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Abstract

Chemotherapy-induced oral mucositis (CIOM) is characterized by the ulceration
of the oral mucosal tissues caused by the systemic cytotoxic effects of chemotherapy. It
is considered a major side-effect that may lead to the interruption of cancer treatment,
which often compromises the treatment prognosis for patients. Recently, there has been
interest in exploring the potential of bacteria to treat CIOM, primarily driven by the
promising effects of probiotics in reducing the severity of intestinal mucositis. The
application of probiotics for treating CIOM has not been properly explored due to the lack
of adequate study models and clear mechanisms through which probiotics exert their
benefits. We fabricated an imageable in vitro model using stained immortalized human
oral keratinocytes (OKF6/OKF6-TERT2) and then treated it with Methotrexate aiming to
recapitulate the cellular damages that are typically observed in CIOM. The establishment
of the microbe-mammalian co-culture was achieved using an aqueous-two phase system
(ATPS), a liquid-based scaffold of polyethylene glycol and dextran. An ATPS was
optimized for each bacteria to maintain them contained and viable for 48 hours within the
DEX-phase without damaging a monolayer of OKF6 cells. This research aimed to
provide a tool to fill the knowledge gap in our understanding of the mechanistic effects
of specific probiotics in CIOM. The effect of applying L. brevis or S. salivarius to a
monolayer of OKF6 before exposure to MTX was tested. The results suggested that the
application of S. salivarius to the OKF6 cells before MTX exposure maintained cell
viability in comparison to the bacteria-free control. In this study L. brevis had a high
susceptibility to the tested MTX dosage. The establishment of an in vitro model capable
of allowing mammalian-microbial interactions in a system with representative damage of
CIOM provided the possibility of elucidating the mechanism behind the benefits of
probiotics that past studies have demonstrated in clinical trials and using in vivo models.
This is the first study to test in vitro the effects of probiotics in an oral mucositis model,

furthermore, allowing mammalian-microbial interactions.
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CHAPTER 1. Introduction

1.1. Chemotherapy and its Effects on the Oral Microenvironment

The goal of chemotherapy is to inhibit cell proliferation and tumor growth, thus
avoiding invasion and metastasis. However, this results in toxic effects due to the lack of
specificity of the drug, which affects normal cells as well [1]. Traditional chemotherapy
agents primarily affect either macromolecular synthesis and function of neoplastic cells
by interfering with DNA, RNA, and protein synthesis or by affecting the functionality of
molecules. Ultimately, the treatment leads to cell death due to the chemotherapeutic
agents” direct effect or by triggering apoptosis [2], [3]. Chemotherapeutic agents can be
classified according to their mechanism of action, some of them are alkylating agents
which yield an unstable alkyl group that reacts with proteins and nucleic acids inhibiting
DNA replication and transcription, there are also antimicrotubular agents, that usually
inhibit topoisomerase or the assembly of microtubules which stops the cycle in M phase,
and among others, there are the antimetabolites, their mechanism of action involves the
inhibition of DNA replication, and within this classification, there are the folate
antagonists, where one of the most common chemotherapeutic treatments is found,

Methotrexate (MTX) [2].

MTX inhibits at least four enzymes in the folate pathway. Its ability to inhibit folate
formation comes from its structural similarity to dihydrofolic acid (Figure 1) which
allows its competitive inhibition of dihydrofolate reductase (DHFR). The molecular
mechanism through which MTX has its effect leads to a significant decrease in purine
and pyrimidine synthesis inhibiting cell proliferation, which is why it is considered an

antineoplastic drug [4].
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Figure 1. Chemical structure of MTX and dihydrofolic acid
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Chemotherapy does not only target malignant cells but also healthy tissue, its effects
on the mouth are frequent due to the high division rate of the cells in the oral mucosa.
This antineoplastic treatment causes the activation of signaling pathways that lead to the
secretion of inflammatory molecules, generation of reactive oxygen species, and other
mechanisms that ultimately damage the oral epithelium [5]. These alterations, among
others, may contribute to the rupture of the oral mucosal tissue, providing a gateway for
opportunistic ~ microorganisms, and leading to infections [6].In addition,
chemotherapeutics can be bacteriostatic, hence, affecting the oral bacterial community in
patients. It has also been identified in various studies that oral mucositis is an independent
risk factor for the development of bacteremia and systemic infections, involving
anaerobic bacteria and other species that are not normally found in the oral cavity [7]. It
has been observed in pediatric leukemia patients that during chemotherapy treatment, the
oral microbiota plays a role in the metabolism of specific chemotherapeutic agents. It has
been identified that the outgrowth of these bacteria leads to the formation of active toxic
metabolites of the drug, which directly affects the progression of intestinal mucositis [8].
Although there is still no conclusive evidence correlating the shift in bacterial
colonization with oral mucositis severity, multiple studies have suggested potential
associations [9]. Nevertheless, further research is required to analyse the different effects

of bacteria in oral mucositis.

1.2.  Aectiology of Chemotherapy-Induced Oral Mucositis

Mucositis refers to the inflammation and/or ulceration of the mucosal lining of the
gastrointestinal tract. When it is present in the mucous membrane that lines the structures
within the oral cavity, also called the oropharyngeal mucosa, it is referred to as oral
mucositis or stomatitis. These structures include the soft palate, the side and back walls
of the throat, the tonsils, and the posterior one-third of the tongue [10] [11].

Chemotherapy interferes with cellular division, thereby inhibiting the spread of
rapidly dividing cells. However, it does not differentiate between rapidly dividing cancer
cells, and healthy cells that divide at high rates. The oral epithelium, like the skin, is a
constantly renewing tissue in which proliferating cells in the basal layer produce daughter
cells that migrate to the surface [12]; hence, chemotherapy results in various side effects
within the oral cavity [9] (Figure 2). Approximately 40%-70% of patients receiving

conventional chemotherapy present oral mucositis [13]. This pathology can seriously



compromise patients' quality of life causing psychological distress but also restricting
their ability to eat, speak, and sleep. In severe cases, symptoms often require significant
supportive care, including pain management, parenteral nutrition, and anti-microbial
agents. In extreme cases, chemotherapy dose reductions or complete cessation of
treatment are required, compromising treatment prognosis and patients’ survival [14] [12]
[15]. The identification of the molecular events and the understanding of the pathobiology
leading to this condition provides targets for mechanistically based interventions to

adequately manage, but also ideally prevent oral mucositis [5].

Figure 2. Pediatric chemotherapy patient with oral mucositis grade 3. At this stage, patients consume only liquid
foods [16].

Chemotherapy-induced mucositis has mainly been attributed to basal-cell
damage. This is the result of the permeation from the submucosal blood supply [12]. As
the drug is administered it initiates DNA damage through strand breaks, which result in
cell death or injury. Non-DNA injury is initiated through a variety of mechanisms, some
of which are mediated by the generation of reactive oxygen species (ROS). Chemotherapy
is an effective activator of several injury-producing pathways. The transcription factors
involved include nuclear factor-«B (NF-xB) and nuclear factor erythroid 2-related factor
2 (NRF2), which can upregulate genes that modulate the damage response for toxic and
oxidative insults. These signaling molecules also participate in a positive feedback loop
that amplifies the original effects of the chemotherapy. For instance, TNF-a activates NF-
kB and sphingomyelinase activity in the mucosa, which can lead to more cell death. In
addition, direct and indirect damage to epithelial stem cells results in a loss of renewal
capacity. As a result, the epithelium begins to thin and patients begin to experience the

early symptoms of mucositis [12].



1.3.  Current Models of Chemotherapy-Induced Oral Mucositis

Current in vivo and in vitro study models used to understand the cytotoxicity effects
of chemotherapy in the mouth and its association with different bacteria are limited and
present certain deficiencies. For instance, animal models are ethically challenging, time-
consuming, and expensive. Moreover, monitoring dynamic and rapid mucosal biological
responses to chemotherapy agents and microorganisms in in vivo models is also
challenging. The potential of in vitro models has not been properly exploited for the study
of host-microbial interactions as a potential key treatment to prevent mucosal injury. The
ability of physicians to give patients the proper therapy, intervention, or prophylactic
treatments, is limited by the molecular background that scientists can provide on the
pathology of this condition. Further research is required to define optimal protocols to
improve the translatability of findings to humans.

Studies investigating interactions between microbes and mammalian cells both in vivo
and in vitro are challenged by the exponential growth of bacteria. Controlling the growth
of microbes in a highly regulated environment, such as a cellular culture, is challenging.
Additionally, it constrains the time available for studying cellular interactions because the
overgrowth of bacteria results in nutrient depletion for the mammalian cells [17].
However, the interaction between the epithelial cells and bacteria needs to be studied
within an ecosystem that allows a realistic environment not only for the mammalian cells
but also for the bacteria.

The few models found that have studied in vitro the relationship between bacteria and
CIOM have focused on the ability of a bacteria species to trigger pathogenicity in the
epithelium rather than on the potential of microbes to prevent damage. The use of
organotypic models of CIOM allows the reproducing of the main histopathological
characteristics of this disease and the assessment of the effect of the MTX on oral
opportunistic fungal pathogens and commensal bacteria. These models have also allowed
the identification of microbial species that exacerbate the pro-inflammatory signals of the
damaged mucosa caused by cytotoxic chemotherapy [18]. Models have not, however,
been used to assess the potential protective mechanisms of microbes, nor have they tried
modifying the bacterial load to try to improve disease outcomes. Nevertheless, these
models have provided a valuable tool to study the mechanism of commensals in the mouth
and the relevance of biofilm formation.

Another in vitro model capable of recapitulating histological organization and

functional characteristics of the oral mucosal epithelium is patient-derived organoids.
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These structures consist of a functional stratified epithelium that can be maintained in
culture for over six months. Upon passaging, organoids grown from primary oral mucosa
tissue can be broken into smaller fragments, which will proliferate and result in the
formation of new organoids [19]. As such, organoids allow the multiplication of human
wild-type epithelial cells for a wide variety of applications. These include testing for
optimal MTX regimens to reduce mucosal toxicity in patient-derived oral mucosal
organoids [20]. Given that this model is capable of accurately mimicking the mouth's
physiological environment, its application to study the relationship between the cells of
the lining of the mouth and the oral microbiota offers great potential. However, given the
origin of the structures and the potential risk of cancer cell contamination, the wild-type
status of the organoids needs to be constantly confirmed by whole exome sequencing,
which is an important factor to take into consideration. Primary cells must be used in early
passages given their limited potential for self-renewal and differentiation, and the risk of
cells undergoing senescence [21].

Animal models of mucositis have provided extensive information concerning the
mechanisms of cancer therapy-induced mucosal injury [22]. The most common in vivo
model organisms for oral mucositis in the published literature are Hamsters [22] [23]. An
article published in 2023 by Huang et al. reported that a limiting factor preventing 75%
of in vivo models from accurately reproducing a common clinical scenario is the use of
alternate routes of administration of the antineoplastic agent when compared to patients
[23]. Additionally, these studies stray from clinical relevance through the use of non-
physiological stimuli to induce representative damage such as mechanical irritation or
chemical injury. There is still significant variability among studies and further research is
required to define optimal experimental conditions for a reproducible animal model
suitable for preclinical studies [23].

The previously mentioned models have allowed the reproduction of the histological
organization of the oral mucosa, recapitulate histopathological damage caused by
chemotherapy, and understand complex molecular processes of CIOM, nevertheless,
these studies have not exploited their potential or have important constraints that prevent
them from studying the protective mechanisms that bacteria could exert on the

epithelium.

1.4. Probiotics as a Potential Treatment to Target CIOM
The health effects that have been attributed to the use of probiotics in the past years
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are numerous, which has increased scientific interest in the healing potential of bacteria.
Probiotics are defined as live, non-pathogenic bacteria that confer health benefits beyond
their nutritional value when administered at an adequate concentration [24]. Some of the
most documented outcomes associated with the use of probiotics are the stimulation of
humoral and cellular immunity, the decrease in unfavorable metabolites (such as
ammonium and cancerogenic enzymes), the reduction of diarrhea associated with
chemotherapy, the reduction of allergic symptoms, and cancer prevention [24]. The
increasing interest in the applicability of probiotics to treat oral mucositis has been largely
driven by the effectiveness of probiotics in treating intestinal mucositis [25]. However, it
is important to mention that different strains of bacteria may exert different effects based
on specific capabilities and enzymatic activities, even within a single species [24].

The efficacy and safety of L. brevis lozenges have been tested to prevent oral
mucositis in patients undergoing chemotherapy. It has been observed that patients with
hematological malignancies receiving high-dose chemotherapy that used L. brevis CD2
lozenges as a supportive care treatment, did not develop severe CIOM as often as patients
taking a placebo [26]. Additionally, it has been reported that chemotherapy treatment
completion rates in patients receiving L. brevis CD2 treatment are higher (92%) than
those receiving placebo (70%). Furthermore, it has been identified that a larger proportion
of patients remain mucositis-free when treated with L. brevis CD2 (28%) compared to the
placebo (7%) [27]. However, there are also studies in the literature with inconclusive
results about the beneficial effects of L. brevis CD2 [28].

