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Chapter 4 

Lactobacilli Require Physical Contact to 
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 

 88 



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 

 101 



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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