingame CA 94010, USA) and covered with a coverslip and imaged.  

Biofilms were imaged with a 40x water objective (live/dead stained 

biofilms) and 63x oil immersion lens (FISH stained biofilms) at 1.5 µm steps 

in the z-direction with the CLSM. The resulting images were analyzed with 

the latest version of Leica Confocal Software to visualize overlays and cross-

sections of the bacterial biofilms.  

Preparation of cell-free Lactobacillus supernatant  

The three Lactobacillus strains were grown to stationary phase in 

400 mL MRS for collection of CFS, as previously described15. Briefly, the 

bacteria were harvested by centrifugation at 10,000 g for 5 min at 10°C, 

washed in sterile demineralized water, and resuspended in 100 mL PBS. The 

bacterial suspension was gently stirred at room temperature for 2 h to 

stimulate the secretion of bioactive compounds, bacteria were removed by 

centrifugation and the CFS was filtered through a 0.22 μm pore size filter 

(Millipore, Massachusetts, USA). The filtered supernatant was dialyzed 

against demineralized water at 4°C in a Spectrapor membrane tube with 

6,000 to 8,000 kDa molecular weight cutoff (Spectrum Medical Industries 

Inc., Los Angeles, USA) and then freeze-dried. The filtered and freeze-dried 
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CFS was dissolved in PBS and added to the biofilms at a final concentration 

of 1.0 mg/mL. 

Bacterial adhesion force measurements  

AFM measurements were carried out at room temperature in sterile 

PBS (pH 6.0) using an optical lever microscope (Nanoscope V, Digital 

Instruments, Woodbury, NY, USA) as previously described17. A bacterial 

suspension in sterile PBS (1.0 x 105 bacteria/mL) was adhered with poly-L-

lysine either to a glass slide, or to the D-tip of an O-NP silicon nitride 

cantiliever. Force curves were measured after different bond maturation 

times (0, 30, 60, and 120 s) between the bacterial probe (always G. vaginalis 

BME-1) and G. vaginalis BME-1 or a Lactobacillus strain immobilized on the 

glass slide and the maximal adhesion force upon retraction was recorded. To 

ensure that a bacterial probe had single contact with one bacterium on the 

glass slide17, the slide was imaged in contact mode at the onset of each 

experiment in order to select an adhering bacterium. The scan was carefully 

checked for double-contour lines, indicative of multiple contact, and any 

probe that demonstrated double-contour lines was discarded. It should be 

noted that this seldom or never occurred. All force curves were analyzed 

using Nanoscope Analysis (Version 1.5). For each combination of bacterial 

strains, at least 30 force-distance curves were recorded with three bacterial 

probes and bacteria from at least two different cultures of each strain.  
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Chapter 4 
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Reduce Staphylococcal TSST-1 Secretion 
and Vaginal Epithelial Inflammatory 
Response  
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Abstract 

Staphylococcus aureus biofilms can be found on vaginal-epithelia, 

secreting toxins and causing inflammation. The commensal vaginal species 

Lactobacillus, can alter staphylococcal-induced epithelial secretion of 

inflammatory-cytokines and quench staphylococcal toxic shock syndrome 

toxin-1 (TSST-1) secretion. It is unclear however, whether these effects 

occur when staphylococci are in biofilms, hampering direct physical-contact 

between lactobacilli, staphylococci and the epithelium. We show that 

lactobacilli reduce S. aureus induced inflammatory-cytokine expression 

when allowed physical-contact with vaginal-epithelial cells. Furthermore, a 

reduction in TSST-1 secretion occurred when a probiotic Lactobacillus strain 

was allowed contact, but not when being physically separated from S. 

aureus. Bacterial-probe atomic force microscopy demonstrated that 

lactobacilli and staphylococci strongly adhere to epithelial cells, while 

lactobacilli adhere stronger to staphylococci than staphylococci to each 

other, giving lactobacilli opportunity to penetrate and reside in 

staphylococcal biofilms, as visualized using confocal-laser-scanning-

microscopy with FISH probes. These results identify physical-contact and 

biochemical-signaling by lactobacilli as intrinsically linked mechanisms that 

reduce virulence of S. aureus biofilm.  
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Introduction 

Urogenital infections remain common among women, with 

symptoms ranging from mildly discomforting to potentially life-threatening. 

Although less frequent, serious infections such as toxic shock syndrome 

(TSS), come from Staphylococcus aureus1. In TSS, S. aureus colonizes the 

vaginal epithelium to cause infection and potentially fatal sepsis2. Once 

colonizing the epithelium S. aureus secretes toxins3, most notably TSS toxin-

1 (TSST-1), with resultant triggering of septic shock by activation of 

inflammatory interleukin (IL) cytokines, including IL-1α, IL-1β, and IL-62,4-6. 

In healthy women, constituents of the vaginal microbiome, 

particularly lactobacilli, can directly influence the virulence of pathogens 

and alter epithelial activation, expression, and secretion of inflammatory 

cytokines stimulated by pathogens7-9. Probiotic immuno-modulatory effects 

have been attributed to secreted factors10 and membrane-bound ligands11. 

Probiotic Lactobacillus reuteri RC-14 secretes two cyclic di-peptides that 

have quorum-quenching effects on the production12 and gene expression13 

of TSST-1 in planktonic cultures of S. aureus MN8, a methicillin-resistant S. 

aureus (MRSA) strain. A vaginal commensal strain, Lactobacillus jensenii RC-

28, has been shown to reduce planktonic tst gene expression in planktonic 

S. aureus MN8 cultures13, but is not known to have an effect on TSST-1 

secretion. 

An important question that has remained unanswered hitherto, is 

whether or not direct physical contact between lactobacilli, staphylococci 

and the vaginal epithelium is needed for quorum-quenching and reduction 

of inflammatory cytokine secretion respectively, or whether biochemical 
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signaling over a distance is sufficient. This is particularly important since in 

the great majority of infections, bacteria reside and grow on surfaces in 

their biofilm mode of growth14 yielding phenotypes potentially different 

from their planktonic counterparts15 and in which different strains and 

species can be in direct physical contact depending on their ability to co-

adhere16. Moreover, transport of signaling molecules in a biofilm may be 

hampered by the biofilm matrix, as it also slows down the transport of 

antibiotics17 and nutrient components18.  

Therefore the aim of this study is to compare the impact of direct 

physical contact between S. aureus MN8 and a vaginal commensal (L. 

jensenii RC-28) or probiotic (L. reuteri RC-14) Lactobacillus strain, and vaginal 

epithelial cells (VK2/E6E7) on two virulence markers: epithelial 

inflammatory cytokine secretion and staphylococcal TSST-1 secretion. To 

this end, different co-cultures will be set-up in well-plate systems either 

allowing direct physical contact or with the different key-players separated 

by a membrane.  

 

Results 

Epithelial inflammatory cytokine secretion. In a first set of 

experiments, monolayers of VK2/E6E7 vaginal epithelial cells were 

incubated for 24 h with either S. aureus MN8, the vaginal commensal strain 

L. jensenii RC-28 or the probiotic strain L. reuteri RC-14. Cells were grown in 

24-well plates and bacteria were added either inside 0.4 µm pore transwell 

inserts (membrane-separated conditions) or without the inserts (allowing 
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direct physical contact). After 24 h, the supernatant was analyzed for the 

presence of inflammatory cytokines (IL-1α, IL-1β, and IL-6). 

S. aureus MN8 induced high cytokine secretion for each 

inflammatory cytokine, irrespective of whether direct physical contact with 

the epithelial monolayer was possible or not (Table 1), although cytokine 

secretion was significantly higher under the condition allowing direct 

physical contact.  
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Table 1 | Secretion of inflammatory cytokines by VK2/E6E7 cells 
(purple) induced by S. aureus MN8, commensal (L. jensenii RC-
28), or probiotic (L. reuteri RC-14) lactobacilli either with the 
possibility of direct physical contact with VK2/E6E7 cells or 
separated by a membrane. 

 

Larger, darker circles represent higher cytokine concentrations. Each circle 
represents three independent experiments analyzed with two different cytokine 
kits and data represent means ± SDs. Statistically significant differences (p<0.05) 
are indicated by an asterisk (*). S denotes S. aureus MN8; Lj is L. jensenii RC-28 and 
Lr is L. reuteri RC-14.  

 

IL-1α was secreted in significantly higher amounts than the other two 

cytokines studied. On the contrary, both commensal L. jensenii RC-28 and 

probiotic L. reuteri RC-14 hardly induced any inflammatory cytokine release 

at all. 

In another set of experiments, epithelial monolayers were incubated 

under similar conditions with combinations of S. aureus MN8 with either 
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commensal L. jensenii RC-28 or probiotic L. reuteri RC-14 and inflammatory 

cytokine release were measured (Table 2). By comparison of Tables 1 and 2, 

it can be seen that when staphylococci were in direct contact with the 

epithelial cells, both Lactobacillus strains under membrane-separated 

conditions created significant reductions in staphylococcal-induced 

secretion of inflammatory cytokines. However, when staphylococci were 

membrane-separated from the epithelial cells while lactobacilli were 

allowed to directly contact them, staphylococcal-induced cytokine secretion 

was much further reduced to the lowest level observed (Table 2; in absence 

of bacteria, zero release of cytokines was observed, data not shown).  

When both lactobacilli and staphylococci had the possibility to 

directly come into contact with the epithelial cells, especially IL-1α secretion 

was significantly reduced compared to all other conditions where 

staphylococci could directly contact the epithelial layer (p<0.05). As an 

important difference between commensal L. jensenii RC-28 and probiotic L. 

reuteri RC-14, this reduction in secretion of IL-1β and IL-6 is more 

pronounced for probiotic L. reuteri RC-14 than for commensal L. jensenii RC-

28.  
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Table 2 | Secretion of inflammatory cytokines by VK2/E6E7 cells 
(purple) induced by combinations of S. aureus MN8 with 
lactobacilli either with the possibility of direct physical contact 
with cells and each other or membrane-separated. 

 
Larger, darker circles represent higher cytokine concentrations. Each circle 
represents three independent experiments analyzed with two different cytokine 
kits and data represent averages ± SDs. Statistically significant differences (p<0.05) 
are indicated by an asterisk (*). Note: all data points are statistically different from 
their corresponding conditions in Table 1. S denotes S. aureus MN8; Lj is L. jensenii 
RC-28 and Lr is L. reuteri RC-14. 
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Staphylococcal TSST-1 secretion 

To investigate the effect of quorum-quenching by lactobacilli on 

staphylococcal TSST-1 secretion, co-cultures of S. aureus MN8 and 

lactobacilli either with or without the possibility of direct physical contact 

were grown for 6 h or 24 h and 1 mL aliquots of the supernatant were 

analyzed for the presence of TSST-1. No major TSST-1 secretion by 

staphylococci could be detected within 6 h, but after 24 h the presence of 

the toxin was confirmed in all conditions by SDS-PAGE (Figure 1). 
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Figure 1 | Electrophoretic profiles of extracted proteins from 
staphylococcal supernatants by SDS-PAGE.  
S. aureus MN8 was co-cultured either with L. jensenii RC28 or with L. reuteri RC14 
under conditions of either allowing or impeding (membrane-separated conditions) 
direct physical contact between staphylococci and lactobacilli. 
A | L. jensenii RC28.  
B | L. reuteri RC14. Lane M: Pre-stained protein marker. Lane T: Purified TSST-1 
with a molecular mass of 22 kDa loaded as a positive control. 
 