The safety of probiotics has been assessed by evaluating translocation potential to the
blood, spleen, and liver in mouse models. Species of lactobacillus have demonstrated
protection of the oral mucosa against damage induced by 5-FU via the activation of cell
antioxidant defense systems and reduction of inflammatory responses [25]. In these
studies, no bacteria isolates were found in blood samples or tissues [25]. These findings
have been observed for different strains of lactobacilli within the same genus [29].

Other protective mechanisms that have been identified in oral probiotics include the
modification of the oral microbiota. S. salivarius K12 decreases the abundance of oral
anaerobes. The application of this bacteria to treat radiation-induced oral mucositis has
resulted in a significant reduction of ulceration, increased thickness of tongue mucosa and
the density of basal cells, enhanced basal cell proliferation, and attenuated apoptosis.

These effects have been in part attributed to its ability to alter the oral microbiota [30].



As previously mentioned, probiotic bacteria can differ in their mode of action in the
disease processes depending on the microenvironment, the presence of other bacteria, or
exogenous factors, such as anti-neoplastic treatments. These are all fundamental factors
to take into consideration when conducting mechanistic analysis of probiotics in CIOM
pathogenesis, which is a key step to its successful clinical adoption for CIOM
management.

The use of probiotics can prevent or mitigate oral mucositis by reducing inflammatory
or oxidative responses, improving the dysregulation of the oral microbiota, and promoting
epithelial cell protection. However, the underlying mechanisms of various bacterial
species or strains in the prevention and mitigation of oral mucositis vary [25].

Despite the benefits of probiotics, their misuse can cause adverse events. Some of
these include gastrointestinal symptoms such as abdominal cramping or diarrhea, skin
manifestations, excessive immune stimulation, and systemic infections such as
bacteremia and endocarditis [31].

Systemic infections are considered the most severe side effects, and patients who are
immunosuppressed, critically ill, or have cancer are at high risk [32]. In cases of
bacteremia, Lactobacillus spp. strains had the highest reported involvement.
Nevertheless, no deaths have been attributed to their use in the published literature [18].
The use of Lactobacillus brevis CD2 has been implemented in patients with
hematological disorders undergoing high-dose chemotherapy and HSCT to reduce oral
mucositis severity. Analysis showed no blood cultures were positive for L. brevis [26].

Different strains of probiotics have demonstrated great potential to treat oral
mucositis, and when used correctly, they are generally safe with a low incidence of
adverse events. However, for patients with certain clinical conditions, such as
immunosuppression, the evidence suggests careful evaluation of the risk-benefit ratio

before prescription or recommendation to use [32].

1.5. L. brevis and S. salivarius

Lactobacilli are Gram-positive, facultative anaerobic or microaerophilic, rod-
shaped, and non-spore-forming bacteria. They are capable of fermenting hexose sugars
to produce lactic acid, which results in the generation of an acidic environment that often
inhibits the growth of other bacterial species [31]. In patients with cancer, lactobacilli
have been demonstrated to be capable of helping to reduce the side effects of cancer

antineoplastic treatments, including diarrhea and oral mucositis [33]. This bacteria is one
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of the main probiotic genera that has been used to treat oral infections [34]. It has been
reported in the literature that lactobacilli are capable of modulating immune responses
causing cytotoxic effects in cancer cells, which shows great promise for the development
of future cancer therapies [31]. The probiotic Lactobacillus brevis CD2 was previously
shown to inhibit gingival inflammation in humans, and potential to inhibit periodontal
bone loss. The CD2 strain of L. brevis secretes high levels of arginine deiminase, an
enzyme that inhibits the production of nitric oxide by competing with the enzyme nitric
oxide synthase for the same substrate, arginine [35]. Lactobacilli can be used in various
medical fields; species and strain identification is fundamental because different species
or strains may lead to different therapeutic effects [31].

Levilactobacillus brevis demonstrated to be capable of inhibiting the growth of
opportunistic pathogens, it has been reported in the literature that this strain can secrete
antimicrobial compounds such as hydrogen peroxide and lactic acid. It has been
demonstrated that this strain can adhere to oral epithelial cells. Additionally, it has been
found to alleviate inflammation and might confer benefits to host health by modulating
the immune system [34].

Streptococcus salivarius is a gram-positive, non-motile, facultative anaerobic
lactic acid bacteria, that acts as a commensal in the oral cavity [36]. This species has been
recognized as an oral probiotic for the treatment of multiple oropharyngeal pathogen-
related diseases including oral candidiasis, pharyngitis, and halitosis [30]. It has been
demonstrated that it has a regulatory effect on oral microflora [37], likely due to its
production of bacteriocin-like inhibitory substances which strongly antagonize the
growth of Streptococcus pyogenes, the most common bacterial cause of pharyngeal
infections in humans [38] [30]. The use of S. salivarius has also been used as a
prophylactic treatment for children with a history of recurrent oral streptococcal disease,
and it has resulted in a reduction of streptococcal and viral infections and reduced the
number of days under antibiotic and antipyretic therapy [39]. It has also been recorded
that diverse strains of S. salivarius have significant antioxidant and protective properties

against cell oxidative stress [40].

1.6. Research Aims, Objectives, and Thesis Hypothesis
Research question:
1. Can the application of bacteria with probiotic potential reduce the effects of

Methotrexate cytotoxicity in an in vitro microbial co-culture model of the oral
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mucosa?

The overall goal of this project was to develop a study model that would allow
the analysis of the effects of bacteria with probiotic potential in the oral
microenvironment of CIOM patients. It was hypothesized that the application of
probiotics in the oral microenvironment would reduce the effects of CIOM in an in vitro
co-culture model of the oral mucosa. In the following subsections the research aims along
with their objectives are described.

Aim 1

The first aim of this project was the establishment of an imageable in vitro model

that allowed the study of the probiotic potentials of bacteria on a system recapitulating

CIOM-like damage. For this purpose, a 2D oral epithelium model was established using

human basal keratinocytes on a system capable of recapitulating CIOM effects by causing
representative cell damage with MTX. To verify that the engineered in vitro model could
reflect the effect of MTX and of the application of bacteria, a MTX dose-response curve
was established through the observation of a signal emitted by live cells on the assembled
system over time using fluorescent microscopy. At the same time, the assay of preference
had to be capable of reflecting different types of cell damage (microbial and chemical) to
ensure the effect of MTX was being observed. To test the effectiveness of the model in
replicating CIOM responses in the epithelium, MTX was administered at a dosage that
was carefully selected, and the damage was characterized using cell viability assays that
evaluated the effect in the system following drug exposure (Obj. 1. B). MTX is one of the
most commonly used antineoplastic agents associated with mucositis, is one of the most
studied chemotherapeutic drugs, and its effects in the epithelium and its connection with
the oral microbiota are highly documented in the literature. However, correlating the
MTX treatment of cell cultures to a general clinical situation is not realistic because
chemotherapy regimens, whether it is a continuous dosage versus repeated infusions and
its duration, differ upon the type of tumor, organ affected, presence of metastases, and
other clinical factors. Therefore, this project will aim to define the proper test dosage
(concentration and time) as one that causes 50-70% of the cells in the model to undergo
apoptosis, rather than trying to match the in vivo local drug dose to which the oral tissue
is exposed. In a clinical setup, this level of cell death mimics the full onset of CIOM and
also allows the study of changes in cellular response caused by the presence of microbes.

However, given the antimicrobial effect that MTX may exert on the bacteria, the selected
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dosage will also be adjusted upon the susceptibility that the selected strains may show
toward the drug.
Aim 2

The effectiveness of probiotics in OM has been proven by multiple clinical trials,
but the results are still controversial and sometimes inconclusive because the interactions

between the bacteria and the epithelium have not been fully understood. In the second

aim, the bacteria that were going to be studied in this research project were chosen

following specific parameters. In Objective 2.A., After an extensive literature review, two
bacteria with probiotic potential towards CIOM that could safely be administered to a
patient were selected per at least two of the following criteria: they modulated host
inflammatory response; increased resistance to oxidative stress; or they had proven to
displace pathogenic bacteria or prevent dysbiosis by maintaining host-microbiome
balance in the oral milieu. Once selected, the characterization process included
performing the growth curve of each one of them and making their ODgoo-CFU/mL
correlation graphs.

To be able to incorporate the bacteria into the in vitro co-culture model, the
bacteria needed to be compatible with an aqueous-two phase system (ATPS), which
implied that it could be contained and maintain viability within it. This was assessed in
objective 2.B. This system limited bacterial spread but allowed their metabolites to be
sensed by mammalian cells underneath the system. The ATPS formulation that was used
consisted of polyethylene glycol (PEG) and dextran (DEX), given that they have been
extensively studied, are non-cytotoxic, and are the most commonly used. This objective
also involved the optimization of the formulation and bacterial concentration that was
used for each strain in the system.

Once the bacteria were selected and proven to be compatible with ATPS, it had
to be assessed if they could maintain viability with clinically relevant chemotherapy
dosage (Obj. 2.C.). It has been demonstrated that some commensal bacteria in the mouth
remain prevalent regardless of the application of chemotherapy [41], [42]. Nevertheless,
MTX, in the same way as its antimicrobial counterpart trimethoprim, acts by inhibiting
the bacterial DHFR, which leads to reduced purine, pyrimidine, and amino acid
biosynthesis and thus inhibits cell replication [43]. Additionally, it has been reported in
the literature that MTX has relevant activity against Streptococcus spp. The highest
activity was observed against certain species of V. streptococci which were inhibited at

concentrations > 5x10* mg/mL. The relevance of verifying bacterial tolerance to the
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chosen chemotherapy dosage was evident.
Aim 3

The third and last aim of the project was to test the protective effects of probiotics

and to identify the mechanism through which probiotics protect the oral epithelium from

MTX-mediated damage. Although it has been proven in the literature that the chosen

bacteria can be safely administered to patients [26], [44], the first objective was to verify
that they did not damage the mammalian cells at selected concentrations (Obj. 3.A.). In
the second objective for this aim, the protective effect of the bacteria was studied through
the addition of the bacteria on top of the cells 24 hours before the application of the MTX
dosage (Obj. 3. B). The next feature that aimed to be evaluated on the system was if the
probiotics were capable of modulating molecular markers of cell damage (Ob;j. 3.C.), In
vivo models have suggested positive outcomes concerning this matter. However, the

mechanisms through which the probiotics achieve this remain unclear.
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CHAPTER 2. Materials and Methods

2.1. Mammalian and Bacterial Cell Culture Conditions

An immortalized human oral keratinocyte cell line, OKF6/TERT2 kindly
provided by Dr. Cathie Garnis (BC Cancer Centre) was used for this study. These cells
were isolated from human oral mucosa. They were incubated at 37°C and 5% CO: in
Keratinocyte Serum-Free media (KSFM, Thermo Fisher Scientific, Gibco, Cat. No.
17005042). The media was supplemented with 5x10° mg/mL bovine pituitary extract
(BPE), 5x10°° mg/mL of human recombinant epithelial growth factor (EGF) (Thermo
Fisher, GIBCO, 37000-015), and for experiments that did not require an ATPS, 1%
antibiotic-antimycotic was added (AA, 100x, Thermo Fisher Scientific, Gibco, Cat. No.
15240062).

Streptococcus salivarius strain M18 (S. salivarius) and Levilactobacillus
brevis strain Bb14 (L. brevis), were studied during this research. S. salivarius (ATCC
14869) was originally isolated from a human oral cavity. Frozen stocks of this bacteria
were stored in Brain Heart Infusion (BHI) broth (Millipore 110493) containing 25% (v/v)
glycerol stored at -80°C. L. brevis (ATCC 14869) frozen stocks were stored in Difco
Lactobacilli deMan Rogosa Sharpe (MRS) (Fisher Scientific 288130) containing 25%
(v/v) glycerol stored at -80°C. For use of the S. salivarius in experiments, frozen stocks
were streaked on 1.5% (w/v) BHI agar (Sigma-Aldrich) plates and incubated overnight
at 37°C, for 16 to 18 hours. L. brevis frozen stocks were streaked on MRS on 1.5% (w/v)
MRS agar plates and incubated overnight at 37°C for approximately 36 to 48 hours.
Overnight cultures were prepared by using a loop to pick single colonies from the streaked
plates and inoculating 5 mL of bacteria culture broth.

BHI broth was used for S. salivarius overnight cultures, while MRS broth was
used for L. brevis. The inoculated broth was placed in a shaking incubator (VWR) shaking
at 200 rpm and 37°C for 16 to 18 hours.

2.2. Assessment of CFU/mL of L. brevis and S. salivarius per ODsoo

Given that the bacterial concentration of starting stock solutions was obtained by
reading their optical density, it was necessary to determine the concentration of colony-
forming units per milliliter (CFU/mL) in a solution given its optical density (ODsoo),
which was read at 600 nm. For this purpose, an overnight culture was established for L.

brevis and S. salivarius in MRS and BHI broth respectively; an isolated colony from each
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strain was obtained from a freshly streaked agar plate, no more than a week old, using a
sterile loop to inoculate 5 mL of the broth of preference of each bacteria. A negative
control was kept at all times for each broth; in the same incubation process an extra 5 mL
tube with the broth was kept and it was inoculated with a loop without bacteria to
guarantee a lack of external bacterial contamination neither in the broth nor in loops. The
5 mL broth tubes were placed in a shaking incubator at 200 rpm and 37°C for 16 to 18
hours.

After the incubation time, S. salivarius culture was diluted to a 2:5 ratio in BHI,
while L. brevis was diluted 3:5 ratio in MRS. Both strains were left to further incubate
for 3 hours in the same conditions. After this period, L. brevis was diluted into 0.1, 0.2,
0.3, 0.4, 0.5 and 0.6 OD¢oo. While S. salivarius was diluted into 0.1, 0.2, 0.3, 0.4, and 0.5
ODeoo. These dilutions were calculated (Equation 1) given the initial ODgoo read from the

overnight cultures.

Cl'V1:C2'V2 [1]

Each one of the mentioned dilutions for each bacteria was further diluted from 10
"'to 10 and these dilutions were spot-plated to quantify bacterial concentration. Negative
control was spread-plated to verify the lack of bacterial contamination in broth or loop.
Using Equation 2, the concentration of CFU/mL was calculated. Where N is the
concentration of viable bacteria in CFU/mL, which is determined by the number of
individual colonies counted (C), the volume of the plated sample (V) in mL, and the

dilution factor (D) out of which this colonies were counted.

C

= )(0D) &

2.3.  Assessment of Growth Curves for L. brevis and S. salivarius

In order to establish the growth curves of each strain, the two bacteria were
inoculated in 5 mL of their broth of preference, and two tubes of each broth were kept
just with broth as a negative control as established in Section 2.3. For S. salivarius, the
optical density was read every 2 hours until the 12-hour mark after that the ODgoo was

read again after 4 hours. This process involved vortexing the culture and then adding 200
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ul of bacterial solution to three wells of a 96-well plate out of which the absorbance was
read at 600 nm for the three technical replicates. For L. brevis the optical density was read
approximately every 2 hours for the first 15 hours, and then again from hour 23 to hour
34 every 2 hours, and then once again at hour 52. The sampling and analysis process of

the culture was the same for both strains.

2.2. Collagen Coating

To enhance and promote a more even distribution of cells in the inserts, a collagen
coating was added to the membrane of the inserts used for all experiments that involved
OKF6s. A 3.0 mg/mL collagen (Advanced BioMatrix PureCol® bovine collagen
solution, Type I, Cat. No. 5005) was diluted to .05 mg/mL (1:60) in cell culture grade
water in a sterile 15 mL tube. 100 pl of solution was added to each insert and they were
allowed to incubate inside the biosafety cabinet at room temperature for 2 hours. After
incubation, the collagen solution was carefully aspirated, and they were washed with 100
pl of PBS. The plate was air-dried in the biosafety cabinet for 45 minutes and used

immediately or sealed with a parafilm laboratory film cover till the next day.

2.3. Alginate Hydrogel Preparation

A thin layer of alginate hydrogel was added to the inserts between the ATPS and the
OKF6 monolayer in all experiments to enhance cell viability and adhesion. This alginate
cushion was made with 1.5% (w/v) alginate, and 0.5 mg/mL CaCl2. Two stock solutions
were prepared for this purpose, the first one was a 10 mg/mL CaCl2 solution prepared in
DI water, it was sterilized through filtration (0.22 pm diameter filter) before storage at -
4°C. The second one was a 30 mg/mL sodium alginate stock solution, to prepare it,
sodium alginate was weighed in a 50 mL Falcon tube and UV sterilized for 60 minutes
by turning it over every 20 minutes. Then it was dissolved in PBS to a concentration of
30 mg/mL. HEPES buffer was added to a concentration of 75 mm. Lastly, the sodium
alginate was left on a rocking platform shaker (VWR) overnight to allow it to fully
dissolve.

The sodium alginate stock solution was diluted with PBS to a final concentration of
22.5 mg/mL while the CaCl; stock solution was diluted in 0.9% NaCl until a 2 mg/mL
concentration was reached. These two solutions were mixed in a 3:1 ratio, three parts of
the 22.5 mg/mL sodium alginate solution and one of the 2 mg/mL CaCl, [NaCl] solution,

and then vortexed for 10 seconds. However, the addition of the CaCl, solution to the
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alginate solution starts the crosslinking of the hydrogel, for this reason, the mixing of
these two solutions was done right before adding the gel to the cells and if more than 12
inserts needed the hydrogel the crosslinking was started in two batches one after the other
to delay the gelation. Once the alginate hydrogel was applied to the inserts, the plate was
left in incubation at 37°C and 5% CO; for ten minutes to allow the completion of the
gelation process. A volume of 15 ul of alginate hydrogel was sufficient to cover evenly

the entire bottom surface of a collagen-coated insert in a 24-well plate with 12 inserts.

2.4. Preparation of Aqueous Two-Phase System (ATPS)

The ATPS formulations used for this research were prepared with polyethylene glycol
(PEG) (Mw: 35 kDa, Sigma Aldrich) and dextran (DEX) (Mw: 500 kDa, Pharmacosmos).
To prepare the ATPS suitable for L. brevis, two separate ATPS had to be prepared, to
obtain the PEG-phase, 10% (w/v) PEG and 5% (w/v) DEX were dissolved together in
keratinocyte Serum-Free Media (KSFM) as well as in MRS broth in equal proportions (50/50-
KSFM/MRS). The second ATPS would provide the DEX-phase, and it was prepared with the
same DEX-PEG ratio but dissolved fully on MRS media. The preparation of the ATPS
formulation suitable for S. salivarius involved preparing two separate ATPS as well, the PEG-
phase was obtained from an ATPS prepared with 10% (w/v) PEG and 5% (w/v) DEX
dissolved together in KSFM. The second ATPS used the same PEG-DEX proportions, but it
was dissolved in BHI. The cell culture medium used to prepare all ATPS was free of any
antibiotics or antimycotics. The solutions were mixed on a rocking platform shaker (VWR)
until both polymers were fully dissolved. Once dissolved, the four ATPS prepared were
sterilized using suction filtration with a 0.2 um pore size filter (Thermo Scientific), then
the tubes were centrifuged at 3000 x g for 90 minutes which allowed the polymers to
separate into distinct phases. The PEG-rich top phase and the DEX-rich bottom phase
were collected into separate sterile tubes and stored at 4°C.

All experiments that involved the application of L. brevis, involved the use of an
ATPS prepared with 50/50-KSFM-MRS PEG-phase, which allowed OKF6 growth, and
the DEX-phase made up with MRS media which supported L. brevis growth. On the other
hand, all experiments that involved the application of S. salivarius, used an ATPS with
the PEG-phase made up of KSFM, and the DEX-phase made up of BHI media which
supported S. salivarius growth (Figure 3).
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Figure 3. ATPS formulation for L. brevis and S. salivarius.

It is important to point out that given that the DEX and the PEG used in this study
come from different mixtures and are prepared with different solutions, the polymeric
solutions are not in perfect equilibrium with one another at the time of assembling the
ATPS. Therefore, there will likely be a small amount of flux of DEX into the PEG-rich
phase and vice versa. Over time the structure of the DEX droplet was likely altered due
to this. However, the working concentrations of the solutions in the ATPS used were
greater than the critical point to avoid loss of the phase system as concentrations drop
below the critical point, this helped ensure that the ATPS remained after the polymers
equilibrate with respect to each other [45].

2.4. Assessment of the in vitro Model's Ability to Reflect Cell Damage

For all experiments involving the use of stained OKF6 cells, a 24-well plate with 12
inserts was used (VWR, Avantor. Cat. No. 76313-906). The inserts had a 0.4 um pore size, a
polyethylene-terephthalate (PET) membrane, and a 6.5mm diameter. Approximately 9,000

cells were seeded per well, and they were grown for 24 hours prior to use for experiments.

2.4.1. MTX Dose Response Curve with CellTracker Orange CMRA

The OKF6s were stained with a fluorescent probe (CellTracker Orange CMRA,
ThermoFisher, Cat. No. C34551, 550.4 g/mol). To prepare the stock solution, the
lyophilized dye was allowed to warm to room temperature in its vial, then, the product
was dissolved in Dimethyl Sulfoxide (DMSO) to a final concentration of 10 mM and stored
at -20 °C. The working solution was prepared the same day on which the cells were going
to be stained. For this purpose, the stock solution was diluted down to 20 uM by diluting
2 pl of stock solution in 998 ul of keratinocytes serum-free medium. The cells were
resuspended in 1 mL of the working solution and incubated at 37°C, 5% CO: for 40

minutes. After the incubation period, the cells were centrifuged, the supernatant was

16



discarded, and the pellet was resuspended in KSFM to the desired concentration. 9000
cells were seeded in 100ul on top of the collagen-treated inserts, and 600 pl of pre-
warmed KSFM filled the basolateral compartment of the inserts. The cells were allowed
to adhere overnight.

After verifying the confluency ranged between 50-60%, 5 different concentrations
of MTX (Millipore, Sigma-Aldrich, Cat. No. A6770) were added to the basolateral
compartment of the inserts: 107'°, 108, 10° 10* and 10° mg/mL MTX. Each
concentration had two technical replicates. Five pictures were taken in the center of the
insert in the red fluorescent protein (RFP) channel using a fluorescent microscope (EVOS
™ FL Auto 2 Imaging System. ThermoFisher Scientific) (Figure 4). Ten pictures were
taken in total out of each treatment every 24 hours. Cell viability was calculated from a
healthy control of cells that did not contain MTX diluted in the cell medium. Cell count
was calculated using the Smart Segmentation tool of Celleste Image Analysis Software

(ThermoFisher) (Figure 5).

Keratinocytes

Methotrexate

Figure 4. Fluorescent imaging arrangement of a 6.5mm insert with CellTracker-stained keratinocytes exposed to

different concentrations of MTX from the basolateral compartment.
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Figure 5. Celleste Image Analysis Software. the Smart Segmentation tool within Celleste allows the segmenting and

counting of objects with a determined pixel intensity and a specified size (ThermoFisher)

2.4.2. Dimethyl Sulfoxide (DMSO) Induced Damage on CellTracker-stained

OKF6 Cells

To test that the cell tracker was capable of reflecting cell death induced by
different mechanisms a monolayer of CellTracker-stained OKF6 was exposed to DMSO.
The CellTracker-stained OKF6s were seeded at a 50-60% confluency on the membrane
of the inserts. The plate was left in incubation at 37°C and 5% CO; for approximately 24
hours to allow cell adherence and test the accuracy of the confluency. Then, an alginate
hydrogel was added as established in Section 2.5. After gelation, KSFM with 5%
dimethyl sulfoxide (DMSO) was added to the basal compartment of the inserts. Three
technical replicates were used for the 5% DMSO treatment and three others for the control

that used fresh and pre-warmed KSFM.

2.4.3. Pseudomonas aeruginosa (PACF18) Induced Damage on CellTracker-

stained OKF6 Cells

To test that the cell tracker was capable of reflecting cell death induced by a
microbe contained in an ATPS a monolayer of CellTracker-stained OKF6 was exposed
to P. aeruginosa in an ATPS. A monolayer of CellTracker-stained OKF6 was seeded at
a 50-60% confluency on the membrane of the inserts. The plate was left in incubation at
37°C and 5% CO: for approximately 24h to allow cell adherence and test the accuracy of
the confluency. An alginate hydrogel was added as established in Section 2.5. An ATPS
containing P. aeruginosa was added on top of the hydrogel, this system had 5% DEX
prepared in Luria-Bertani (LB, Sigma-Aldrich) broth, and a 10% PEG-phase made with
KSFM without antibiotics. The containment of P. aeruginosa CF18 within the ATPS was
already assessed by previous lab members. A phase contrast image (scale bar 650um) was
taken at times Oh, 24h, and 48h to track the growth of the bacteria, at the same time points,

five fluorescent images (scale bar 275um) of the stained cells underneath each DEX
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droplet were taken to track cell viability. A control was kept with the same ATPS

formulation and assembled on top of a stained monolayer of OKF6 but without PACF18.

2.5. Assessment of S. salivarius and L. brevis Compatibility with Aqueous Two-
Phase System

The compatibility of S. salivarius and L. brevis with the ATPS was first assessed
by testing the adequate bacterial concentration that would allow the containment of the
bacteria for 48h in an ATPS prepared with both DEX and PEG-phase made with the broth
of preference of each strain. An initial 5% DEX 5% PEG ATPS was prepared with both
phases made with the broth of preference of the bacteria, for S. salivarius BHI, and L.
brevis, MRS. Following the same steps as established in Section 2.7.