The total amount of secreted TSST-1 protein was quantified 

densitometrically from SDS-PAGE gels, as summarized in Table 3. 
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The amount of TSST-1 in cell-free bacterial supernatants ranged from 

0.5-4.1 µg/mL (see Table 3), which corresponds to the known range of TSST-

1 secretion by MRSA strains (0.8-4.0 μg/mL)19. L. jensenii RC-28 had little 

effect on the total TSST-1 secretion by S. aureus MN8, regardless of whether 

the lactobacilli were membrane-separated from staphylococci or allowed to 

have direct physical contact (Table 3). However, L. reuteri RC-14 significantly 

decreased total TSST-1 secretion in both conditions (p<0.05).  

In order to determine the amount of toxin secreted per live 

Staphylococcus, the staphylococci were plated in serial dilutions and the 

numbers of colony forming units were determined. Then the total amount 

of TSST-1 secreted was divided by the number of colony forming units to 

yield the amount of TSST-1 per CFU of Staphylococcus (see also Table 3). 

TSST-1 secretion per Staphylococcus in absence of lactobacilli ranged 

between 9.4 and 13.0 x 10-5 µg/CFU, and this was not significantly affected 

by the presence of L. jensenii RC-28 regardless of whether conditions 

allowed for direct physical contact or not. Membrane-separation of 

staphylococci from L. reuteri RC-14 in co-culture yielded a twofold decrease 

in TSST-1 secretion per Staphylococcus, but under conditions allowing direct 

physical contact, a statistically significant, almost four-fold reduction in 

TSST-1 secretion per Staphylococcus (p<0.05) was found.  
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Table 3 | TSST-1 secretion by S. aureus MN8 either allowing or 
impeding (membrane-separated conditions) direct physical 
contact with lactobacilli.  
  

 
a (p<0.05), when compared to the absence of lactobacilli. 

b (p<0.05), when compared to membrane-separated conditions. 
TSST-1 secretion is densitometrically derived from SDS-PAGE gels for the same 
bacterial combinations after 24 h of growth. ‘±’ signs denote standard deviations 
over triplicate experiments with separately grown bacteria. 
 

Adhesion forces between bacteria and between bacteria and epithelial 

cells  

All experiments done in this study, were carried out under conditions 

that allowed direct physical contact between the three key-players in the 

system or a condition that impeded direct contact through membrane-

separation. However, conditions allowing direct physical contact do not 

necessarily imply that such contact develops as this requires attractive 
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adhesion forces between the key-players. Therefore we measured the 

adhesion forces between the lactobacilli and S. aureus MN8 and between 

the staphylococci themselves (Figure 2A) as well as between the bacteria 

and the vaginal epithelial cells (Figure 2B) using bacterial probe atomic force 

microscopy (AFM). Lactobacilli adhered more strongly to pathogenic 

staphylococci than staphylococci to each other, while all three bacterial 

strains adhered strongly to the epithelial cells. Importantly, these 

measurements show that when given the opportunity, key-players will be 

attracted to each other and yield physical contact.  
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Figure 2 | A comparison of adhesion forces between lactobacilli 
and staphylococci, staphylococci with each other and between 
lactobacilli and staphylococci with vaginal epithelial cells, 
obtained using bacterial probe atomic force microscopy.  
A | Adhesion forces between different bacteria after 120 s bond maturation (data 
from Younes et al.20). 
B | Bacterial adhesion forces to vaginal epithelial cells after 120 s bond maturation. 
Error bars are standard deviations over 20 force-distance curves, measured on at 
least 6 different epithelial cells by three bacterial probes with at least two different 
cultures per strain.  
Statistically significant differences (p<0.05) are indicated by an asterisk (*). 
 

Fluorescence in situ hybridization (FISH) and confocal laser scanning 

microscopy (CLSM)  

In order to verify whether the stronger adhesion forces between 

lactobacilli and staphylococci as compared with the adhesion forces 

between staphylococci themselves facilitated lactobacilli to effectively 
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penetrate and reside in staphylococcal biofilms, lactobacilli were added to a 

24 h staphylococcal biofilm and jointly incubated for another 24 h. After 

fixation, FISH hybridization was performed and the mixed species biofilms 

were analyzed with CLSM. In Figure 3, it is clearly shown that both 

Lactobacillus strains can penetrate into staphylococcal biofilms and 

Lactobacillus residence is observed even in the bottom layers of the 

biofilms. 

 

Figure 3 | Lactobacillus penetration and residence within 
staphylococcal biofilms, demonstrated using CLSM with FISH 
probes.  
Biofilms were fixated and hybridized (FISH) for bacterial differentiation using red-
fluorescent EUB338 as a bacterial stain, while in addition green-fluorescent Lab158, 
specific for lactobacilli was applied. Accordingly, staphylococci show red-
fluorescent and lactobacilli appear yellow. 
A | CLSM overlay-image and optical cross-sections of L. jensenii RC-28 penetration 
and residence in a biofilm of S. aureus MN8. 
B | CLSM overlay-image and optical cross-sections of L. reuteri RC-14 penetration 
and residence in a biofilm of S. aureus MN8.  
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Discussion 

In this paper we answer the question whether or not direct physical 

contact between lactobacilli, staphylococci and the vaginal epithelium is 

needed for staphylococcal quorum-quenching and reduction of 

inflammatory cytokine secretion, or whether biochemical signaling over a 

distance is sufficient. A summary of our results is presented in Figure 4, 

showing that a possibility for direct physical contact is needed between 

lactobacilli and staphylococci for the quorum-quenching effects that 

decrease staphylococcal TSST-1 secretion (see Table 3), while also 

prevention of inflammatory cytokine secretion by vaginal epithelial cells due 

to adhering staphylococcal biofilms requires physical contact between 

lactobacilli, staphylococci and epithelial cells (see Table 2). 
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Figure 4 | Schematic summary of the effects of direct physical 
contact between staphylococci (red), lactobacilli (yellow) and 
vaginal epithelial cells (purple) on staphylococcal TSST-1 
secretion and vaginal epithelial inflammatory response.  
A | Staphylococci are allowed to have direct physical contact with epithelial cells 
and inflammatory cytokine secretion occurs due to adhering staphylococci and 
their TSST-1 secretion. The lactobacilli are membrane-separated, and signaling 
molecules including cyclic di-peptides have to diffuse over a distance to reach 
adhering staphylococci and the epithelial monolayer.  
B | Lactobacilli are allowed direct physical contact with epithelial cells, while 
staphylococci are membrane-separated and toxins have to diffuse over a distance 
to reach the epithelial monolayer. Inflammatory cytokine secretion does not occur. 
C | Staphylococci and lactobacilli are allowed direct contact with each other and 
the epithelial monolayer, and signaling molecules are secreted in the immediate 
vicinity of their targets. Inflammatory cytokine secretion due to an adhering 
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staphylococci biofilm is inhibited by adhering lactobacilli and the effects of their di-
peptide secretion on staphylococcal TSST-1 secretion. 

 

Quorum-quenching effects of lactobacilli on staphylococcal TSST-1 

secretion have never been demonstrated for staphylococcal biofilms 

challenged by lactobacilli or staphylococci forming a biofilm together with 

lactobacilli. While the condition of membrane-separated strains may be 

judged artificial, both the conditions in which lactobacilli can directly come 

in contact with a staphylococcal biofilm, as well as the condition in which 

staphylococci and lactobacilli jointly form a biofilm on an epithelial 

monolayer, are clinically important as nearly all bacterial infections are 

caused by bacteria in their biofilm-mode of growth1,14. Lactobacilli able to 

come into physical contact, penetrate and reside within a staphylococcal 

biofilm, represent the situation in which lactobacilli are used 

therapeutically, while the condition of simultaneous growth more resembles 

the prophylactic use of lactobacilli or the situation in the healthy vagina. 

Both conditions yield reductions in staphylococcal TSST-1 secretion, whereas 

the conditions under which lactobacilli are membrane-separated from 

staphylococci have little or no effect. This could be due to the fact that the 

di-peptides secreted by the lactobacilli have to travel a certain distance via 

diffusion to reach their pathogen target. Since these di-peptides are 

relatively small molecules and considering the rather long timescale of the 

experiments (24 h), this is an unlikely explanation. It is more likely that 

quorum-quenching requires extremely high local concentration of di-

peptides in the close vicinity of the staphylococci, a conclusion that is 

supported by the work of Li et al12 . In this study, planktonic staphylococci 

were exposed to a fourfold concentrated solution of secreted organic 
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material from Lactobacillus-free spent culture medium in order to 

demonstrate a quorum-quenching mechanism.  

 In our study, we contrast a condition in which lactobacilli have the 

possibility of direct physical contact with the staphylococci with a condition 

where direct physical contact is inhibited by membrane-separation. 

Conditions allowing direct physical contact do not necessarily imply that 

physical contact occurs. Physical contact is mediated by attractive adhesion 

forces between interacting organisms. Adhesion forces between bacteria 

and substratum surfaces, either of biological or synthetic origin, can be 

measured using AFM21-23 and minor differences of several tenths of a nN in 

adhesion forces may have major consequences for bacterial adhesion and 

colonization24-26. We have compared adhesion forces of lactobacilli and S. 

aureus strains using bacterial probe AFM and concluded that lactobacilli 

adhere more strongly to pathogenic staphylococci than staphylococci to 

each other. In Figure 2A, it can be seen that this difference amounts to 

almost 1 nN, which is large in view of biological effects observed with 

considerably smaller differences in adhesion forces. In fact, we demonstrate 

that direct physical contact between lactobacilli and staphylococci in 

suspension (“coaggregation”) critically depends on the magnitude of the 

adhesion forces between the strains20. These observations imply that given 

the opportunity to physically contact each other, lactobacilli will experience 

a greater driving force towards staphylococci than staphylococci experience 

towards themselves. Under the conditions of our experiments that allow for 

direct physical contact between lactobacilli and staphylococci, CLSM using 

FISH probes for staphylococci and lactobacilli, indeed indicated Lactobacillus 

penetration and residence in the bottom of staphylococcal biofilms (see 
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Figure 3). Similar residence of lactobacilli has been seen in Escherichia coli 

biofilms27. 

A similar need for direct physical contact between lactobacilli and 

epithelial cells requiring attractive adhesion forces exists with respect to the 

reduction of inflammatory cytokine secretion, as an early epithelial response 

to staphylococcal adhesion and infection28. Also our experiments on 

cytokine secretion were carried out under conditions that allow physical 

contact between bacteria and epithelial cells but again these do not 

necessarily imply direct physical contact between the bacteria and the 

epithelial cells if not mediated by attractive adhesion forces. To 

demonstrate the existence of such adhesion forces, we measured adhesion 

forces between both Lactobacillus strains involved in our study and S. 

aureus MN8 with an epithelial monolayer. All three bacterial strains show 

strong adhesion forces towards epithelial cells, indicating that all three 

strains will adhere to epithelial cells when given the possibility (Figure 3B). 

However, certain probiotic lactobacilli possessed slightly smaller adhesion 

forces toward the epithelial cells than staphylococci and may thus not 

necessarily be able to competitively exclude staphylococci from adhering or 

to displace adhering staphylococci from an epithelial layer.  