An overnight culture was established for L. brevis and S. salivarius in MRS and
BHI broth respectively by taking an isolated colony from an agar plate of each bacteria
and inoculating 5 mL of the broth of preference of each bacteria. A negative control was
kept at all times for each broth, as established in Section 2.3. The overnight cultures were
left in a shaking incubator at 200 rpm and 37°C for 16 to 18 hours. After the incubation
time, S. salivarius culture was diluted to a 2:5 ratio in BHI, while L. brevis was diluted
3:5 ratio in MRS. Both strains were left for 3 more hours for further incubation.

After the second incubation, the ODgoo of both bacteria and their controls was
read. The absorbance of the broth without bacteria was subtracted from the ODgoo of the
broth with the strains. Using equation 1, L. brevis was diluted into 0.1, 0.3, and 0.5 ODsoo.
While S. salivarius was diluted into 0.1, 0.2, 0.3, and 0.5 ODsgo into their broths of
preference to a final volume of 400 pl in Eppendorf tubes. Then, the tubes were
centrifuged at 10000 x g for 10 minutes, which allowed the bacteria to sediment. The
supernatant was discarded, and the bacteria pellet of each tube with different bacterial
concentrations was resuspended in 400 pl of DEX prepared whether in MRS or BHI for
each strain. 250 pl of PEG at 10% and 5% concentrations prepared with MRS or BHI,
was added to the wells of a 48-well plate, and a 1 pl droplet of DEX with bacteria at the
mentioned concentrations was added with three technical replicates.

The assessment of the compatibility of the bacteria with an ATPS capable of
satisfying the nutritional requirements of the mammalian cells involved preparing a
second ATPS using KSFM media both with 5% and 10% PEG. Out of this ATPS, the
PEG-phase was extracted and 250 pl of it was applied to a 48-well plate where a 1 ul

DEX droplet containing L. brevis or S. salivarius at a 0.5 ODsoo concentration was added.
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Given the selective nutritional requirements of L. brevis, a second assessment was
required in which the PEG-phase was prepared with 50% MRS and 50% KSFM.

After finding an ATPS formulation suitable for each bacteria that allowed
containment for 48h and was capable of satisfying the nutritional requirements of the
microbes and the mammalian cells, it was necessary to validate that the bacteria within
the DEX was still viable. After 72h of starting the ATPS, the bacteria was spot plated
(Adapted from Wang et al. [46]) into MRS and BHI agar plates, respectively.

2.5. Assessment of MTX Dosage on OKF6

The CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Cat. No.
G7570) was performed into OKF6 cells seeded at a 60% confluency in a white-walled
96-well plate. 24h after seeding, the different dilutions of MTX in (Millipore, Sigma-
Aldrich, Cat. No. A6770, and Accord Pharma DIN 02474733) were prepared and applied
with two technical replicates to each corresponding well of the 96-well plate. The MTX
was aliquoted into IN NaOH and stored at -20°C for a maximum period of a month. It
has been observed that after 48 h of MTX exposure, an effect is visible on the apoptotic
index and the proliferation of HaCaT keratinocytes in contrast to cells exposed for 24
hours [3]. Thus, the assay was performed 48 hours after MTX application by adding a
volume of CellTiter-Glo® Reagent equal to the volume of cell culture medium present in
each well. The content was mixed for 2 minutes in an orbital shaker and then it was
allowed to stabilize the luminescent signal for 10 minutes covered from direct light. The
luminescence was recorded using the Varioskan LUX plate reader (ThermoFisher
Scientific).

The AlamarBlue assay was performed on a 96-well plate, where healthy OKF6
cells at 50-60% cell viability had been seeded. MTX in five different concentrations
101,10%, 10, 103, and 10 mg/mL MTX, was added to the well plate 48 hours prior to
the assay diluted in KSFM. Each treatment was applied with three technical replicates.
After 48h of exposure to the concentrations of MTX, the media was discarded and the
cells were washed twice with PBS, then, 100 pl of KSFM with 10% AlamarBlue reagent
was added to each well. After 3 hours of incubation at 37°C the fluorescence was read in
the Varioskan LUX plate reader (ThermoFisher Scientific).

A live/dead assay was performed on a 48-well plate after exposing a monolayer
of OKF6 cells to five different concentrations of MTX. This assay consists of calcein AM

and ethidium homodimer-1 (ThermoFisher Scientific). In parallel to these stains, an
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additional Hoechst stain (Hoechst 33342, ThermoFisher Scientific) was added to the
wells to assess the total cell count. Calcein AM and ethidium homodimer-1 were diluted
together in PBS to final concentrations of 2 pM and 4 uM, respectively, while the Hoechst
was diluted in PBS to a concentration of 8.1 M. Before adding the stains, the monolayer
was washed with PBS once, then the calcein AM/ethidium homodimer-1 solution was added
and the plate was incubated at 37°C for 30 minutes. After incubation, the cells were washed
and incubated with the Hoechst stain solution for 10 minutes at room temperature. The last
stain was washed once more with PBS and then more PBS was added for imaging. The
EVOS™ FL Auto 2 Imaging System (ThermoFisher Scientific) was used for phase contrast
and fluorescence microscopy, which allowed the visualization of live cells (green fluorescent
protein channel, GFP), non-viable cells (red fluorescent protein channel, RFP), and the
stained cellular DNA (DAPI channel). ImageJ was used for image processing and cell
viability quantification. Cell viability for each condition was calculated based on cell

counts using Equation 3.

Total Cells—Dead Cells
Total Cells

Cell Viability (%) = ( )(100%) [3]

2.6. Assessment of Bacteria Susceptibility to MTX dosages

The susceptibility of L. brevis and S. salivarius to MTX was tested with two
different concentrations. An overnight culture was established for L. brevis and S.
salivarius in MRS and BHI broth with the respective MTX dilutions. An isolated colony
from each strain was picked from a previously streaked agar plate using a sterile loop,
and 5 mL of the broth of preference of each bacteria was used to dilute MTX to 10! and
10 mg/mL. These solutions were then inoculated. A negative control was kept at all
times for each broth; in the same incubation process an extra SmL tube with broth with
the same MTX dilutions was kept and it was inoculated with a loop without bacteria to
guarantee a lack of external bacterial contamination in the broth nor in loops. The SmL
broth tubes were placed in a shaking incubator at 200 rpm and 37°C for 16 to 18 hours.
After incubation, three technical replicates of each tube were taken into the plate reader
where the optical density was measured. This experiment was performed with two
biological replicates.

To further validate the ability of bacteria to stay metabolically active after
exposure to the MTX dosage during ATPS containment, an ATPS containing each
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bacteria was established on a 24-well plate with inserts (Section 2.9). The MTX was
diluted to 10! and 10 mg/mL MTX in KSFM without antibiotics. Using the EVOS ™
FL Auto 2 Imaging System, phase contrast images were taken of the DEX droplets every
24h starting at time zero until the 48h mark. This allowed us to visualize an increase in
density within the DEX that would suggest bacteria proliferation. To validate cell
viability, the inside of the inserts containing the ATPS with the bacteria and the controls
were transferred to a 96-well plate where the samples were diluted in PBS down to a 10"

> concentration where the isolated CFUs were observed.

2.6. Assessment of Effect of S. salivarius and L. brevis on Healthy Cell Culture
To assess the effect of S. salivarius and L. brevis on a healthy culture of OKF6s,
the cells were seeded at a 60% confluency on a 48-well plate and left for incubation for
24h at 37°C. After incubation, the media was discarded, the wells were washed with PBS
twice and an alginate hydrogel (Section 2.6) was applied evenly on top of the monolayer.
In parallel to the incubation step of the hydrogel, an ATPS was assembled (Section 2.7)
with each bacteria in their corresponding formulations of ATPS, both at 0.5 ODeoo
concentration. After resuspending the bacteria pellet on DEX, 250 pl of KSFM PEG was
applied to half of the wells, and 50/50 MRS/KSFM PEG was applied to the others. 1 pl
of DEX containing L. brevis was manually deposited on wells containing 50/50
MRS/KSFM PEG, while 1 pl of S. salivarius was deposited on wells containing KSFM
PEG (Figure 6). As a control, 1 pl of BHI and MRS DEX without each strain was
deposited in their corresponding ATPS formulation on top of healthy cells. Each
treatment was applied with three technical and was performed with two biological

replicates.

PEG

DEX

rEGpte:

Figure 6. 48-well plate ATPS containing PEG and L. brevis or S. salivarius in DEX droplet on top of an alginate

hydrogel covering a monolayer of CellTracker-stained keratinocytes.
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2.7. Assessment of Effect of S. salivarius and L. brevis on Cell Culture with
CIOM-like Damage

To assess the effect of S. salivarius and L. brevis on a cell culture with CIOM-like
damage, OKF6 cells were seeded on collagen-treated inserts (Section 2.5) at a 50-60%
confluency and left for incubation for 24h at 37°C at 5% CO». After incubation, the media
was discarded, the inserts and the wells were washed with PBS twice and an alginate
hydrogel (Section 2.6) was applied evenly on top of the monolayer. During the incubation
process of the hydrogel, an ATPS was assembled (Section 2.7) with each bacteria in their
corresponding formulations of ATPS, both at 0.5 ODsoo concentration. The basolateral
compartment of the inserts was filled with 600 pl of KSFM without antibiotics. 24 hours
after the application of the bacteria on top of the monolayer, the KSFM media in the outer
well was replaced with MTX solution at 10® mg/mL diluted in KSFM (Figure 7). Phase
contrast images of each DEX droplet were taken every 24 hours for a total of 72 hours to
verify bacterial growth. At the same time, 5 fluorescent images of the cells were taken
from underneath the DEX droplet at the same 5 time points. The cells in the fluorescent

images were counted using Celleste Software.

PEG

; .
PR & L. brevis or

Keratinocytes RN SR RANA RN TNAN AR S. salivarius

Methotrexate

/

Figure 7. 6.5mm diameter insert with an ATPS containing PEG and L. brevis or S. salivarius in DEX droplet on top
of an alginate hydrogel covering a monolayer of CellTracker-stained keratinocytes exposed to MTX from the

basolateral compartment.

2.7.  Statistical Analysis

Minitab Statistical software (Version 21.4.1.0) was used to analyze the cell count
of OKF6 cells exposed to bacteria plus MTX and the cell count of cells just exposed to
MTX. Statistical significance of cell count differences was determined using a two-way

analysis of variance (ANOVA) test with p values represented as *p < 0.05, **p < 0.01,
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*¥*%p < 0.001 and ****p<0.0001. The two factors analyzed were: time, with four levels:
0, 24, 48, and 72h; and treatment, with two levels, whether the cells had had bacteria
applied or not.

GraphPad Prism (Version 10.1.0) was used to generate the visual representations
of the two-way ANOV A paired with Tukey’s multiple comparison posthoc test with 95%
confidence which allowed us to identify which means were different from the others after
the ANOVA test indicated a statistical difference in the means of the multiple groups of
the analyzed data.

2.8. Assessment of Molecular Markers on a Cell Culture Exposed to Bacteria and

MTX

Aiming to assess the effect of S. salivarius and L. brevis on a cell culture with
CIOM-like damage, OKF6 cells were seeded on 6-well inserts (Merck Millipore.
Millicell Cell REF PIHA03050) with a polycarbonate membrane, at a 50-60% confluency
and left for incubation for 24h at 37°C at 5% CO». After incubation, the media was
discarded, the inserts and the wells were washed with PBS twice and 400 pL of an alginate
hydrogel (Section 2.6) was applied evenly on top of the monolayer. During the incubation
process of the hydrogel, an ATPS started being assembled with each bacteria in their
corresponding formulations of ATPS as shown in Figure 8, both at 0.5 ODeoo
concentration. 740 uL of PEG were added on top of the hydrogel after the hydrogel had
solidified. 4 droplets of DEX containing the bacteria were added, 1 uL each one, into the
PEG. The basolateral compartment of the inserts was filled with 1500 pL of KSFM
without antibiotics. 24 hours after the application of the bacteria on top of the monolayer,
the KSFM media in the outer well was replaced with MTX solution at 10 mg/mL diluted
in KSFM (Figure 8).