Bacteria adhere to epithelial cells through a non-specific interplay of 

Lifshitz-Van der Waals, electrostatic and acid-base forces and highly specific 

ligand-receptor bonds. Bacteria adhere specifically to epithelial cells through 

interactions with toll-like receptors (TLRs). Epithelial TLR-2 is a major 

receptor utilized by lactobacilli and staphylococci recognizing Gram-positive 

ligands29 such as lipoteichoic acid30,31. TLRs not only serve as receptors for 

bacterial ligands, but adhesion of bacterial surface ligands to TLRs can also 
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initiate a cascade of events leading to the secretion of inflammatory 

cytokines29. 

Cytokines are early and key indicators of the epithelial response to 

bacterial adhesion and infection28. In this study, we have shown that the 

staphylococcal-induced secretion of inflammatory cytokine IL-1α can be 

reduced by direct physical contact of lactobacilli with the epithelium. IL-1α is 

responsible for the induction of inflammation and fever32. Epithelial 

secretion of IL-1β and IL-6 induced by S. aureus MN8 was much lower than 

of IL-1α, but comparable with the secretion measured for pathogen-

stimulated VK2 cells33. Nevertheless, the reduction of secretion of these 

cytokines caused by lactobacilli is relevant: IL-1β induces synthesis of many 

other cytokines and chemokines34, while IL-6 triggers the acute 

inflammatory response and may yield fever35. Direct physical contact with 

lactobacilli proved not only important in reducing cytokine secretion by 

epithelial cells, also cytokine secretion induced by S. aureus MN8 on its own 

was higher when in direct physical contact with the epithelial cells than 

when it was membrane-separated from the cells. This serves to highlight 

that direct physical contact is a critical parameter in activating the cytokine 

cascade.  

Here we demonstrate that direct physical contact is important in the 

reduction by lactobacilli of TSST-1 secretion by S. aureus and staphylococcal-

induced secretion of inflammatory cytokines by epithelial cells. The impact 

of these findings may reach further than bacterial influences on epithelial 

cytokine secretion and quorum-quenching of staphylococci by lactobacilli 

and encompass signaling molecules in general. Quorum-sensing in the oral 

cavity for instance, is sometimes called an in vitro phenomenon, arguing 
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that threshold concentrations of quorum-sensing molecules in the oral 

cavity are impossible to reach due to the rapid turn-over of saliva. In many 

other habitats in the human body, especially when there is a rapid turn-over 

of body fluids like in the oral cavity, one can be skeptical about whether or 

not high enough concentrations of signaling molecules can be achieved in 

the absence of direct physical contact for quorum-quenching to occur. In 

this respect it is telling that quorum-quenching effects on S. aureus MN8 

have not yet been demonstrated by lactobacilli using a biofilm model, but in 

a planktonic staphylococcal culture with highly concentrated amounts of 

isolated di-peptides. The present findings do not necessarily support the 

view that quorum-sensing is an in vitro phenomenon, but emphasize that 

direct physical contact between signaling partners is a prerequisite for the 

build-up of sufficiently high local concentrations of signaling molecules 

within a biofilm for signaling processes to occur.  

Summarizing, physical contact and biochemical signaling are 

intrinsically linked mechanisms, essential in Lactobacillus-mediated quorum-

quenching of staphylococcal TSST-1 secretion and reducing inflammatory 

cytokine secretion by vaginal epithelial cells.  

 

Methods  

Bacterial strains and culture conditions  

S. aureus MN8 was grown aerobically in Brain Heart Infusion (BHI, 

OXOID, Basingstoke, UK) broth at 37°C. L. jensenii RC-28 and L. reuteri RC-14 

were grown anaerobically in de Mann, Rogosa and Sharpe (MERCK, 
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Darmstadt, Germany) broth at 37°C. Bacteria were harvested by 

centrifugation for 5 min at 5000 g and 10°C, washed twice with sterile 

phosphate buffered saline (PBS: 150 mM NaCl, 10 mM potassium 

phosphate, pH 7.0) and re-suspended in PBS for all experiments. 

Vaginal epithelial cell line and culture conditions  

The VK2-E6E7 cell line was purchased from ATCC (ATCC CRL-2616) 

and maintained and propagated according to the ATCC protocol using 

keratinocyte serum-free medium (KSFM) supplemented with 50 mg/mL 

bovine pituitary extract and 0.1 ng/mL epidermal growth factor. The cells 

were grown at 37°C with 5% CO2 and 100% humidity. Briefly, the cells were 

propagated in T75 culture flasks, medium was renewed every 2-3 days, and 

the cells passaged after 80-85% confluence was achieved. Trypsin was 

added to detach the cells at 37°C and upon detachment of the cells, 1:1 

Dulbecco’s modified Eagle’s medium and Ham’s F12 media containing 10% 

fetal bovine serum was added to neutralize the trypsin. The cells were then 

centrifuged for 5 min at 800 g, the supernatant was discarded and the pellet 

was re-suspended in KSFM. For the cytokine assays, cells were seeded into 

24-well plates and grown until confluent.  

Influence of lactobacilli on staphylococcal-induced secretion of 

inflammatory cytokines by VK2/E6E7 epithelial cells  

The S. aureus and both Lactobacillus strains were added to the 24-

well plates with the confluent monolayers of VK2/E6E7 cells in fresh KSFM 

at a concentration of 1.0 x 105 CFU/mL. The bacteria were added either 

inside of a 0.4 µm pore transwell insert impeding direct physical contact or 
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without a transwell insert to create conditions allowing direct physical 

contact.  

Supernatants from each well were collected, centrifuged at 14,000 g 

for 5 min to remove any debris, and stored at -20°C until use. The 

supernatants were analyzed according to the protocol and using reagents 

from the Millipore MILLIPLEX Map Kit Human Cytokine/Chemokine Multi-

Cytokine Detection System for IL-1α, IL-1β, and IL-6 (Millipore, Merck, 

Germany). The Luminex 100 System was run to analyze the samples and 

acquire results. 

Influence of lactobacilli on TSST-1 secretion by S. aureus MN8  

Equal volumes of lactobacilli and staphylococcal suspensions (1.0 x 

105 bacteria/mL) were inoculated into 12-well plates containing 3 mL BHI 

broth. Lactobacilli were either physically separated from the pathogen by 

0.4 μm pore transwell inserts, allowing free diffusion of cyclic di-peptides12 

into the staphylococcal compartment, or in a direct physical contact 

condition with the staphylococci.  

Supernatants were harvested after 6 h and 24 h of co-culturing, 

centrifuged at 5000 g for 5 min at 10°C, aliquoted into 1 mL and filter 

sterilized (0.4 μm pore-size; Millipore, Massachusetts, USA). Secreted 

proteins were precipitated using 50% trichloroacetic acid and pellets were 

washed twice with cold acetone. Pellets were then heated at 60°C for 2-5 

min to remove residual acetone, dissolved in 40 μL PBS, and denatured at 

95°C for 5 min. Total protein content was determined by a Qubit 

fluorometer (Invitrogen, USA) and 50 μg protein was loaded into each lane 

of a 12% polyacrylamide gel. For markers, 4 μL of a protein ladder and 5 μg 
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of purified TSST-1 were used on each gel. Gels were run at 120 V and 

stained with Coomassie Brilliant Blue R-250. Gels were scanned and 

densities of the TSST-1 band determined by ImageJ software (Version 1.41). 

TSST-1 band densities were expressed in absolute amounts of TSST-1 

assuming a linear relationship with density. To express TSST-1 secretion per 

Staphylococcus, the number of colony forming units in the 12-well plates 

under each condition was determined by counting. 

Bacterial adhesion forces 

In order to measure bacterial adhesion forces using atomic force 

microscopy (AFM), bacterial probes were prepared by attaching bacteria to 

an AFM cantilever through electrostatic interactions, as described 

previously20. For the measurement of adhesion forces between bacteria, 

bacteria were immobilized on a layer of adsorbed 0.1% w/v poly-L-lysine 

solution (Sigma-Aldrich, Zwijndrecht, The Netherlands) on microscope glass 

slides20, after which force curves were measured using a Nanoscope V 

(Digital Instruments, Woodbury, USA) under a 1.0 nN trigger threshold after 

a contact time of 120 s between the bacterial probe and a bacterium 

immobilized on the glass slide and the maximal adhesion force upon 

retraction was recorded. 

For the measurement of adhesion forces between bacteria and 

epithelial cells, VK2/E6E7 cells were seeded onto 35 mm petri dishes and 

grown until confluent, after which adhesion forces between a bacterial 

probe and the epithelial layer were measured as described above. 

To ensure that the bacterial probe was not affected by previous 

measurements, a force curve at 0 s surface delay on clean glass was 
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compared to five initially measured control force curves on glass. If the 

continued measurement differed by more than 0.2 nN from the average 

control force, data were discarded and a new probe prepared. Single 

contact from a bacterial probe with either a bacterial or cellular layer was 

ascertained by verifying that double contour lines were absent when using 

the probe for imaging.  

Fluorescence in situ hybridization and confocal laser scanning microscopy  

In order to image Lactobacillus penetration and residence in a 

staphylococcal biofilm, staphylococcal biofilms were grown in BHI on 8-well 

chamber slides for 24 h after which a Lactobacillus strains was added (1.0 x 

105 bacteria/mL) along with 300 μL fresh medium (per chamber) and the 

biofilms were grown for another 24 h and subsequently fixated with 3.7% 

paraformaldehyde. Then the biofilms were gradually dehydrated in 

increasing concentrations of ethanol, up to 100%, in preparation for 

hybridization. After dehydration, FISH hybridization was performed as 

described previously36,37 using a rhodamine-labeled EUB338 probe, specific 

for the domain bacteria (red fluorescent) and the fluorescein-

isothyocyanate (FITC)-labeled Lab158 probe, complementary to a 16S rRNA 

region for Lactobacillus strains (green fluorescent). The Lab158 probe 

requires a hybridization step to allow better permeabilization of the 

lactobacilli bacterial cell membrane, 200 μL hybridization mix was added to 

each slide prior to probe hybridization for 60 min at 37oC in a closed moist 

chamber. The slides were then hybridized as previously described36,37. 

Before microscopic analysis, biofilms were briefly dipped in ultrapure water, 

immediately dried with air, mounted in Vectashield® medium for 
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fluorescence (Vector Laboratories, Inc. Burlingame CA 94010, USA) and then 

covered with a coverslip. 

 CLSM (LEICA TCS SP2 Leica Microsystems Heidelberg GmbH, 

Heidelberg, Germany) was used to image the biofilms. Signals were 

recorded in the green channel (excitation 488 nm, emission 514 nm) for 

detection of FITC-labeled probe (Lab158) and the red channel (excitation 

543 nm, emission 580 nm) for detection of rhodamine-labeled probe 

(EUB338). Confocal images were obtained using a 63x oil immersion 

objective at randomly chosen locations on a biofilm. Biofilms were imaged 

at 1.5 µm steps in the z-direction and images were stacked to provide an 

overlay image, from which optical cross-sections were obtained. 

Statistics  

To determine the statistical significance of the cytokine 

measurements, the intra-cytokine differences were log-transformed and 

calculated using a linear mixed effects model (LMM) for all three cytokines 

within all experimental conditions. Physical contact or physical separation, 

the two lactobacilli, and the pathogen were used as fixed variables, and the 

LMM accounted for random effects due to cytokine differences, assuming 

equal variance. SAS (Version 9.2) was utilized via procedure MIXED and the 

fit was determined using restricted maximum likelihood and the Kenward-

Rogers option for the degrees of freedom. This yielded the mean log values 

of the cytokine results for all conditions and their respective statistical 

differences; the geometric means were to create the bubble heatmaps.  

The statistical differences between the amount of TSST-1 quantified 

in each condition were also calculated using a LMM and the MIXED 
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procedure from SAS. Equal variance was assumed and random effects 

accounted for using experiment conditions, each gel, and the bacteria.  

For the bacterial adhesion forces, statistical significance of the 

differences in maximal adhesion forces were also calculated using LMM and 

the MIXED procedure from SAS. For any fixed combination bacterial strain 

pairs or bacteria and epithelial cells, LMM was applied to account for 

random variations due to the differences in adhesion forces, including the 

use of multiple cultures and probes.  
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Chapter 5 

Vaginal Epithelial Cells Create Sticky 
Membranes for Bacterial Binding 
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Abstract 

Vaginal biofilms are important in both health and disease, depending 

on their bacterial composition. Adhesion of bacteria to vaginal epithelial 

cells is a crucial first step in biofilm formation. Although many bacterial 

species can be detected in this niche1, little is known about the relative 

contribution of epithelial and bacterial cell surfaces to these adhesive events 

and how the cumulative binding events are coordinated at the level of the 

epithelial cell membrane. Here we quantitatively show and compare how 

‘sticky’ the vaginal epithelial membrane is above the cytoplasm and nucleus 

for different members of the vaginal microbiota. The adhesion force 

between the bacteria and the epithelial cell membrane above the cytoplasm 

was consistently stronger than on the membrane above the nucleus both 

for vaginal pathogens as well as for commensal and probiotic lactobacillus 

strains involved in health, suggesting an active cellular mechanism. We 

provide mechanistic evidence of the direct role that membrane cholesterol 

and sub-membrane actin play in initial bacterial membrane adhesion by 

using depletion of cholesterol (MβCD) and actin inhibitors (Latrunculin B), 

yielding an enormous decrease in adhesion forces. Our results demonstrate 

that vaginal epithelial cells actively modulate bacterial adhesion and 

determine where the bacterium can start initial biofilm formation. 
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Main Text 

In the vagina, epithelial cells and vaginal bacteria interact via 

adhesion for multiple purposes, ranging from mutualism and commensalism 

to invasion and parasitism2. Adhesion to the target surface accomplishes the 

first step in biofilm formation in order for a microorganism to reside. 

Bacterial evolution has resulted in a wide array of adhesive molecules that 

permit them to exploit a large number of cellular surface receptors3. The cell 

is also highly attractive as an adhering surface because it offers bacteria 

protection, nutrition and synergistic advantages. However, it is unclear 

whether the initial binding events at the vaginal epithelium are regulated 

equally by both bacteria and cells. 

To directly investigate the global ‘stickiness’ of bacteria to the 

vaginal epithelium, vaginal VK2/E6E7 cells were incubated with 

monocultures of six bacterial strains representative of genera common to 

the vagina. Our selection of bacterial strains included Gram-positive and 

Gram-negative strains, a range of shapes (cocci, normal and pleomorphic 

rods), and bacteria with varying roles in the vaginal microbiota (pathogens, 

commensals, probiotics); this was intended to assess differences in 

adhesion. Three pathogenic strains and three lactobacilli were used: 

Escherichia coli C1214, Staphylococcus aureus MN8, Gardnerella vaginalis 

BME-1, Lactobacillus iners AB-1, Lactobacillus crispatus 33820, and 

Lactobacillus reuteri RC-14. The numbers of membrane-adhered bacteria in 

embedded cross-sectioned samples were quantified over two cell locations, 

the membrane above the nucleus and above the cytoplasm. Initial bacterial 

cohesion or aggregation that would eventually build up and form biofilms 
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was observed on the cells (Figure 1A, B). More bacteria adhered on the 

membrane above the cytoplasm (Figure 1C) than on the membrane above 

the nucleus with an average ratio of 1.97. This consistent trend of 

preferential adhesion to the membrane above the cytoplasm for all bacterial 

strains suggested that the cells had a larger contribution to initial adhesion 

than bacteria.  

To investigate whether the differences between bacterial strains was 

due to differences in the adhesion force of the strains, we performed atomic 

force microscopy (AFM) adhesion force measurements. This sensitive 

technique permitted us to quantify interactions4 between a bacterial probe 

to different membrane locations on a VK2/E6E7 cell. By ruling out any 

confounding or contributing effects of cohesion and aggregation of the 

bacteria toward adhesion to the cells, we could directly measure adhesion 

forces between a bacterium and the VK2/E6E7 cellular membrane. Adhesion 

forces to the membrane above the cytoplasm were twice as strong as to the 

membrane above the nucleus for all six bacterial strains (Figure 1C). The 

differences in adhesion forces are most clearly expressed at 120 s (Figure 

1D, E). For instance, G. vaginalis BME-1 adhered to the membrane above 

cytoplasm with -11.9 ± 0.4 nN versus -5.7 ± 0.4 nN above the nucleus, while 

L. crispatus 33280 adhered above the cytoplasm with -10.1 ± 0.3 nN and 

above the nucleus with -6.0 ± 0.3 nN. Liu, et al. measured 9.3 ± 2.4 nN 

adhesion of E. coli to uroepithelial cells and our results are consistent with 

the order of magnitude shown in their study5. 
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Figure 1 | Quantification of embedded and cross-sectioned 
bacterial adhesion assays and bacterial adhesion forces 
between VK2/E6E7 cells and vaginal microbiota strains. 
A | A toluidine blue-stained cross-section of embedded and fixated VK2/E6E7 
epithelial cells exposed to L. reuteri RC-14 (1.0 x 105 bacteria/mL) for 1 h. 
B | Shows a cross-section of S. aureus MN8 on VK2/E6E7 cells under the same 
conditions as in A. 
C | Ratios of the numbers of adhering bacteria (dark blue columns) and their 
adhesion forces at 120 s (light blue columns) were calculated by dividing the 
number of adhering bacteria on the membrane above the cytoplasm of the cell by 
the number of bacteria adhering to the membrane above the nucleus of the cell or 
in the case of adhesion forces the adhesion force above the cytoplasm divided by 
the adhesion force above the nucleus. A value greater than 1 indicates that the 
particular bacterial strain adheres in higher numbers or has stronger adhesion 
forces to the membrane above the cytoplasm than the nucleus. Individual adhesion 
assay data are an average of the quantified bacteria adhered to between 80-150 
cells, within 3 separate cell passages and using at least 3 different bacterial 
cultures. Individual adhesion force data are an average of 30 force-distance curves 
measured on at least 6 different epithelial cells using three bacterial probes 
prepared from at least two different bacterial cultures per strain.  
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D | Adhesion forces as a function of bond-maturation time for the membrane 
region above the cytoplasmic space. AFM adhesion force data represent averages 
over at least 30 force-distance curves, measured on at least 6 different epithelial 
cells by three different bacterial probes with at least two different cultures per 
strain. All bacteria were significantly different (p<0.05) from each other at 120 s 
with the exception of the pairs S. aureus MN8-L. crisptaus 33820 and L. reuteri RC-
14-L. iners AB-1. 
E | Same as D for the membrane region above the nucleus. All bacteria were 
significantly different (p<0.05) from each other at 120 s with the exception of the 
following pairs: G. vaginalis BME-1 with S. aureus MN8, E. coli C1214, L. iners AB-1 
and L. crisptaus 33820; S. aureus MN8 with E. coli C1214, L. iners AB-1, and L. 
reuteri RC-14; E. coli C1214 with L. iners AB-1, and L. reuteri RC-14; L. iners AB-1 
with L. reuteri RC-14; L. iners AB-1 with L. crisptaus 33820. 
 

Of note, the epithelial cell was more adhesive to the pathogens (red 

lines; Figure 1D, E) than to the lactobacilli (blue lines). Though little is known 

about the order of bacterial colonization in the vagina, phylogenic research 

does show the higher abundance of certain species associated with health 

or disease1. G. vaginalis is considered to be an important colonizer in 

bacterial vaginosis6,7, partially because of its resilient ability to remain even 

amid the presence of lactobacilli7, and also due to its symbiotic interactions 

with pathogen6. This idea is further supported by the strong adhesion forces 

shown in this study (Figure 1C-E). Among the lactobacilli, the probiotic 

strain, L. reuteri RC-14 had the lowest adhesion force to the cells, supporting 

the clinical finding of being unable to persist in the vaginal environment8 

and of L. reuteri species to be rare and transient colonizers9,10. This pattern 

of ‘stickiness’ may show a way forward to investigate vaginal biofilm 

structure and composition through the adhesion forces of relevant vaginal 

strains.  

It is known from literature that bond maturation between an 

adhering bacterium and the epithelium involves membrane reorganization. 
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When a ligand comes into contact with the membrane, receptors are locally 

recruited and then stabilized via lipid rafts11 and actin cytoskeletal 

elements12. Thus, we set out to manipulate the cell membrane and 

cytoskeleton to better understand their influence on bacterial adhesion. 

Previous research has shown that cells treated with methyl-β-cyclodextrin 

(MβCD) lose cholesterol from their membranes13. Treatment of the cell 

membrane with MβCD depleted almost 90% of the cholesterol from the 

VK2/E6E7 cells after 60 min of exposure (Figure 2).  

 
Figure 2 | Cholesterol depletion and repletion in VK2/E6E7 
vaginal epithelial cells by MβCD and CDC. 
VK2/E6E7 cells were untreated (control), treated with 10 mg/mL MβCD for 1 h 
(MβCD), or treated with 10 mg/mL MβCD for 1 h and then 10 mg/mL CDC for 1 h 
(CDC). The cells were then harvested and total membrane cholesterol relative to 
total lipid phosphate was determined. Data represent the means of three 
independent experiments. Statistical differences (p<0.05) are represented by an 
asterisk (*) as determined using the Student’s t test. 
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The resultant interference in bacterial adhesion forces with G. vaginalis 