Forty-eight hours after the application of the MTX, the inserts were taken out of
the incubator. The media in the basal compartment as well as the ATPS were discarded.
One wash of PBS was gently done to the insert without removing the alginate hydrogel.
200 pL of 4.5% (w/v) Ethylenediaminetetraacetic acid (EDTA) in PBS was added to the
inserts to solubilize the hydrogel and avoid detaching the cells from the membrane. 200
pL of pre-warmed trypsin were added to the membranes and allowed to incubate for 5
minutes at 37°C. 400 uL of DMEM with 10% fetal bovine serum (FBS) were added to
neutralize the trypsin. Each treatment had a total of 3 technical replicates, 3 inserts, the

cells were pulled from the three inserts from the same treatment into one microcentrifuge
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tube and the cells from the other treatments were in other tubes. The cells were
centrifuged at 3000 x g for 5 min, the supernatant was discarded. The pellet was washed
twice with PBS using the centrifuge with the same setup. 10 pL of cell suspension was
taken into the hemacytometer to verify that there were cells in the solution. 350 pL of
lysis solution was added to the pellet. A matching volume (350 pL) of 70% EtOH
prepared in ribonuclease (RNase) free water was added to each tube to reduce the
viscosity. The 700 pL of solution was transferred to the columns and centrifuged for 30
sec, the flow through was discarded. 700 uL of Low stringency wash solution was added,
centrifuged for 30 sec, and the flow through was discarded again. 80 pL of diluted DNase
I was added to the membrane in the column and allowed to digest at room temperature
for 15 minutes. 700 pL of High stringency wash solution was added, centrifuged for 30
sec, and the flow through was discarded again. 700 puL of Low stringency wash solution
was added to the columns, they were centrifuged for 1 min, and the flow through was
discarded. After drying the columns for 2 minutes, the columns were placed into a 1.5 mL
Eppendorf tube for the collection of mRNA. 40 pL of elution solution was added directly
to the spin column membrane and centrifuged at full speed for 1 min. The columns were
discarded and the tubes with the mRNA were placed on ice. 2 pL of each sample were
taken to quantify mRNA wusing the Varioskan LUX plate reader (ThermoFisher
Scientific).

This protocol was adapted from an initial attempt to isolate RNA from a 24-well
plate that used inserts with 6.5 mm in diameter inserts. As shown in Section 2.13. Initially,
the cells were ruptured directly in the insert using the lysis buffer, and the solution was
collected into RNase-free microcentrifuge tubes. No RNA was detected in the plate
reader, given the surface area of the inserts it was believed that one of the factors
contributing to the lack of RNA was that there were not enough cells to yield sufficient
genetic material for the experiment, which is why a second attempt was tried using 6-well

plates.

25



| |

© W o |

- .‘7

1

L = —_— P
x et £

-

S

Figure 8. Insert setup for RNA isolation and nucleic acid analysis. 1) ATPS is assembled on top of alginate hydrogel
and OKF6 monolayer. 2) MTX is added to the basal compartment in a 10°° mg/mL concentration. 3) ATPS and
alginate hydrogel is removed. 4) Genetic material is extracted from the cells and RNA is isolated and purified. 5)

RNA is quantified, after this step cDNA would be synthesized, and specific genes would be amplified using a PCR.

Eleven genes were selected to test for potential effects that the bacteria could have
been exerting in the cells (Appendix H). The primers were obtained from different studies
that had tested them in human cell lines ideally keratinocytes or oral keratinocytes. A
primer BLAST was run for each pair to assess their specificity, all the primers chosen had

high specificity.
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CHAPTER 3. Results

3.1.  Assessment of in vitro Model’s Ability to Reflect Cell Death

The following graph ( Figure 9) shows that at every given concentration of MTX,
the cell viability percentage is affected by the drug at a greater magnitude 48 hours after
the drug was administered. After 24 hours, concentrations smaller than 10° mg/mL MTX
do not seem to have completely inhibited proliferation, as a small increase in cell viability
can be observed. However, at this same point, a decrease in cell viability is observed for
concentrations greater than 10® mg/mL MTX and this increases in magnitude as the
concentration rises. At 72 hours, the cell viability reaches its lowest point for each MTX
concentration and also for the MTX-free control. This could potentially mean that the
decrease in cell viability after 48 hours in all treatments involving MTX is not exclusively
caused by the cytotoxic effects of MTX but also by other factors present in the MTX-free
control, possibly nutrient depletion. The MTX-free control was shown to have

proliferated for 48 hours and it decreased considerably at 72 hours.

Methotrexate Dose-Response Curve
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Figure 9. Dose-response curve of human immortalized oral keratinocytes (OKF6) exposed to five MTX
concentrations: 107, 1075, 10°5, 10, and 107 mg/mL of MTX. The graph is normalized assuming 100% is cell
viability at time zero hours in each treatment. Error bars indicate the standard deviation of technical

replicates. n=2

To test that the CellTracker™ Orange CMRA Dye was accurately reflecting cell

death, the following two experiments were used to validate the reliability of data obtained
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from live fluorescent imaging. The inserts were assembled in the same way as the
previous experiment with the same cell density (9000 cells/insert = 50-60% confluency),
the cells were stained before seeding them in the imageable insert, an alginate hydrogel
was added, and on top of an ATPS containing Pseudomonas aeruginosa (PA CF18), a
well-studied pathogen that according to the literature, has virulence factors with high
probability of affecting OKF6 cell viability (Figure 10). It can be observed that the
CellTracker drastically decreases fluorescence as PA CF18 proliferates, by the 48 hour,

no fluorescent signal from viable cells is observed (Figure 11).

Figure 10. Effect of P. aeruginosa (PA CF18) in an aqueous two-phase system (ATPS) on oral keratinocytes (OKF6).

Phase contrast images of a DEX droplet with P. aeruginosa on top of cells are shown on the first row, the second row

shows fluorescent live cell images of CellTracker-stained OKF6 of the same wells exposed to P. aeruginosa. The cells
were seeded below an alginate hydrogel in a 48-well plate, 150 ul of 10% PEG prepared with KSFM was added
followed by 1 ul droplet of DEX prepared with LB. Shown from left to right are the three time points in which the

cells were monitored, Oh, 24h, and 48h respectively.
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Effect of P. aeruginosa (PA CF18) in an ATPS on Oral
Keratinocytes (OKF6)
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Figure 11. Effect of P. aeruginosa (PA CF18) in an aqueous two-phase system (ATPS) on oral keratinocytes (OKF6).
Error bars indicate the standard deviation of technical replicates (n=2)

A second experiment was performed to validate that the cell tracker was capable
of reflecting cell death through different mechanisms and over time. The OKF6
monolayer was stained and seeded. An alginate hydrogel was added on top of the cells
on the apical compartment instead of an ATPS and KSFM with 5% DMSO was added.
Figure 12 shows that after 90 minutes the fluorescent signal from the cells is considerable
lower that the signal from the control. Correspondingly, Figure 13 shows the decrease in

cell count observed after applying the DMSO, reported by the CellTracker.
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Control

5% DMSO

Figure 12. Effect of 5% DMSO on oral keratinocytes (OKF'6) stained with stained CellTracker™ Orange CMRA
below alginate hydrogel. Fluorescent live imaging (scale bar 275 um) and phase contrast imaging (scale bar 650
um). Cells were exposed to 5% DMSO diluted in KFSM for 90 minutes.

Effect of 5% DMSO on Oral Keratinocytes (OKF6) stained with
stained CellTracker™ Orange CMRA
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Figure 13. Effect of 5% DMSO on oral keratinocytes (OKF6) stained with stained CellTracker™ Orange CMRA
below alginate hydrogel. Error bars indicate the standard deviation of technical replicates (n=2)

3.2.  Selection of MTX Dosage and Characterization of CIOM-Like Damage
In order to find a chemotherapy dosage that would lead to a decrease in cell
viability representative of CIOM epithelial damage, three different assays were

performed after exposing a monolayer of OKF6 seeded in a 60% confluency to different
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concentrations of MTX for 48h. The observed decrease in cell viability is shown in the

following sections.

3.2.1. Live/Dead Assay

The first technique that was performed was a Live/Dead assay on a monolayer of
OKF6 cells seeded 24h before the application of chemotherapy in a 96-well plate (Figure
14). The dilutions were prepared in KSFM media with MTX in its solution presentation.
Cell viability was calculated standardizing from a healthy control with three technical
replicates that reached full confluency before the treated cells. Cell adherence was found
to be poor even with the most diluted concentrations. The red fluorescent signal from the
ethidium homodimer-1 could not be detected. Thus, the number of dead cells was
calculated through the subtraction of live cells by the total amount of cells, which were

stained with Hoechst stain.

Methotrexate Cell Viability Dose-Response Curve Cell Count of Methotrexate Cell Viability Dose-
Live/Dead Assay Response Curve
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Figure 14. Dose-response curve of OKF6 cells with five different concentrations of MTX. Cell viability
normalized to time zero hours (left) and cell count of same samples (right). Hoechst staining and
Live/dead assay with calcein AM and ethidium homodimer-1 were performed after 48 hours of treatment
application. Images captured with EVOS™ FL Auto 2 Imaging System using GFP and DAPI channels.
Cells were counted from five images taken of each of the three technical replicates for each treatment.

n=1
3.2.3. AlamarBlue Assay
Due to the lack of reproducibility that the Live/Dead assay demonstrated towards
the goal of the experiment an Alamar Blue assay was run to validate the reliability of the

experiments after 48h of exposure to MTX (Figure 15). The mean cell viability for all

treatments decreased by ~15% with respect to the control.
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Methotrexate Cell Viability Dose-Response Curve
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Figure 15. Normalized dose-response curve of OKF6 cells with five different concentrations of MTX.
AlamarBlue (AB) assay at 550nm was performed after 48 hours of exposure to treatments. Error bars

indicate the standard deviation of technical replicates (n=2)

3.2.2. CellTiter-Glo Assay

The following CellTiter-Glo assay shows an MTX dose-response curve made with
the drug in its solution presentation from an initial concentration of 25 mg/mL. there
appeared to be no difference between concentrations 107, 10, and 10 mg/mL nor
between 107'° and 10 after 48 hours of treatment exposure (Figure 16). Adding treatment
in a 10'? mg/mL concentration decreased the cell viability a 21.7%, while 10 and 107
mg mg/mL decreased it by 49.59% and 44.7% respectively. The lowest cell viability
observed was in treatment 10'° and 10 mg/mL. These two values also had the lowest
variability among their replicates. Regardless of the lack of difference between
treatments, which was validated by more than one assay, the chosen concentration would
most likely generate approximately 50% of the cells to die, which was 10 mg/mL. Based
on these results and data generated with Live/Dead and the Alamar Blue assays, the
bacteria susceptibility was tested to this concentration (Figure 45, Figure 46, Figure 47,

and Figure 48).
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Methotrexate Cell Viability Dose-Response Curve
CellTiter-Glo Assay
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Figure 16. Normalized dose-response curve of OKF6 cells with six different concentrations of MTX.
CellTiter-Glo assay was performed after 48 hours of exposure to treatments. Volumes plated were 100 uL
of cells per well in a 96-well plate. An equivalent volume of CellTiter-Glo® 2.0 Reagent was dispensed
into each well and luminescence was recorded 10 minutes after that. Error bars indicate the standard

deviation of technical replicates (n=2) (Assay performed February 2023)

A second experiment was made seven months later to test if the effect of MTX
had changed over time. As shown in the following graph (Figure 17) it was observed that
even at the highest concentration tested, the cell viability did not decrease cell viability
below 50%, unlike the results obtained in February. The results suggested that a 107
mg/mL concentration that had been used for past experiments was not working effectively
anymore. The effect of this drug at these concentrations was expected to cause a greater
growth inhibition [47]. The MTX in its solution presentation is handled in a transparent
glass bottle at a 25 mg/mL concentration. It was stored at -4 °C and covered with parafilm

laboratory film after every use.
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Methotrexate Cell Viability Dose-Response Curve for OKF6 Cells
CellTiter-Glo Assay
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Figure 17. Normalized dose-response curves of OKF6 cells with seven different concentrations of MTX in
solution presentation after 48 hours of treatment exposure. Adding treatment in a 107 mg/mL
concentration decreased the cell viability a 27.35%, while 1 mg/mL decreased it by 25.4%. Error bars
indicate the standard deviation of technical replicates (n=2) (Assay performed September 2023)

The data shown in Figure 18, differs from the graphs presented in previous MTX
dose-response curves because the MTX dilutions were prepared from its powder
presentation. The following graph shows the results of an MTX dose-response curve
generated from the luminescence values from a CellTiter-Glo assay. The lowest cell
viability recorded is observed after the application of 10 mg/mL of MTX. This
concentration decreased it by 79.4%, while the lowest concentration tested, 108 mg/mL,
decreased the cell viability by 34%. The chosen concentrations to continue working with
were 10° and 10" mg/mL which decreased cell viability by 30.6% and 46.45%
respectively. The final dosage between these two was chosen after assessing the effect

that they exerted on the bacteria.
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Methotrexate Cell Viability Dose-Response Curve for OKF6 Cells
CellTiter-Glo Assay
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Figure 18. Normalized dose-response curve of OKF6 cells with eleven different concentrations of MTX
analyzing luminescence obtained from the CellTiter-Glo assay. The cell viability assay was performed
after 48 hours of exposure to treatments. Volumes plated were 100 uL of cells per well in a 96-well plate.
An equivalent volume of CellTiter-Glo® 2.0 Reagent was dispensed into each well and luminescence was
recorded 10 minutes after that. Error bars indicate the standard deviation of technical replicates (n=2)

(Assay performed September 2023)

3.3.  Characterization of Bacteria with Probiotic Potential
3.3.1. Growth curves and ODeoo — CFU/mL equivalences for L. brevis

The characterization of the selected bacteria involved the establishment of the
growth curve on specific conditions. Figure 19 shows the growth curve for L. brevis, the
optical density was read approximately every 2 hours for over two days. The exponential
phase finished approximately at the 35" hour, marking the beginning of the stationary

phase. The exponential phase can be observed between the hour 15" and the 33", between
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0.2 and 0.5 OD600 read at 600 nm.
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Figure 19. L. brevis growth curve. Growth conditions were established at 37°C, in constant orbital

agitation at 200 rpm in MRS liquid broth. Optical density (OD) was read at 600nm in 12 time points.