BME-1 was significant (solid green lines; Figure 3A, B) compared to the 

untreated cells (solid black lines) both to the membrane above the 

cytoplasm (-3.6 ± 0.9 nN versus -11.9 ± 0.3 nN) and the nucleus (-2.2 ± 0.5 

nN versus -5.7 ± 0.3 nN). The cholesterol depletion was reversible for the 

membrane cholesterol levels (Figure 2) with cyclodextrin-cholesterol 

complex (CDC)14 and the adhesion forces were equally recoverable (dashed 

green lines; Figure 3A, B) over both membrane sites (cytoplasm: -12.0 ± 0.3 

nN; nucleus: -5.4 ± 0.5 nN). Upon further analysis (Figure 3C), we found that 

MβCD treatment moves the lipid raft marker Src out of the actin-dependent 

lipid raft fractions and to a lesser extent the actin-independent lipid raft 

fractions, as previously showed in other cell lines15. Src shifted back to the 

lipid raft fractions 1-2 and 3-4 upon cholesterol repletion using CDC. This 

indicates that the cholesterol effects on bacterial adhesion could be linked 

to lipid raft modulation. Interestingly, actin displayed similar behaviour, 

moving out of lipid raft fractions 1-2 upon MβCD treatment and this was 

also recoverable with CDC (Figure 3C).  
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Figure 3 | The effect of cholesterol and actin inhibitors on 
localized bacterial adhesion between VK2/E6E7 cells and G. 
vaginalis BME-1 with AFM and lipid raft analysis.  
A | Adhesion force measurements with G. vaginalis BME-1 on the membrane 
above the cytoplasm for untreated VK2/E6E7 cells (black line), cells treated with 10 
mg/mL MβCD for 1 h (green line), and cells treated with 10 mg/mL MβCD for 1 h 
and then with 10 mg/mL CDC for 1 h (green dashed line). Data represents averages 
over a least 30 force-distance curves, measured on at least 6 different cells by 
three G. vaginalis probes with at least two different cultures per strain. Statistical 
differences (p<0.05) are represented by an asterisk (*) as determined by a Mixed 
Linear Model.  
B | Same conditions as in A but measurements performed over the membrane 
above the nucleus. Untreated cells (black line), cells treated with MβCD (green 
line), and cells treated with MβCD and CDC (green dashed line). 
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C | VK2/E6E7 cells were treated with 10 mg/mL MβCD (or CDC) for 1 h and 
subjected to lipid raft analysis as previously described15. Src and actin markers were 
determined in the pooled gradient fractions 1–2, 3–4, 5–6, and 7–9 and were 
expressed as percentages of total src or actin in all fractions; fractions 1-2 (actin-
dependant membrane lipids); fractions 3-4 (actin-independent membrane lipids). 
Data represent the means of three independent experiments. Statistical 
differences (p<0.05) are represented by an asterisk (*) as determined using the 
Student’s t test. 
D | Same conditions as in A, but adhesion force measurements were taken on the 
membrane above the cytoplasm for untreated cells (black line), cells treated with 
10 µM LatB for 35 min (blue line), and cells treated with 10 µM LatB for 35 min and 
allowed to recover for 144 h (blue dashed line). Confocal laser scanning microscopy 
images to the right of the graph represent each of the conditions stained with both 
DAPI (blue – nucleus) and phalloidin (red – actin cytoskeleton) for observations of 
cell morphology (control cells, cells treated with 10 µM LatB, and cells recovered 
from LatB treatment after 144 h). 
E | Same conditions as in D but measurements performed over the membrane 
above the nucleus. Untreated cells (black line), cells treated with 10 µM LatB (blue 
line), and cells treated with 10 µM LatB (blue dashed line).  
F | Same conditions as in C but for untreated cells, cells treated with 10 µM LatB 
for 35 min, and cells treated with 10 µM LatB and then allowed to recover for 144 
h. 
 

Considering that the actin network has an effect on lipid raft stability 

and dynamics16-18, we modulated the actin cytoskeleton and measured the 

effects on bacterial adhesion force. Latrunculin B (LatB) breaks down 

existing actin chains and prevents the formation of new actin polymers19. 

We disrupted the actin cytoskeleton with LatB for both the cytoplasm and 

the nucleus, resulting in a loss of adhesion force for G. vaginalis BME-1 (-4.1 

± 0.8 nN and -3.7 ± 0.7 nN, respectively). After allowing the actin 

cytoskeleton to recover, the adhesion force came nearly back to the control 

levels (-11.3 ± 1.0 nN and -5.5 ± 0.4 nN, respectively) (Figure 3D, E; CLSM 

images in the right panels), and confirmed the movement of actin out of and 
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back into actin-dependent lipid raft (fractions 1-2) upon actin disruption 

with LatB and recovery, respectively (Figure 3F).  

Since a long recovery time of 144 h was needed for the cells crippled 

by LatB to regain their maximal adhesion force (Figure 3D, E), probably due 

to drastic cytoskeleton reorganizations, we used a second actin inhibitor to 

confirm these findings. Using Cytochalisin D, which only breaks down 

existing actin polymers19, we achieved very similar results to LatB (Figure 4) 

in terms of adhesion force disruption and recovery, but with considerably 

less time needed for recovery. Taken together, optimal bacterial adhesion 

force requires both intact cellular cholesterol levels and an intact actin 

network.  
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Figure 4 | Use of the actin inhibitor cytochalasin D to determine 
the effect on localized bacterial adhesion between VK2/E6E7 
cells and G. vaginalis BME-1 with AFM.  
A | Adhesion force measurements on the membrane above the cytoplasm for 
untreated cells (black line), cells treated with 10 µg/mL CyD for 1 h (pink line), and 
cells treated with 10 µg/mL CyD for 1 h and allowed to recover for 24 h (pink 
dashed line). Data represent averages over a least 30 force-distance curves, 
measured on at least 6 different cells by three G. vaginalis probes with at least two 
different cultures per strain. Statistical differences (p<0.05) are represented by an 
asterisk (*) as determined by a Mixed Linear Model. Confocal laser scanning 
microscopy images to the right of the graph represent each condition (control cells, 
cells treated with 10 µg/mL CyD, and cells allowed to recover from CyD treatment) 
stained with DAPI (blue – nucleus) and phalloidin (red - actin cytoskeleton).  
B | Same as in A but with measurements performed over the membrane above the 
nucleus for untreated cells (black line), cells treated with 10 µg/mL CyD for 1 h 
(pink line), and cells treated with 10 µg/mL CyD for 1 h and allowed to recover for 
24 h (pink dashed line). 
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Lipid rafts that are stabilized by cholesterol likely play a role in the adhesion 

event, as evidenced by disruption and recovery of lipid rafts upon MβCD 

treatment and CDC treatment, respectively. Lipid raft stability does not 

appear to strictly depend on actin for this cell line, as Src does not move out 

of lipid raft fractions upon LatB treatment (Figure 3F). More likely, the actin 

network is involved in lipid raft dynamics, which in turn is required for 

optimal bacterial adhesion forces. This may involve merger of lipid rafts into 

larger platforms at the site of bacterial adhesion, allowing the recruitment 

and stable binding of cellular receptors for bacterial ligands. 

Our results indicate that the epithelial cells actively create sticky 

membranes to coordinate initial bacterial adhesion through cholesterol-

dependent lipid rafts and the actin cytoskeletal network. Over time this 

allows bacteria to adhere strongly at the membrane surface, which is 

reflected in the bond maturation of the bacteria (Figure 1D, E). Apparently 

bond maturation develops differently over the two membrane locations. It 

could be that the lateral recruitment of receptors is more efficient above 

the cytoplasm, although both cholesterol-dependent lipid rafts and actin are 

involved in this process at both sites. We suggest that lipid rafts could be a 

limiting factor in bacterial adhesion, based on measurement of the 

cholesterol/protein ratio in cell homogenates. VK2/E6E7 cells showed a 

considerably lower ratio (0.023 nmol cholesterol/μg protein) compared to 

two other cell lines, Neuro-2A (0.041 nmol cholesterol/μg protein) and BHK 

(0.050 nmol cholesterol/μg protein), both of which have established actin-

stabilized lipid rafts20. Replenishment of cholesterol with CDC to very high 

levels (Figure 2) confirms the notion of relatively low intrinsic levels of 

cholesterol in VK2/E6E7 cells. The cells may inhibit the recruitment of 

 127 



receptors in the immediate vicinity of the nucleus to conserve the 

membrane space around this organelle for maintenance of the nucleus 

position21.  

The cholesterol and actin experiments provide a clear mechanism for 

bond maturation, albeit cannot fully explain our original observation of 

preferential adhesion. Biophysical experiments shed more light on this: we 

observed a prominent nucleus (Figure 5A) that was topographically distinct 

at the membrane (Figure 5B). Furthermore, the least adhesive location on 

the cell membrane was found to be above the nucleus (Figure 5B), as well as 

the stiffest (Figure 5D).  
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Figure 5 | Biophysical exploration of VK2/E6E7 vaginal epithelial 
cells by AFM.  
A | AFM height map of a VK2/E6E7 cell. The scanning area was 20 x 20 µm and the 
image was obtained using PeakForce Mode in PBS. Lighter colouring indicates 
higher areas in terms of height than the darker parts of the cell. 
B | AFM adhesion force map, showing adhesion to the cantilever of the same cell 
as in A; lighter areas are more adhesive to the probe than darker areas. 
C | 2D surface topography map (performed with Peak Force Error) of a VK2/E6E7 
cell, the same cell as A.  
D | Stiffness map (shown by the Sneddon Modulus) of the same cell as in A; lighter 
areas are more stiff than darker areas. 
 

Decreasing stiffness may indicate a greater ability to conform to adhering 

bacteria, thereby strengthening bonds through more interactions. 

Membrane adhesion is orchestrated by the coordination of receptors and 

the process of bacterial binding to certain receptors can form temporary 
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large clusters22,23. The fact that there is such a marked difference in 

adhesion and stiffness may suggest unique local membrane composition 

and recruitment.  

Based on our findings, we propose a model whereby bacterial 

adhesion to the cell membrane is initially regulated largely by the cell itself 

(Figure 6). The cell modulates local cholesterol to stabilize lipid rafts and 

recruits the actin cytoskeleton to allow lipid raft dynamics, all meant to 

recruit lipid raft-associated receptors to the adhesion site. 

 
Figure 6 | Hypothetical model by which VK2/E6E7 cells direct 
initial bacterial adhesion at their membrane surfaces. 
A | Bacterial adhesion to membrane area above cytoplasm. The cell membrane 
above the cytoplasm is able to deform to the bacteria and the lipid rafts and actin 
cytoskeleton work in concert to recruit local membrane receptors to maximally 
bind to the bacterial ligands, thereby creating strong adhesion forces between the 
two organisms. 
B | Bacterial adhesion to membrane area above nucleus. The membrane has 
limited binding capacity due in part to the stiffness of the membrane and difficulty 
to deform and mold to the adhering bacterium, which results in a decreased 
number of focal binding points between the adhering bacterium and the cell, 
compared to adhesion above the cytoplasm.  
C | Bacterial adhesion to a cell with a membrane depleted in cholesterol and a 
disrupted actin cytoskeleton. Membrane loses its sensitivity to adhering bacteria as 
strong adhesion forces are inhibited due to the lack of cholesterol in the membrane 
(lipid raft stabilizing and receptor recruiting defects) and the loss of the actin 
cytoskeletal connections below (lipid raft dynamics and membrane shape defects). 
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We have demonstrated that the membrane above the cytoplasm is the 

preferential site for bacterial adhesion, possibly to ensure adequate space 

for local membrane events (e.g. signalling24, cell motility25, protein and lipid 

uptake26). This model does not rule out a role for bacteria in the adhesion 

process; it suggests rather that the bacteria themselves may take over a 

larger part of the subsequent colonization and thus influence biofilm 

composition over time. Future work could focus on understanding the 

molecular events that occur in the cell upon immediate bacterial binding, to 

see if there is potential for therapeutic application targeting the cell. In 

addition, cellular changes that enhance commensal and probiotic lactobacilli 

colonization and metabolic activity, for example increasing HDL 

cholesterol27, are worth exploring to reduce the many infections suffered by 

women28,1. 