(n=1) Error bars indicate the standard deviation of technical replicates

The correlation graph between the optical density and the bacterial concentration

in CFU/mL returned an R-squared value of 0.95 (Figure 20), suggesting that this model

can accurately aid in the conversion of CFU/mL of this bacteria into ODgoo and vice versa.

A 0.6 ODegoo corresponded to approximately 550 million CFU/mL, the highest

concentration recorded, while the smallest value of the analyzed range was 98 million

CFU/mL, equivalent to 0.1 ODsoo.
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Figure 20. Correlation graph of the optical density (OD) read at 600nm and CFU/mL of L. brevis in MRS
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media was calculated using a spot plating method.



3.3.2. Growth curves and ODesoo — CFU/mL equivalences for S. salivarius

The growth curve made for the characterization of S. salivarius is shown in Figure 21,
the optical density was read every 2 hours until the 12-hour mark where the ODgoo was
read after 4 hours. The highest ODsoo observed was 0.39 reached after 6h of the
inoculation. After this point, the ODegoo started dropping. At 16h an ODegoo 0f 0.32 was
recorded. Between the second hour after inoculation and hour 6, an exponential increase

in ODsoo can be observed which suggests the rage for the exponential phase.

Growth Curve S. Salivarius

0.45
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0.35
0.30
0.25
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Optical Density (600nm)
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0.00
0 2 4 6 8 10 12 14 16 18

Time (hr)

Figure 21. S. salivarius growth curve. Growth conditions were established at 37°C, constant orbital
agitation of 200 rpm in BHI liquid broth. Optical density (ODgpg) was read at 600nm every 2 hours in 6

time points. (n=1) Error bars indicate the standard deviation of the technical replicates.
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The correlation graph between the optical density and the bacterial concentration
of S. salivarius in CFU/mL returned an R-squared value of 0.94 (Figure 22), suggesting
a significant correlation between the two evaluated variables. 0.5 ODgoo corresponded to
approximately 3300 million CFU/mL, the highest concentration evaluated, while the
smallest value of the analyzed range was around 200 million CFU/mL, equivalent to 0.1

ODs0o.
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Figure 22. Correlation graph of the optical density (OD) read at 600nm and CFU/mL of S. salivarius in

BHI media was calculated using spot plating method.

3.4. Assessment of Bacteria Compatibility with ATPS
3.4.1. Optimization of an ATPS for the Containment of Viable L. brevis for 48
Hours

The compatibility of L. brevis with the ATPS was first assessed by testing the
adequate bacterial concentration that would allow the containment of the bacteria for 48
hours. This ATPS was prepared with both the DEX and the PEG-phases made with the
broth of preference of this strain, MRS.

L. brevis remained contained within the DEX-phase of the ATPS when a 10%
concentration of PEG was used for the ATPS. On the other hand, when a 5%
concentration of PEG was used in conjunction with a 0.1 ODgoo concentration, the

bacteria was only contained for 48 hours. As shown in Figure 23, when the low
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concentration of PEG (5%) was combined with a bacterial concentration of 0.3 and 0.5
ODeoo, the bacteria grew into the PEG-phase, which appeared as black spots on the
background of the phase contrast images. When a 10% concentration of PEG was used,
the bacterial growth remained within the DEX-phase after 24 hours at the three

concentrations that were tested.

CONTROL

5% PEG

10% PEG

—

Figure 23. Phase contrast images of an aqueous two-phase system (ATPS) containing L. brevis in three different
concentrations: 0.1, 0.3, and 0.50D after 48h. The first row of images shows ATPS prepared with 5% PEG and 5%
DEX and the second row with 10% PEG and 5% DEX. Both of the ATPS were prepared in MRS broth. Bacteria was
incubated at 37°C with 5% CO: in a 48-well plate. ATPS prepared with 5% PEG shows a lack of bacterial

containment beyond 48h (scale bar 650um).

The application of the ATPS on top of a cell culture requires the PEG-phase of
the system to supply nutrition to mammalian cells, thus, the PEG-phase of the system
requires an optimized formulation to allow this while allowing bacterial growth in the
DEX-phase. L. brevis did not show any growth when the 10% PEG-phase was prepared
with KSFM at any of the three tested bacterial concentrations: 0.1, 0.3, and 0.5 ODgoo nor
at any of the two tested PEG concentrations. As observed in Figure 24, the positive control
where the PEG-phase is prepared with MRS, shows an increase in density, unlike the

KSFM PEG treatment which shows no difference with the bacteria-free control.
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Figure 24. Phase contrast images of an aqueous two-phase system (ATPS) containing L. brevis in three different
concentrations: 0.1, 0.3, and 0.5 ODeoo after 48h. The ATPS was prepared with 5% and 10% PEG in keratinocyte
serum-free media (KSFM) and positive control (C +) in MRS broth. 5% DEX droplets in MRS broth for all

treatments. Bacteria was incubated at 37°C with 5% CO: in a 48-well plate. (scale bar 650um).

The optimized ATPS formulation prepared using 50% MRS and 50% KSFM for
the PEG-phase demonstrated an increase in bacterial density contained within the droplet
(Figure 25). Two different broth formulations were tested for the 5% DEX-phase, one
prepared 50% MRS and 50% KSFM and the other one made entirely with MRS. No clear
difference was observed between the different DEX formulations. Both of the ATPS
formulations allowed bacterial growth within the DEX-phase beyond 48 hours.

oD
0.3 0.5

Figure 25. Phase contrast images of aqueous two-phase systems (ATPS) containing L. brevis in two different
concentrations: 0.3 and 0.50D after 24h. The first row of images shows ATPS prepared with 5% DEX in 50% MRS
and 50% KSFM and the second row with 5% DEX just in MRS. Both ATPS have PEG-phase prepared in a 10% in

50/50 KSFM/MRS. Bacteria was incubated at 37°C with 5% CO: in a 48-well plate. (scale bar 650um).

CONTROL

5% DEX in 50/50 KSFM/MRS

5% MRS DEX

ATPS prepared with 50% MRS and 50% KSFM, both the PEG and the DEX-
phase, demonstrated a good and prolonged containment of L. brevis for 48 hours as shown

in Figure 26. The three different concentrations that were analyzed resulted in good
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containment in the three time points that were analyzed. Bacteria remained contained

within the DEX droplet for 48 hours even in the highest concentration, 0.5 ODsoo.

oD

CONTROL

Oh

24h

48h

Figure 26. Phase contrast images of an aqueous two-phase system (ATPS) containing L. brevis in three

different concentrations: 0.1, 0.3, and 0.50D after 24 and 48h. ATPS prepared with 10% PEG and 5%

DEX both phases were prepared in 50/50 MRS/KSFM broth. Bacteria was incubated at 37°C with 5%
CO: in a 48-well plate. (scale bar 650um).

3.4.2. Assessment of L. brevis Viability After ATPS Containment for 72 Hours

The results obtained to validate the viability of L. brevis after 72 hours of
containment in the ATPS indicated that the bacteria was still alive and capable of cell
division after the indicated period. Figure 27 shows the results of the spot plating
performed on two biological replicates of two assembled ATPS prepared with 50% MRS
and 50% KSFM. As observed in the figure the control remained clear given the lack of
bacterial growth while the two replicates show that neither the PEG nor the DEX affected
the ability of the cells to proliferate. From this technique, the average concentration of the

replicates gave an approximate 1.15x10® CFU/mL.

41



Replicate 1

=

Figure 27. Spot plating in MRS agar of ATPS prepared with 10% PEG in 50/50 MRS/KSFM and 5%
DEX in MRS after 72 hours of containment of L. brevis in 24-well plate inserts. A final concentration of
1.15x10° CFU/mL was obtained from this technique.

3.4.3. Optimization of an ATPS for the Containment of Viable S. salivarius for 48
Hours

The compatibility of S. salivarius with the ATPS was first assessed by testing the
adequate bacterial concentration that would allow the containment of the bacteria for 48
hours. This ATPS was prepared with both the DEX and PEG-phases made with the broth
of preference of this strain, BHI. Figure 28 shows the containment of S. salivarius in four
different concentrations evaluated every 24 hours. The increase in density within the
droplet increases slightly between 24 and 48 hours but containment was achieved at all
time points. All the concentrations of bacteria tested remained contained beyond 48 hours

in an ATPS prepared with 10% PEG in BHI and 5% DEX in BHI as well.
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Figure 28. Phase contrast images of an aqueous two-phase system (ATPS) containing S. salivarius in four different
concentrations: 0.1, 0.2, 0.3, and 0.5 ODeoo after 24 and 48h of containment. The ATPS was prepared with 10% PEG
and 5% DEX both phases prepared in BHI broth. Bacteria was incubated at 37°C with 5% CO:in a 48-well plate.
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Bacteria remained contained within the DEX droplet up to a concentration of 0.5 ODeoo for 48h. (scale bar 650um)

S. salivarius remained contained within the DEX-phase of the ATPS when a 10%
concentration of PEG was used for the ATPS. On the other hand, when a 5%
concentration of PEG was used the bacteria was unable to remain contained even for 24h
and using the lowest concentration tested, 0.1 ODgoo. As shown in Figure 29, the first row
of images that display the three tested bacterial concentrations show uneven borders
around the DEX droplet, and bacteria growth is observed in the PEG-phase, which
appears as black spots on the background of the phase contrast images. When a 10%
concentration of PEG was used, the bacterial growth remained within the DEX-phase
after 24 hours at the three concentrations that were tested, which allowed for testing the
containment beyond 24 and 48 hours. The containment and growth resulted suitable with
this same formulation, nevertheless, this ATPS formulation still was not optimized to

allow mammalian cell growth in parallel to the microbial growth.
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Figure 29. Phase contrast images of an aqueous two-phase system (ATPS) containing S. salivarius in three different
concentrations: 0.1, 0.2, and 0.3 ODeoo after 24 hours. The first row of images shows ATPS prepared with 5% PEG
and 5% DEX and the second row with 10% PEG and 5% DEX. Both of the ATPS were prepared in BHI broth.
Bacteria was incubated at 37°C with 5% CO: in a 48-well plate. ATPS prepared with 5% PEG shows a lack of
bacterial containment beyond 48h (scale bar 650um).

As shown in Figure 30, the treatment that shows the least increase in density
within the DEX droplet is the treatment that has the PEG-phase prepared with KSFM.
However, bacteria remained viable, and containment was achieved, which were the two
criteria established to meet this experiment. The ideal ATPS formulation must contain
KSFM to feed the keratinocytes. As observed in Figure 30, an increase in density within
the DEX droplet of the KSFM PEG treatment is observed from 0 to 72 hours despite

being slighter than the other treatments.

44



DMEM KSFM BHI

CONTROL 0.50D CONTROL 0.50D CONTROL 050D

R

Figure 30. Phase contrast images of aqueous two-phase systems (ATPS) containing S. salivarius at a 0.5 ODsoo

concentration for 24, 48, and 72h. The first two columns of images from left to right show ATPS prepared with 10%

PEG made with DMEM, then with KSFM, and then BHI broth, respectively. All DEX droplets are prepared with 5%

DEX in BHI broth. Bacteria was incubated at 37°C with 5% CO: in a 48-well plate. ATPS prepared with 10% PEG
in DMEM shows a lack of bacterial containment beyond 24h (scale bar 650um)

3.4.4. Assessment of S. salivarius Viability After ATPS Containment for 72 Hours
The results obtained to validate the viability of S. salivarius after 72 hours of
containment in the ATPS indicated that the bacteria was still alive and capable of cell
division after the indicated time. Figure 31 shows the results of the spot plating performed
on two biological replicates of two assembled ATPS made with 10% PEG in KSFM and
5% DEX in BHI. As observed in the figure, the control remained clear given the lack of
bacterial growth while the two treatments show that neither the PEG nor the DEX affected
the ability of the cells to proliferate. From this technique, the average concentration of the

replicates gave an approximate 700 million CFU/mL.
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Figure 31. Spot plating in BHI agar of ATPS prepared with 10% PEG in KSFM and 5% DEX in BHI after 72 hours
of containment of S. salivarius in 24-well plate inserts. A final concentration of ~700 million CFU/mL was obtained

from this technique.

3.5. Evaluation of Bacteria Tolerance to Selected MTX Dosage
3.5.1. L. brevis exposure to MTX for 72 hours in ATPS

The effects of two different MTX concentrations in L. brevis are tested in Figure
32; 107!, and 10 mg/mL MTX. The figure shows eight phase contrast images showing
bacteria growth or lack of it, according to the treatment or control. The first column shows
the negative control (C-) without MTX or bacteria, suggesting a lack of external
contamination. The second column shows the positive control (C+), showing the healthy
growth over time of L. brevis within an ATPS. The third and fourth columns show L.
brevis within an ATPS exposed to 10! and 10°® mg/mL MTX, respectively. MTX was
added to the basolateral compartment at time Oh at the same point in which the bacteria
was seeded into the system. 10! mg/mL MTX seems to have inhibited bacterial growth
by its resemblance in density to the control without bacteria. 10 mg/mL MTX appeared
to have allowed the growth of L. brevis in the ATPS without any evident limitations, as
compared to the MTX-free control. The effect of a third concentration of MTX was tested,
10 mg/mL of MTX. An increase in density was observed at this concentration within all
the MRS DEX droplets containing L. brevis despite drug exposure. There are no signs of
the MTX inhibiting bacterial growth in the ATPS using this MTX concentration (Figure
44).
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Figure 32. Phase contrast images of an aqueous two-phase system (ATPS) containing L. brevis at a 0.5
ODgo after 48 hours exposed to 107" and 10 mg/mL of MTX. ATPS prepared with 10% PEG on 50%
MRS 50% KSFM and 5% DEX in MRS. Bacteria were incubated at 37°C with 5% CO; in a 24-well plate

using 6.5 mm in diameter inserts (scale bar 650um).

To test the cell viability of bacteria after exposure to two different MTX
concentrations, 10! and 10 mg/mL, the bacteria contained in the DEX-phase of the
ATPS shown in Figure 33, were spot-plated in MRS agar dishes after 72 hours of being
contained in the system and after being exposed to MTX the last 48 hours. The ATPS
containing L. brevis that were exposed to 10" mg/mL of MTX did not show any CFU,
which aligns with the low bacterial density observed with this concentration in Figure 32,
these results were consistent for the three technical replicates. The concentration of 107
mg/mL MTX decreased the CFU/mL count compared to the ATPS plated without
exposure to MTX (Figure 27). Nevertheless, viable bacteria cells can still be observed in
the agar. A third concentration had been previously tested at 10®* mg/mL MTX. It can be
observed in Appendix B (Figure 45) that both technical replicates that were plated show
prominent growth while the clear agar dish which contained the same ATPS without

bacteria did not grow any colonies over the incubation time.
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Figure 33. Spot plating of ATPS of L. brevis exposed to 10" and 10°° mg/mL MTX in MRS agar dishes
after 72 hours of containment. The first form left to right dish shows the negative control suggesting a
lack of contamination, followed by L. brevis exposed to 107 mg/mL and then 10°° mg/mL MTX. Bacteria
viability is observed in the dish with bacteria exposed to 10°° mg/mL MTX. No bacterial growth is
observed when L. brevis is exposed to 107 mg/mL MTX.

3.5.2. 8. salivarius exposure to MTX for 72 hours in ATPS

To assess the effect of the chosen MTX dosage in S. salivarius when it is
contained in ATPS, a system was assembled using 10% PEG in KSFM and 5% DEX on
BHI (Figure 34). S. salivarius was resuspended in the DEX-phase at a concentration of
0.5 ODeoo. The following figure shows in the first column the ATPS without bacteria to
prove the lack of contamination after 48 hours in the ATPS. The second column shows
the DEX droplets containing S. salivarius without MTX to verify that the bacteria is
viable without the effect of the chemotherapeutic. The third column shows a DEX droplet
containing S. salivarius that has been exposed to 10! mg/mL of MTX. Bacteria density
within the DEX is reduced compared to the positive control (C+) but higher than the
negative control (C-) without any bacteria growth. The fourth column shows a DEX
droplet containing S. salivarius that has been exposed to 10° mg/mL of MTX. Cell
density approaches the one observed in the positive control (C+). The second row of
photos shows the same DEX droplets as the first row but after 48 hours of starting the
system. The results suggest bacterial growth is not completely inhibited by the application
of MTX in the above-mentioned concentrations. Appendix C shows the effect of a third
concentration, 108 mg/mL MTX, tested using MTX in solution. Bacterial growth did not
appear to be inhibited by the MTX application in this concentration either (Figure 46).
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Figure 34. Phase contrast images of aqueous two-phase system (ATPS) containing S. salivarius at a 0.5
ODso after 48 hours exposed to 107 and 10°° mg/mL MTX. ATPS prepared with 10% PEG on KSFM and
5% DEX in BHI. Bacteria was incubated at 37°C with 5% CO; in a 48-well plate. (Scale bar 650 um).

Figure 35 shows three BHI agar plates that were spot-plated from ATPS
containing S. salivarius exposed to two different concentrations and one without any
bacteria, to verify the lack of contamination. Colony forming units (CFU) are observed
from both ATPS that contained bacteria despite exposure to MTX. Five ten-fold dilutions
were made from the samples, between the second and third dish. A higher concentration
of CFUs is observed in the lower concentration of MTX. The observed bacterial growth
on the BHI agar corroborates the lack of bacterial inhibition exerted by the MTX at this
concentration previously shown in Figure 34. The effect of a lower concentration of MTX
is shown in Appendix D. A higher bacteria viability is observed as the concentration of
MTX decreases. Nevertheless, the samples tested for this concentration were prepared

using MTX in solution (Figure 47).

Figure 35. Spot plating of ATPS of S. salivarius exposed to 10°% and 10" mg/mL MTX in BHI agar dishes.
Bacteria viability is confirmed by the growth of colonies in the agar after 72 hours of MTX exposure. The
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first form left to right dish shows the negative control suggesting a lack of contamination, followed by S.

salivarius exposed to 107 mg/mL and then 10 mg/mL MTX.

3.5.3. 8. salivarius and L. brevis Exposure to MTX for 24 Hours on Overnight
Cultures

The effect of MTX on two different concentrations is shown in Figure 36. Three
biological replicates with three technical replicates are shown for each treatment in the
following figure. The MTX dilutions were prepared on MRS and BHI for L. brevis and
S. salivarius respectively. The controls have the bacteria grown in their media of
preference without MTX. The two tested MTX concentrations were 10" mg/mL and 10°
® mg/mL of MTX. 107! mg/mL of MTX decreased L. brevis cell viability by 99.67% and
decreased S. salivarius cell viability by 53.2%. The results for 10°® mg/mL suggest that
this concentration reduces the cell viability of S. salivarius by less than 5% and decreases

the cell viability of L. brevis by 28.7%.
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Figure 36. Effect of MTX on overnight cultures of L. brevis and S. salivarius. Three overnight cultures

per treatment were left for incubation for 24h at 37°C. (n=3) Error bars indicate the standard deviation.

3.6. Assessment of Bacteria Effect on Healthy Monolayer of OKF6 Cells

The effect of L. brevis on a healthy monolayer of oral keratinocytes is shown in
Figure 37. Live cells emit a red fluorescent signal. Viable cells are observed in the wells
after 48h of exposure to L. brevis. The addition of bacteria to the ATPS does not seem to
reduce the fluorescent signal received from the cells in contrast to the ATPS without

bacteria. Two biological replicates with three technical replicates are shown for each
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treatment in the following figure (Figure 38). The data suggests that L. brevis caused no
change in cell viability when applied on top of the monolayer with respect to the ATPS
without bacteria.

Effect of L. brevis in ATPS on OKF6 cells
oh 24h 48h

Figure 37. Effect of L. brevis on a healthy monolayer of OKF6. The keratinocytes are CellTracker-

ATPS without
bacteria

ATPS with
L. brevis

stained with CellTracker Orange CMRA, they were covered with a thin film of alginate hydrogel and had
on top an ATPS prepared with 50/50 KSFM/MRS PEG and MRS DEX. assembled without bacteria (first

row) and with L. brevis at a 0.5 ODgpo concentration (scale bar 275).
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Figure 38. Normalized cell viability of oral keratinocytes exposed to L. brevis in an ATPS (light blue),
exposed to the ATPS without bacteria (grey) and the cells alone (dark blue). Cell viability was obtained
from the average of the cell count of five pictures taken from each of the three technical replicates at each

time point. (n=2) Error bars indicate the standard deviation.



The effect of S. salivarius on a healthy monolayer of oral keratinocytes is shown
in the following fluorescent images (Figure 39). Live cells are observed in the wells after
48h of exposure to S. salivarius. The presence of the bacteria in the ATPS does not seem
to reduce the fluorescent signal received from the live cells in contrast to the ATPS
without the bacteria. Two biological replicates with three technical replicates are shown
for each treatment in Figure 40. The graph shows that the cell count of the OKF6 that were
not exposed to any treatment, neither the ATPS without bacteria nor the one containing
S. salivarius, decreased the most over time.

Effect of S. salivarius in ATPS on OKF6 cells
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ATPS without
bacteria

ATPS with S.
salivarius

Figure 39. Effect of S. salivarius on a healthy monolayer of OKF6. The keratinocytes are CellTracker-
stained with CellTracker Orange CMRA, they were covered with a thin film of alginate hydrogel and had
on top an ATPS prepared with 50/50 KSFM PEG and BHI DEX. assembled without bacteria (first row)
and with S. salivarius at a 0.5 ODgyy concentration (scale bar 275). Error bars indicate the standard

deviation
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Figure 40. Normalized cell viability of oral keratinocytes exposed to S. salivarius in an ATPS (light
green), exposed to the ATPS without bacteria (grey) and the cells alone (dark green). Cell viability was
obtained from the average of the cell count of five pictures taken from each of the three technical

replicates at each time point. (n=2) Error bars indicate the standard deviation.

3.7. Assessment of Bacteria Effect on a Monolayer of OKF6 Cells Exposed to
MTX

The effect of the application of L. brevis and S. salivarius on oral keratinocytes
24 hours before exposure to MTX is shown in the following two graphs (Figure 41 and
Figure 42).

The following graph shows the cell viability and the count of the oral
keratinocytes when L. brevis was applied 24 hours before the addition of MTX. Three
biological replicates with three technical replicates are shown for each treatment in the
following figure. This graph shows no difference in the first 24 hours in the cell viability
with and without bacteria. During this time, MTX had not been applied yet. Between the
first three time points, 0, 24, and 48 hours, cell viability remains stable over time without
difference when L. brevis is applied. At the 72-hour mark, a drop can be observed. On the
other hand, a difference in cell viability is observed between hour zero and hour 48 when
there are no bacteria applied in the ATPS. Nevertheless, at the 72-hour mark, there was a
decrease in cell viability on the wells exposed to L. brevis, while the cell viability on the

wells that did not have bacteria showed no change from the previous 24 hours. There is a
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bigger difference in viability in the L. brevis treatment than in the one without bacteria
when comparing the change in cell viability between the time of application of MTX

(24h) and the last recorded time point (72h).
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Figure 41. Cell viability (A) and Cell count (B) of oral keratinocytes exposed to L. brevis before MTX
application (blue) compared to oral keratinocytes not exposed to bacteria before MTX application
(Grey). At time Oh bacteria was applied on top of OKF6 and at time 24h MTX was administered to the
basal compartment of the inserts. The experiment was performed with three biological replicates and
three technical replicates. Cell count was obtained from the average of five pictures taken from each
technical replicate at each time point. P values were obtained using two-way ANOVA. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001 (n=3) Error bars indicate the standard deviation.

The following graphs describe the behavior of a monolayer of OKF6 exposed to
S. salivarius 24 hours prior to the application of MTX. Three biological replicates with
three technical replicates are shown for each treatment in the following graphs. Figure
42 shows that 24 hours after the application of MTX, the cell count of the monolayer that
did not contain bacteria decreased, while the cell count of the OKF6 exposed to S.
salivarius appears to have remained stable without changes for the 24 hours following
drug administration. By the 72h time point, the data suggests that the cell count of the
wells with no bacteria had decreased in cell viability by 86% from the time Oh. While the

cell viability decreased by 75% from the first cell count when S. salivarius was applied.
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Figure 42. Cell viability (4) and Cell count (B) of oral keratinocytes exposed to S. salivarius before MTX
application (Green) compared to oral keratinocytes not exposed to bacteria before MTX application
(Grey). At time Oh bacteria was applied and at time 24h MTX was administered to the basal compartment
of the inserts. Three biological replicates, with 3 technical replicates. Cell count was obtained from the
average of five pictures taken from each technical replicate at each time point. P values were obtained
using two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (n=3). Error bars

indicate the standard deviation.