 

Methods 

Bacterial strains and culture conditions 

E. coli C1214, and S. aureus MN8 were cultured and maintained 

aerobically in brain heart infusion (BHI, OXOID, Basingstoke, UK) broth and 

G. vaginalis BME-1 (clinically isolated from a BV patient) was cultured and 

maintained anaerobically in BHI medium at 37°C. L. reuteri RC-14, L. iners 

AB-1 and L. crispatus 33820 were cultured anaerobically in de Mann, Rogosa 

and Sharpe (MRS, MERCK, Darmstadt, Germany) broth at 37°C. For all 

experiments, main cultures of all bacterial strains were harvested by 

centrifugation for 5 min at 5000 g, washed twice with phosphate buffered 
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saline (PBS, 10 mM potassium phosphate and 140 mM NaCl, pH 7.0) and 

resuspended either in PBS or in the appropriate growth medium.  

Vaginal epithelial cell line and culture conditions  

The VK2-E6E7 cell line (ATCC®CRL-2616TM) was cultured and 

maintained in keratinocyte serum-free medium (KSFM) supplemented with 

50 mg/mL bovine pituitary extract and 0.1 ng/mL epidermal growth factor. 

The cells were grown at 37°C with 5% CO2 and 100% humidity. Briefly, the 

cells were grown in T75 culture flasks, medium was renewed every 2-3 days, 

and the cells passaged after 80-85% confluence was achieved. Trypsin was 

added to detach the cells at 37°C and upon detachment of the cells, 1:1 

Dulbecco’s modified Eagle’s medium and Ham’s F12 medium containing 

10% fetal bovine serum was added to neutralize the trypsin. The cells were 

then centrifuged for 5 min at 800 g, the supernatant was discarded and the 

pellet was resuspended in KSFM.  

Adhesion assays 

For the adhesion experiments, cells were seeded onto 12-well plates 

and grown until confluent. The bacteria were re-suspended to a final 

concentration of 1.0 x 105 bacteria/mL in KSFM and allowed to adhere to a 

monolayer of VK2/E6E7 cells for 1 h. Then, the cells and bacteria were 

washed three times with sterile PBS and fixated in 3.7% paraformaldehyde 

and dehydrated in ethanol prior to embedding. Each sample was embedded 

in methyl-acrylate and 2 μm-thick sections were cut prior to staining with 

toluidine blue. Following the staining, the samples were imaged using a 

Leica DM4000B microscope and quantified by counting all bacteria directly 

adhering to the cell membrane above the nucleus and those adhering to the 
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membrane above the cytoplasm. A total of at least 80 cells were counted for 

each sample, using 3 separate cell passages and at least 3 different bacterial 

cultures. 

Bacterial adhesion forces 

In order to measure bacterial adhesion forces using AFM, bacteria 

were immobilized to the D tip of an O-NP silicon nitride cantilever coated 

with 0.1% w/v poly-L-lysine (Sigma-Aldrich, Zwijndrecht, The Netherlands) 

from a suspension of 1.0 x 105 bacteria/mL in PBS. VK2/E6E7 cells were 

seeded onto 35 mm tissue culture dishes (Greiner, Frickenhausen, Germany) 

and grown until confluent. Adhesion forces between a bacterial probe and 

the epithelial layer were measured using a Nanoscope V (Digital 

Instruments, Woodbury, USA) under a 1.0 nN trigger threshold after a 

contact time of 120 s and the maximal adhesion force upon retraction was 

recorded.  

Lipid raft analysis 

To determine the effect of cholesterol depletion/repletion and actin 

disruption on lipid rafts, 10 mg/mL of MβCD in KSFM, 10 mg/mL MβCD 

followed by 10 mg/mL CDC (described below), or 10 mM solution of LatB in 

KSFM were added to a confluent 75 cm2 flask of cells for 1 h and incubated 

in 37°C. A detergent-free raft isolation method developed by Macdonald 

and Pike29 was used. In this procedure, confluent cells of two 75 cm2 flasks 

were washed and subsequently scraped in base buffer (20 mM Tris/HCl, pH 

7.8, and 250 mM sucrose) supplemented with 1 mM CaCl2 and 1 mM MgCl2. 

The harvested cells were centrifuged at 250 g for 5 min and the resulting 

pellet was suspended in 1 mL of base buffer supplemented with 1 mM CaCl2, 
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1 mM MgCl2 and protease inhibitors. After homogenization by passage 

through a 25-gauge needle 20 times, another centrifugation step at 1000 g 

for 10 min followed. The resulting post-nuclear supernatant (PNS) was 

collected and transferred to a separate tube. The pellet was homogenized 

again in 1 mL of base buffer supplemented with 1 mM CaCl2, 1 mM MgCl2 

and protease inhibitors, passed through the needle 20 times and 

centrifuged at 1000 g for 10 min. The second PNS was combined with the 

first. Protein content of the combined PNS was determined using the 

detection reagent bicinchoninic acid, which forms purple complexes with 

Cu1+ in an alkaline environment. This generates a chromophore-based 

analytical method able to measure the amount of Cu1+ produced in the 

reaction of protein with alkaline Cu2+ 30. Samples containing equal amounts 

of protein and adjusted to volumes of 2 mL were processed for gradient 

analysis. Subsequently, 2 mL of base buffer containing 50% OptiPrep was 

added to the PNS solution. By using a gradient mixer, an 8 mL gradient of 0-

20% OptiPrep in base buffer was poured on top of this 4 mL in a 

centrifugation tube. After centrifugation at 52000 g for 90 min at 4°C, 9 

fractions of 1.3 mL were collected from top to bottom and stored at -20°C. 

For immunoblot analysis, protein from equal volumes of the gradient 

fractions were trichloroacetic acid precipitated and resuspended in sample 

buffer (5% SDS, 5% β-mercaptoethanol, 0.125 M Tris-HCl, pH 6.8, and 40% 

glycerol). The samples were resolved on SDS-polyacrylamide gel 

electrophoresis and subsequently electrotransferred onto a polyvinylidene 

fluoride membrane. After blocking of the membranes with Odyssey blocking 

buffer/PBS, the membranes were incubated with a primary antibody against 

c-Src (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) or actin (Sigma, St. 
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Louis, MO, U.S.A.). After washing incubation with the appropriate infrared 

fluorescent dye-conjugated secondary antibody, the washed immunoblots 

were scanned with the Odyssey (LI-COR Biosciences, Lincoln, NE, U.S.A.) and 

the fluorescence was measured. Relative quantification was performed 

using the Odyssey software. For each protein we calculated the percentage 

found in each gradient fraction relative to the total of that protein, which is 

the sum of the values of all gradient fractions. In addition, the 9 fractions 

were pooled as follows: 1-2, 3-4, 5-6, 7-9. 

Cholesterol modulation and determination 

To deplete cholesterol (used for AFM experiments and raft analysis), 

the cells were treated with 10 mg/mL MβCD in KSFM for 1 h at 37°C. For 

cholesterol loading of the plasma membrane for all experiments, MβCD 

loaded with cholesterol (CDC) was used at a concentration of 10 mg/mL in 

KSFM, for 1 h at 37°C. To prepare CDC, 100 mg of MβCD was dissolved in 2 

mL of water and 3 mg of cholesterol (solution in ethanol) was added slowly 

while stirring at 60-70°C. This was dried and dissolved in KSFM. The AFM 

experiments (either for MβCD or CDC) continued with two washing steps in 

sterile PBS (37°C) and then measurements began in sterile PBS at 37°C.  

To determine the amount of cholesterol depletion and repletion 

after incubation with MβCD respectively MβCD/CDC, the cells were 

harvested by trypsinization and the protein content was measured using the 

method as mentioned above. Then from the total cell homogenate, the 

lipids were extracted. In the extract, the cholesterol content was 

determined spectrophotometrically using a cholesterol/peroxidase assay31. 
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The phosphorus content, as a measure for the phospholipid content, was 

determined using a phosphate assay32. 

The effect of the actin and cholesterol inhibitors on the morphology of 

VK2/E6E7 cells 

VK2/E6E7 cells were seeded onto fibronectin-coated (25 µg/mL) 16 

mm sterilized glass coverslips and grown to 80-90% confluence in the 

conditions as described above. Then one of each of the inhibitors (10 mg/mL 

MβCD for 1 h, 10 mg/mL CDC for 1 h, 10 µM LatB for 35 min, or 10 µg/mL 

CyD for 1 h) were applied to the cells in KSFM, in addition to an untreated 

condition. Following this, the cells were thoroughly washed with PBS and 

fixated with 3.7% paraformaldehyde. After fixation, the samples were rinsed 

with PBS and stained for 30 min with 4 µg/mL of DAPI and 2 µg/mL of TRITC-

Phalloidin. Each sample was then inverted and mounted onto a glass slide 

with Vectashield® medium for fluorescence (Vector Laboratories, Inc. 

Burlingame CA 94010, USA) and then sealed. Slides were examined by 

confocal laser scanning microscopy using a LEICA TCS SP2 system (Leica 

Microsystems Heidelberg GmbH, Heidelberg, Germany). Confocal images 

were obtained using a 63x oil immersion objective at randomly chosen 

locations on the slides with 1.5 µm steps in the z-direction and images were 

stacked to provide an overlay image of the monolayer.  

Statistical analysis 

The inter- and intra-bacterial statistical differences in maximal 

adhesion forces on two membrane locations for each of the strains in Figure 

1D, E were determined using a linear mixed effects model (LMM). Our null 

hypothesis was that there were no differences between bacteria at either 
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membrane location and furthermore, that there were no differences 

between membrane locations for any individual bacterium. This model also 

determined the intra-bacterial locational differences for G. vaginalis with 

the use of inhibitors on each of the membrane locations. The null 

hypothesis here was that the use of LatB, MβCD, and CDC had no effect on 

the maximal adhesion forces compared to the control of unaffected cells 

with a G. vaginalis BME-1 probe at either membrane location. The LMM 

accounted for random variations due to the differences in adhesion forces 

for fixed combinations (e.g. VK2/E6E7-E. coli), including the use of multiple 

bacterial cultures and probes. Then, procedure MIXED of SAS (Version 9.2) 

using a restricted maximum likelihood and the Kenward-Rogers option for 

the number of degrees of freedom was used to fit the LMM. This yielded 

modelled values of the mean adhesion forces, representing the maximal 

adhesion force from the interaction of each pair. 

 The lipid raft data is represented in all figures as mean ± standard 

deviation (SD) and the control and inhibitor data were analyzed using a two-

tailed Student’s t test parametric tests using p-values of <0.05 as statistically 

significant. The null hypothesis was that the inhibitors (MβCD, CDC, and 

LatB) had no effect on the overall amount of Src and actin in each of the 

gradient fractions compared to the control values. 
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Chapter 6 

General Discussion 
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Biophysical interactions between microorganisms are one of the 

mechanisms by which restoration of the natural microbiota can be 

accomplished1. Unfortunately, they are poorly understood, especially within 

the context of the vaginal environment. The goal of this thesis was to 

unravel the role of adhesion between vaginal microorganisms and probiotic 

strains and how this may influence certain outcomes in the vagina such as 

coaggregation, biofilm integration and disruption, virulence, and initial 

adhesion to the epithelium.  

Adhesion force measurements are the cumulative sum of all binding 

events between an organism and a surface. Strongly adhering lactobacilli 

can bind to pathogens (Chapters 2-4), integrate within and disrupt a 

pathogenic biofilm (Chapter 3), and reduce virulence (Chapter 4). 

Furthermore, we observed two consistent trends relating to our bacteria-

bacteria and our bacteria-epithelial cell adhesion force measurements. 

Namely, lactobacilli adhere more strongly to pathogens than the pathogens 

to themselves, and pathogens tend to adhere more strongly to the epithelial 

cells than lactobacilli do (Chapter 5). This chapter will focus on discussing 

how we can use the knowledge we gained in this thesis to explain why 

bacterial adhesion within the greater context of the vagina is an important 

area of focus.  
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Significance of adhesion in the vaginal 

environment 
One situation that showcases the importance of adhesion in the 

vagina is the ability to form coaggregates and to penetrate and integrate 

within existing pathogenic biofilms. This is accomplished through adhesion 

and biochemistry (e.g. virulence reduction, growth inhibition, nutrient 

competition, and quorum sensing). Biochemical mechanisms require 

microenvironments to fully achieve their threshold concentrations and this 

is achieved after adhesion to target bacteria. We have demonstrated the 

link between strong adhesion and creation of coaggregates in Chapter 2. 

Furthermore in Chapter 4, we measure a level of quorum quenching able to 

reduce MRSA virulence through the direct effect of the physical contact of 

lactobacilli. These processes take time and while it was shown in this thesis 

to occur within 24 h, Staphyloccous aureus biofilms are known to have 

activated virulence in a microenvironment through quorum sensing in less 

than 10 h over a distance of 10 µm2. Therefore it is worthwhile to 

investigate both short- and long-term time points to learn more about the 

contribution of adhesion to microenvironment-related processes. 

Additionally, lactobacilli that can quench virulence more quickly should be 

identified and examined.  

The consensus in literature is that an increase in bacterial species 

diversity and a marked loss of certain lactobacilli are hallmarks of vaginal 

dysbiosis1,3-6. The vaginal bacteria used in this thesis are representative for 

the dominant bacteria of the main vaginal phylogenic groups described in 

literature3-5. We have gathered adhesion data for the dominant commensals 
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in these phylogenic groups as well as for some pathogens (Figure 1) 

adhering to each other (Chapter 2, Chapter 3, and Chapter 4) and to the 

vaginal epithelium (Chapter 5).  

 

Figure 1 | Adhesion forces measured between vaginal 
microorganisms and epithelial cells and between vaginal 
microorganism and pathogens. 
Average adhesion forces between vaginal bacteria and the vaginal epithelium 
(VK2/E6E7 cells) and between dominant phylogenic bacteria and vaginal 
pathogens. The image shows a hypothetical situation wherein the position of each 
microbe in the vagina is based solely on the strength of their adhesion to the 
vaginal epithelium combined with their adhesion to each other.  
 

Vaginal pathogens form dense biofilms in patchy, confluent layers on the 

epithelial surface in dysbiosis7 and this may be associated to their stronger 

initial adhesion to the epithelium than commensals. Lactobacilli adhere very 

strongly to pathogens for which they use different surface molecules than 

for adherence to the epithelium8,9, this may be one of the main factors for 

the restorative mechanisms that allow them to competitively exclude 
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pathogens from adhering to the epithelial surface10. Furthermore, the lower 

adherence of pathogens to each other than lactobacilli may make their 

biofilms vulnerable to disruption when challenged with adhesive 

lactobacilli11,12 (as shown in Chapter 3). 

 

Vaginal probiotics  
Transient probiotic strains are unable to remain in the vagina for an 

extended period of time12,13 which was unexplainable so far. This 

phenomenon can now be explained by the lower adhesion forces measured 

to the epithelium compared to adhesion forces to other bacteria. While 

probiotics are less adhesive to the vagina, they do have restorative 

mechanisms1 that are related to adhesion: 

• coaggregation; the creation of microenvironments and potential 

interference with the ability of the pathogenic species to infect the 

host, 

• restoration and maintenance of intact intercellular junctions by 

adhering lactobacilli, 

• immunomodulatory effects; lactobacilli in direct contact with the 

epithelium have a strong reduction in the initial inflammatory 

response.  

Commensal lactobacilli that adhere and remain on the epithelium 

also rely on adhesion-related mechanisms for their success: synergistic 

signaling, adhesion, biosurfactant secretion, virulence reduction, and others 

as shown in this thesis. The fact that a viable probiotic Lactobacillus strain 

consistently had the lowest adhesion forces to the epithelium of all bacteria 
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studied in this thesis should not be a cause of concern. However, it does 

suggest that it might make sense to focus on commensal lactobacilli with 

strong adhesion forces to vaginal epithelium in order to recolonize and 

restore the original phylogenic group of an individual. Perhaps given the vast 

progress that has entered biology from reductionism, new generations of 

probiotics may eventually abandon their short-lived stay in the vagina and 

become permanent residents and members of the microbiota. Accordingly, 

new probiotics will have ‘enhanced functions’, such as strong adhesion. New 

screening methods such as atomic force microscopy would indeed rapidly 

and easily facilitate the selection of microbial strains with such a desired 

profile. In theory, a probiotic strain (having already achieved the necessary 

safety levels) could prove dominant over certain native opportunistic 

pathogen species leading to their exclusion. While this is an example of 

ecological disaster - dysbiosis occurring through the overgrowth of species - 

the powerful potential of probiotic mechanisms should make us wary of 

leaving microbial interactions in the vagina a grey area.  

 

Rationale for studying the vaginal microbiota 

Irrespective of the symptoms present or lack thereof, vaginal 

dysbiosis is associated with an increased susceptibility to preterm labour 

(perhaps due to inflammatory processes)14,15, sexually transmitted 

infections (perhaps owing to a damaged epithelial layer or altered 

expression of protective compounds)16 such as HIV infection17, and pelvic 

inflammatory disease caused by pathogens18. It is these predispositions that 
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can have potentially devastating effects for women and the health of any 

future children. 

The results in this thesis are important for new areas of investigation 

in urogenital and reproductive research. For instance, the colonization of an 

infant’s skin during vaginal delivery could be related to the adhesion of the 

mother’s microbiota. Also, the continual reseeding of the vagina by gut 

microbes12,13 could be an adhesion-related process: as the gut microbes are 

excreted in fecal matter, some adhere to the peritoneal surface and 

eventually migrate along the approximately 4 cm journey to the vagina after 

which they integrate within the vaginal community19. In a healthy situation, 

it could be that lactobacilli also coming from the gut who adhere more 

strongly to the peritoneum ensure their own success by excluding other 

organisms that may be on their way to the vagina. It has been shown here 

the direct effect of adhesive lactobacilli on the inflammatory response and 

pathogenic biofilms is worthwhile to further investigate to potentially 

reduce the effects of dysbiosis and future problems for both women1,20 and 

infants21-23. It follows that it is imperative to unravel the elements that keep 

the vaginal microbiota in balance, because it is here that the first microbial 

imprints of infant life begin. Surprisingly enough, there is some sort of logic 

in the vagina: adhesion matters. 
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Summary  

The continuum between health and disease lies at the balance of a 

functioning microbiota and for the vagina: decreased bacterial diversity with 

a dominance of lactobacilli species. Once this balance is disturbed, dramatic 

changes in the composition of the microbiota can be seen. The common 

choice of treatment results in the mass killing of both non-pathogenic and 

pathogenic bacteria through the use of mostly nonspecific antibiotics. This 

carpet-bombing approach can cause major delays in the restoration of a 

healthy microbiota, even in the case where infections self-resolve.  

Chapter 1 reviews a number of underlying mechanisms by which the 

human microbiota can undergo natural or assisted restoration following 

injury or insult, and it especially examines the role of probiotic bacteria. The 

different sites that are explored include the skin, oral cavity, gastrointestinal 

tract, and the urogenital tract.  

As aforementioned, increased diversity, with a marked loss of 

lactobacilli species, characterizes dysbiosis in the vagina. These fluctuations 

may be related to inter-microbial adhesion and/or changes in the ability to 

be incorporated into microbial coaggregates. The specific influence of 

adhesion forces on biophysical interactions between members of the 

vaginal microbiota was investigated in Chapter 2. We aimed to prove that 

probiotic lactobacilli were able to bind strongly to virulent MRSA 

Staphylococcus aureus strains and were also able to form coaggregates with 

them. To accomplish this, we studied a profile of six vaginal bacteria: two 

commensal strains, Lactobacillus jensenii RC-28 and Lactobacillus crispatus 
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33820, a probiotic strain, Lactobacillus reuteri RC-14, and three pathogenic 

S. aureus strains: MN8, Newman and COL.  

Using atomic force microscopy, we found that the adhesion forces 

between lactobacilli and the three virulent toxic shock syndrome toxin 1 

(TSST-1) producing pathogens were significantly stronger (2.2–6.4 nN) than 

between staphylococcal pairs (2.2–3.4 nN), especially for the probiotic L. 

reuteri RC-14 (4.0–6.4 nN) after 120 s of bond maturation. Coaggregation 

assays also revealed a key relationship: larger coaggregates were associated 

with strain pairs that had stronger adhesion forces. The important 

characteristic about coaggregation is that it allows the creation of 

microenvironments within its core, and it can certainly develop into a 

biofilm if the conditions are suitable. Having shown that strong adhesion 

forces for a probiotic may give it a foothold within pathogen communities is 

an important step forward in the development of urogenital infections 

research.  

To further expound upon the role of adhesion within 

microenvironments, we wanted to investigate how strong inter-bacterial 

adhesion forces might further play a role in lactobacilli disruption of 

biofilms. Chapter 3 describes three observations of biophysical mechanisms 

that lactobacilli employ to disrupt biofilms of Gardnerella vaginalis (Gv), an 

important colonizer of bacterial vaginosis infections. Using confocal 

scanning laser microscopy and live-dead staining, we were able to observe 

decreases in biofilm thickness with the addition of lactobacilli compared to 

the single-strain pathogen biofilm. Not only were the whole lactobacilli able 

to achieve significant biofilm disruption, but also their cell-free 

supernatants. The adhesion forces of all lactobacilli (L) to the pathogen were 
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measured and all L-Gv pairs were significantly higher in adhesion forces than 

the Gv-Gv pair (p<0.05). Furthermore, the use of FISH probes specific for 

lactobacilli allowed us to confirm penetration within the 24 h-old G. 

vaginalis biofilm, integration, and residence within the biofilm after an 

additional 24 h of growth. Thus, we have demonstrated a decisive role for 

adhesive lactobacilli in the disruption of in vitro G. vaginalis biofilms. 

Once we had determined that lactobacilli have certain biophysical 

mechanisms to target pathogens, the logical next step was to investigate if 

these would be effective in reducing virulence. Chapter 4 focused on 

reduction of two virulence markers by lactobacilli: the inflammatory 

cytokine response and secreted pathogen toxins. Using a similar disease 

model (toxic shock syndrome) as in Chapter 2, we choose a commensal (L. 

jensenii RC-28), pathogen (S. aureus MN8) and probiotic strain (L. reuteri RC-

14) and attempted to answer the question of whether physical contact 

between bacteria and the vaginal epithelium matters for virulence 

reduction.  

The result was clear: the lactobacilli were able to reduce 

inflammatory cytokine secretion induced by S. aureus when they were in 

physical contact with the epithelial cells. To investigate the effect of the 

lactobacilli on TSST-1, a secreted S. aureus MN8 toxin, a mixed biofilm was 

grown either with the strains in physical contact or separated by a 

membrane and the amount of secreted toxin was measured by SDS-PAGE. 

The probiotic strain L. reuteri RC-14 showed better toxin reduction per 

staphylococci when in physical contact with the pathogen, while the 

commensal strain L. jensenii RC-28 was unable to show this effect. Atomic 

force microscopy measurements showed that among all three bacteria, S. 
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aureus MN8 had weakest inter-bacterial adhesion forces and the strongest 

adhesion forces to the cells (though not statistically significant). FISH probes 

and confocal laser scanning microscopy confirmed the penetration and 

residence of both lactobacilli within the pathogen biofilms. This study 

illustrates a continuing phenomenon to us: namely that physical contact 

(adhesion) plus biochemical mechanisms may work in synergy and are 

intrinsically linked lactobacilli mechanisms that can decrease virulence of 

pathogenic biofilms.  

In the preceding chapter, we measured adhesion forces between 

vaginal bacteria and vaginal epithelial cells. Bacterial adhesion to epithelial 

cells is a critical step in the vagina for colonization and biofilm development, 

thus Chapter 5 was an exploration of the relative contributions to bacterial 

adhesion of each of the two microorganisms and how these adhesive events 

are controlled at the level of the epithelial cell membrane. To our 

knowledge, this is the first study to measure bacterial adhesion on the 

epithelial membrane (on two different locations) for a variety of vaginal 

bacterial strains.  

Three main outcomes resulted from this chapter: firstly, that there 

was asymmetric adhesion over the membrane above the cytoplasm versus 

the nucleus for both bacterial adhesion assays and quantified adhesion 

forces. Secondly, by depleting cholesterol (MβCD) and inhibiting actin 

(Latrunculin B), we were able to provide mechanistic evidence of the direct 

role that the cells play in initial bacterial membrane adhesion through their 

membrane cholesterol and sub-membrane actin. Lastly, it was concluded 

that epithelial cells contribute more actively in the initial phases of bacterial 

adhesion, whereas the bacteria themselves are more dominant in the latter 
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stages as they grow and develop into biofilms. This may produce new 

opportunities for microbiota modulation as more research builds upon this 

chapter.  

This thesis has demonstrated quantitative relationships between 

adhesion and certain biophysical parameters, so finally in Chapter 6, the 

meaning and extension of this research was discussed. Particular emphasis 

was placed on the significance of adhesion in the vagina, the role and 

importance of microenvironments, particular vaginal probiotics, and finally 

moving towards the overall importance of a better understanding of the 

vaginal microbiota. 
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Samenvatten 

De balans tussen gezondheid en ziekte is afhankelijk van een 

functionerende microbiota en voor de vagina, verminderde bacteriële 

diversiteit. Zodra deze balans is verstoord, kunnen dramatische 

veranderingen in de samenstelling van de microbiota worden geobserveerd. 

De gebruikelijke behandelwijze resulteert in massale sterfte van zowel 

pathogene als niet-pathogene bacteriën door het gebruik van veelal non-

specifieke antibiotica. Deze massa vernietiging kan resulteren in grote 

vertragingen in het herstel van een gezond microbiota evenwicht, zelfs in 

het geval waar infecties zichzelf oplossen. 

Hooftstuk 1 gaat in op een aantal onderliggende mechanismen 

waarbij de menselijke microbiota natuurlijk of geassisteerd herstel na ziekte 

kan ondergaan, en het onderzoekt in het bijzonder de rol van probiotische 

bacteriën. De verschillende onderwerpen die worden belicht zijn de huid, de 

mond, het maagdarmkanaal, en het urogenitale stelsel.  

Zoals voorafgaand besproken, dysbiosis in de vagina wordt 

gekarakteriseerd door een toename in diversiteit met een reductie in 

lactobacilli. Deze fluctuaties kunnen worden toegedicht aan inter-microbiale 

adhesie en/of veranderingen in het vermogen om te worden geïntegreerd in 

microbiale coaggregaten. De specifieke invloed van adhesie op biofysische 

interacties tussen leden van de vaginale microbiota was onderzocht in 

Hoofdstuk 2. Ons doel was om te bewijzen dat probiotische lactobacilli 

instaat waren om te binden aan kwaadaardige MRSA Staphylococus aureus 

stammen en ook in staat waren om co-aggregaten met ze aan te gaan. Om 

dit te bereiken, bestudeerden we een profiel van zes vaginale bacteriën: 
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twee medeëter stammen, Lactobacillus jensenii RC-28 en Lactobacillus 

crispatus 33820, een probiotische stam, Lactobacillus reuteri RC14, en drie 

patogene S. aureus stammen: MN8, Newman, en COL.  

Met behulp van atomic force microscopy vonden we dat de 

adhesiekrachten tussen lactobacilli en de drie kwaadaardige TSST-1 

producerende pathogenen significant sterker (2.2-6.4 nN) waren dan tussen 

staphylococcen paren (2.2-3.4 nN), in het bijzonder voor de probiotische L. 

reuteri RC-14 (4.0-6.4 nN) na 120s van bindingsgroei. Coaggregatie testen 

lieten ook en belangrijke relatie zien: grotere coaggregaten werden 

geassocieerd met bacteriële stam paren met sterkere adhesie krachten. De 

belangrijke karakteristiek van co-aggregatie is dat het micromilieus toestaat, 

en kan zich onder de juiste omstandigheden ontwikkelen tot een biofilm. 

Een belangrijke stap voorwaarts in de ontwikkeling van urogenitaal infectie 

onderzoek is dat we sterke adhesiekrachten hebben gevonden tussen 

probiotica en pathogenen,die voor houvast kan zorgen in pathogene 

biofilms.  

Om de rol van adhesie in micromilieus beter te begrijpen, wilde we 

weten hoe sterk inter-bacteriële adhesie krachten mogelijk verder een rol 

spelen in het verstoren van lactobacilli biofilms. Hoofdstuk 3 beschrijft drie 

observaties van biofysische mechanismen die lactobacilli gebruiken voor het 

verstoren van biofilms van Gardnerella vaginalis (Gv), een belangrijke 

kolonisator in bacteriële vaginosis infecties. Door het gebruik van confocal 

scanning laser microscopy en leven-dood kleuring waren we instaat afnames 

in biofilm dikte te constateren door de toevoeging van lactobacilli 

vergeleken met de enkel-stam pathogene biofilm. Niet alleen waren de hele 

lactobacilli in staat significante verstoringen in de biofilm te veroorzaken, 
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maar hun cel-vrije supernatant liet hetzelfde effect zien. De adhesiekrachten 

van alle lactobacilli (L) tegen het pathogeen werden gemeten en alle L-Gv 

paren hadden significant hogere adhesiekrachten dan de Gv-Gv paren 

(p<0.05). Ook het gebruik van FISH probes specifiek voor lactobacilli 

bewezen penetratie in de 24h-oude G vaginalis biofilm, intergratie, en 

aanwezigheid in de biofilm na 24h extra groei. Dus, we hebben een 

bepalende rol gedemonstreerd voor hechtende lactobacilli in de disruptie 

van in vitro G. vaginalis biofilms. 

Zodra we hadden bepaald dat lactobacilli bepaalde biofysische 

mechanismen had om pathogenen aan te vallen, was de logische volgende 

stap om te onderzoeken of deze effectief zouden zijn in de reductie van 

giftigheid. Hoofdstuk 4 focust zich op de reductie van twee giftigheid 

markers bij lactobacilli: de cytokine reactie op onsteking en uitgescheiden 

pathogene gifstoffen. Gebruikmakend van een vergelijkbaar ziekte model 

(gifstof schok syndroom) als in Hoofdstuk 2, kozen we een medeëter (L. 

jensenii RC-28), pathogeen (S. aureus MN8), en probiotische stam (L. reuteri 

RC-14) en probeerden de vraag te beantwoorden of fysiek contact tussen 

bacteriën en het vaginale epithelium noodzakelijk is voor reductie van 

virulentie. Het resultaat was helder: de lactobacilli waren in staat door S. 

aureus geinduceerde ontstekings gerelateerde cytokine afscheiding te 

reduceren wanneer ze fysiek contact hadden met de epitheelcellen. 

Om dit effect te onderzoeken van de lactobacilli op TSST-1, een 

afgescheidde S. aureus MN8 gifstof, werd een gemixte biofilm gekweekt 

ofwel met de stam in fysiek contact of afgescheiden met een membraan en 

de hoeveelheid uitgescheiden gifstof werd gemeten met SDS-PAGE. De 

probiotische stam L. reuteri RC-14 liet een betere gifstof reducering zien met 
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staphylococci bij fysiek contact met het pathogeen, terwijl de medeëter 

stam L. jensenii RC-28 dit effect niet kon laten zien. Atomic force microscopy 

metingen lieten zien dat van alle drie de bacteriën, S. aureus MN8 de 

zwakste inter-bacteriële adhesie krachten en sterkste adhesie krachten naar 

cellen (hoewel niet statistisch significant) had. FISH probes en confocal laser 

scanning microscopy bevestigden de penetratie en aanwezigheid van beide 

lactobacilli in de pathogene biofilms. Deze studie illustreert een continue 

fenomeen: namelijk dat fysiek contact (adhesie) plus biochemische 

mechanismen mogelijk in synergie werken en onlosmakelijk verbonden 

lactobacilli mechanismen zijn die giftigheid van pathogene biofilms kan doen 

afnemen. 

In het vorige hoofdstuk hebben we adhesiekrachten tussen vaginale 

bacteriën en vaginale epitheelcellen gemeten. Bacteriële adhesie aan 

epitheelcellen is een kritische stap in de vagina voor kolonisatie en biofilm 

ontwikkeling, waardoor Hoofdstuk 5 een ontwikkeling was van de relatieve 

contributies aan bacteriële adhesie van elk van de twee microorganismen en 

hoe deze adhesies worden gecontroleerd aan het oppervlak van het 

epitheelcellen membraan. Voorzover wij weten is dit de eerste studie die 

bacteriële adhesie aan het epitheliale membraan (op twee verschillende 

locaties) heeft gemeten voor een variëteit aan vaginale bacterie stammen.  

Dit hoofdstuk heeft geleid tot drie belangrijke resultaten: Aller eerst, 

dat er asymmetrische adhesie was op het membraan boven het cytoplasma 

vergeleken met de nucleus voor zowel bacteriële adhesie assays en 

gekwantificeerde adhesiekrachten. Ten tweede, door het verwijderen van 

cholesterol (MβCD) en remmen van actine (Latrunculin B) waren we in staat 

mechanistisch bewijs te leveren voor de directe rol die cellen spelen in 
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initieel bacterie membraan adhesie door hun membraan cholesterol en sub-

membraan actine. Als laatste, kon worden geconcludeerd dat epitheelcellen 

actiever bijdragen in de initiële fases van bacteriële adhesie, terwijl de 

bacteriën zelf dominanter zijn in de latere stadia wanneer ze groeien en zich 

ontwikkelen tot biofilms. Dit kan nieuwe mogelijkheden creëren voor 

microbiota modulatie zodra meer onderzoek op basis van dit hoofdstuk 

wordt toegevoegd. 

Dit proefschrift heeft kwantitatieve relaties aangetoond tussen 

adhesie en bepaalde biofysische parameters, tenslotte wordt in Hoofdstuk 6 

de waarde en de extensie van dit onderzoek besproken. Bijzondere nadruk 

werd geplaatst op de significantie van adhesie in de vagina, de rol en het 

belang van micromilieus, speciale vaginale probiotica, en tot slot het 

bewegen naar het algemene belang van een betere kennis van de vaginale 

microbiota. 
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