3.8. RNA Isolation from OKF6 Cells Exposed to Bacteria Before MTX
Application

The first attempt to isolate mRNA from the OKF6 was made from the initial
model, where a 24-well plate containing 12 inserts and a surface area of 0.33 cm?. 9,000
OKF6 cells were seeded initially into each well, they were allowed to adhere for over 24
hours before starting treatment. Each treatment had six technical replicates, the cells from
the six inserts were pulled together to perform the RNA isolation. The cells were stained
with the CMRA CellTracker to observe if they were still attached to the membrane after
the solubilization of the alginate hydrogel with EDTA. It was observed that a small
number of cells remained attached but there were enough to proceed with the experiment
(>200). After quantifying the RNA in the plate reader, no RNA was present in any of the
tubes except for the samples from the cells treated with S. salivarius, which showed an
RNA concentration of 1.529 x 10 mg/mL.

The second attempt involved the use of bigger inserts, the 6-well plates have a
surface area of 4.67 cm?, allowing the seeding of 146,000 cells per well. Each treatment

had three technical replicates (three inserts). The cells from the three inserts, with the
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same treatments, were pooled to perform the RNA isolation. This time the alginate
hydrogel was not discarded after adding the EDTA. The gel with the EDTA, plus the cells
and the trypsin were centrifuged and the supernatant was discarded. After the pellet was
resuspended in PBS, 10 puL of the cell suspension was taken into the hemacytometer,
where the presence of cells was corroborated. After quantifying the RNA in the plate
reader, no RNA was present in any of the tubes except for the samples from the cells

treated with S. salivarius, which showed an RNA concentration of 1.96 x10~* mg/mL.
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CHAPTER 4. Discussion
4.1. Proposed In Vitro Model is Capable of Reflecting CIOM-Like Damage
4.1.1. CellTracker Reflects the Loss of OKF6 Cell Viability in a MTX

Concentration Dependant Manner

The staining process of cells using the CellTracker™ involves incubating the cells
with the fluorescent probes, which permeate through the cell membranes, these probes
contain a chloromethyl or bromomethyl group that reacts with thiol groups, utilizing a
glutathione S-transferase—mediated reaction. Since glutathione transferase in a ubiquitous
enzyme and glutathione levels are high within the cell, the probes are transformed into
cell-impermeant reaction products that can fluorescence for more than 72 hours, are well
retained in living cells through several generations, and are transferred to daughter cells,
but not to adjacent cells in a population [48].

To assess if the CellTracker could reflect the effect of MTX in the proposed in
vitro model, a dose-response curve was established ( Figure 9). It has been observed that
MTX cytotoxicity depends on exposure time and concentration [49]. The results obtained
in this experiment showed that MTX at a concentration of 10! mg/mL after 48 hours of
exposure decreased cell viability by 18.3%, while a concentration of 10 mg/mL
decreased it a 20.8% after only 24 hours.

The data obtained from the CellTracker dose-response curve performed in this
study indicated a decrease in cell viability of 41%, 69%, and 95%, after 24, 48, and 72
hours of exposure to MTX in a 10> mg/mL MTX concentration. The effects of MTX in
the monolayer were expected to be more detrimental. Compared to the literature, the
effects of MTX in concentrations as high as 10~ mg/mL MTX exceed the MTX plasma
concentrations recorded for intermediate-dose and even high-dose MTX therapy for
leukemia pediatric patients [50], [51], [52], [53]. Nevertheless, this data was obtained
from studies where the dosage regimen involved prolonged exposure to MTX. The
following scenarios were considered as possible explanations as to the high MTX
concentration required to caused the desired decrease in cell viability in the OKF6 in this
study. The first one revolves around the fact that MTX strongly inhibits proliferative
keratinocytes even at low concentrations but has no cytotoxic effect on non-proliferative
cells [54]. Thus, cells that the MTX had not targeted due to being non-proliferative, could
have started dividing or remained untargeted and displaying the signal of the tracker. An

alternative theory suggests that the drug’s effectiveness may be lacking in the
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keratinocytes. An in silico study suggested that when free MTX is at low concentrations
but intracellular dihydrofolate is high, displacement of bound MTX by dihydrofolate
plays an important role in reversing the toxic effects of this agent [55]. The possibility of
these cells expressing high levels of dihydrofolate due to the upregulation of its gene or
due to regions with increased dihydrofolate gene cannot be discarded. It has been
observed in previous studies that some cell lines exhibit increased dihydrofolate reductase
levels and chromosomal regions with increased DHFR genes [56]. This would suggest a
mechanism for MTX resistance is present. It has also been reported in the literature, that
rabbit keratinocytes can show resistance to MTX, possibly through a defective MTX
transport into the cell or altered affinity of DHFR for MTX [57] [58]. Hence, the potential
for cells to develop resistance to the drug must not be entirely discounted. However, some
studies suggest otherwise, it has also been observed that MTX has anti-proliferative and

apoptotic effects on keratinocytes [3], [59].

4.1.2. CellTracker Reflects Cell Death Caused by P. aeruginosa (PA CF18)

The use of Pseudomonas aeruginosa CF18 (PA CF18) aimed to demonstrate the
ability of the system to reflect cell death from a microorganism contained in an ATPS on
top of the oral keratinocytes. This to ensure if that if the tested probiotics damaged the
cells, the model would not fail to show it. The CellTracker CMRA dye paired with a
microscopy software is an effective tool to track and monitor proliferation of stained cells
[60], it has also been used to represent different types of tumor cells and calculate the
percent yield of each cell line with automated microscopy tools [61]. This was achieved
as the fluorescent signal from the live cells decreased after 48h of exposure to this strain.
PA CF18 was chosen given its cytotoxicity towards mammalian cells [62], [63], [64].
Nevertheless, the damage reflected by the CellTracker is believed to be caused by
multiple factors. The lack of containment of this bacteria in the ATPS could have led to
a decrease of nutrients available for the mammalian cells, given that the bacteria can grow
in tissue culture media and its growth is fostered in the incubation conditions of the cell

culture [65].

4.1.3. CellTracker Reflects Cell Death Caused by 5% DMSO
The addition of DMSO tested the ability of the CellTracker to reflect the onset
of cytotoxicity. DMSO is capable of inducing cell death through apoptosis, mitochondrial

impairment, or oxidative damage, due to reactive oxygen species production [66], [67].
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These mechanisms - oxidative stress damage, mitochondrial impairment, and induced
apoptosis - are also known effects of MTX that impact mammalian cells [68] [69] [70].
Thus, this experiment tested the ability of the CellTracker to reflect cell damage through
mechanisms known to be exerted by MTX. Figure 12 shows that, after only 90 minutes
of exposure to 5% DMSO, the fluorescent signal initially observed from the viable cells

decreases in intensity reflecting the cell death.

4.2. . salivarius and L. brevis are Compatible with an ATPS Suitable for OKF6
Cells

Different concentrations of bacteria were resuspended in the DEX-phase before
its application in the PEG-phase of the ATPS. The purpose of adjusting the bacterial load
was to assess an adequate bacterial density that would have an effect in the monolayer,
but that would not spread across the whole culture, causing a depletion of nutrients to the
mammalian cells in the first 48 hours. The size of the droplet had to be consistent when
testing the containment for each given bacterial concentration and ATPS formulation. In
droplets where the DEX volume was partitioned at the moment of assembling the ATPS
into two smaller DEX droplets rather than a big one, as it happened in Figure 28, it was
more likely for the bacteria to migrate into the PEG phase and break the containment.
Both bacteria remained contained when added in a 0.5 ODeoo. The concentration of PEG
that allowed the containment of both bacteria for 48 hours was 10% rather than 5%.
Bacteria were able to escape the DEX-phase when the PEG concentration was at the lower
concentration, likely due to the reduced viscosity of the polymeric solution and interfacial
tension. This tension is proportional to the polymer concentration of the system; as the
PEG concentration increased, the interfacial tension increased [71]. Interfacial
tension occurs at the boundary of two immiscible solutions due to the imbalance of
intermolecular forces [72]. Smaller droplets of DEX likely had the bacteria rupturing
containment more often due to the reduced surface tension that came with having a
smaller droplet and thus a smaller interfacial surface area.

An important factor to consider when optimizing an ATPS for specific microbes
is the ability of the strain to hydrolyze the DEX. Although no evidence was found of S.
salivarius or L. brevis secreting dextranases that could reduce the molecular weight of the
DEX and thus disrupt the equilibrium of the ATPS, other species of Lactobacillus and
Streptococcus have been reported to have dextranase activity [73]. In this study, the

containment of these bacteria was successfully achieved and this aspect did not appear to
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be a factor.

The previously mentioned concentrations of polymers used for the ATPS in this
study represent an approximation of what the precise polymeric concentration is after
filtration. The molecular weight cut-off (MWCO) of a membrane is defined as the
molecular weight at which 90% of the macromolecular solute is rejected by the membrane
[74]. A pore size between 0.1- 10 pm has an MWCO greater than 100 kDa [75], this
means that the 0.22 pm diameter filter that was used in this study is not expected to have
removed the 50 kDa DEX molecule nor the 35 kDa PEG molecules from the filtrate in
considerable amounts. Membrane fouling is a process by which particles or solute
macromolecules are deposited or adsorbed onto the membrane pores or a membrane
surface by physical and chemical interactions or mechanical action, which results in
smaller or blocked membrane pores [76] which could potentially explain the slow
filtration process that extended proportional the volume of filtrate. Although the filtered
volume did not exceed the limit of the filter, it cannot be discarded that some polymer
molecules may have adsorbed to the membrane reducing their final concentration in the
filtrate.

After allowing bacterial growth within some of the DEX droplets it was noticed
in the phase contrast images that the center of these droplets appeared to have a lighter
shading in the center compared to its surroundings (Figure 24, Figure 25). A darker color
spot in a phase contrast image indicates a higher density as the light passing through the
specimen is diffracted by it [77]. The lighter shading in the middle of some of the droplets
compared to the borders suggests that the boundaries between the two phases of the ATPS
had higher bacterial density. To this observation, a possible explanation is that the
interface between the solutions is acting as a barrier retarding the diffusive transport from
one phase to another, and causing the particles to get trapped in the potential-energy
minimum in the interphase [78]. In this scenario, the bacteria may be attracted to this
boundary or are simply able to grow with more ease around it. The principle of minimum
total potential energy establishes that a structure or body shall be displaced to a position
that minimizes the total potential energy [79].

The ATPS formulation was adjusted for each strain. While S. salivarius
demonstrated an ability to grow in the ATPS when the PEG-phase was prepared with
different mammalian culture media, L. brevis was incapable of growth when the PEG-
phase was prepared with KSFM. L. brevis has been demonstrated to have specific iron

requirements because it plays a role in the pyrimidine and purine metabolism of
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lactobacilli [80]. Most bacteria can produce nucleotides de novo, while others, including
some lactic acid bacteria, require the addition of either purines or pyrimidines to the
growth medium [81]. Thus, the possibility of iron and the lack of availability of precursors
in the media being a limiting factor for bacteria growth was considered. Keratinocyte
SFM (KSFM) contains iron at low concentrations [82], and its availability may not have
been sufficient for the model system. Another possibility that may have prevented L.
brevis growth when the PEG-phase was made with KSFM, was the low content of
dextrose and peptone in the ATPS. These two ingredients supply L. brevis with nitrogen,
carbon, and other elements necessary for growth, which is why MRS, the preferred broth
of L. brevis, contains high concentrations; 20 g/l of Dextrose and 10 g/l of Peptone [83].

The fact that L. brevis would not grow in the ATPS when the PEG-phase was
made with the media that support mammalian cell growth, imposed a challenge for the
co-culture of these two. Even though reducing the content of KSFM and increasing the
percentage of MRS media in the PEG-phase would likely render the media not ideal for
the keratinocytes, preparing the PEG with 50% MRS and 50% KSFM allowed the growth
of the bacteria in the DEX-phase and did not appear to damage the OKF6.

To evaluate if the containment of the strains within the ATPS was affecting
bacteria viability after 48 hours, the ATPS containing L. brevis and the one containing S.
salivarius were spot-plated in MRS and BHI agar respectively. Multiple colonies of each
strain were observed in each agar. Bacterial plating is one of the most common methods
to assess bacteria viability and quantify if needed. The results from this experiment
demonstrated that the bacterial cells inside the ATPS were alive through colony-forming
unit (CFU) assessment. This method was selected because only viable bacteria are

observed it excludes dead bacteria and debris [84].

4.3. Multiple Cell Viability Assays are Necessary to Assess MTX Dosage
High variability between assays has been reported in the literature when
developing drug dose-response curves. Studies suggest that the mechanism of action of
the drugs often influences the assay results [85]. This inherent variation between assays
emphasizes the significance of using more than one assay to validate the results when
screening for compounds that have antiproliferative activity [86]. The following sections
discuss the results of the assays used to determine the MTX dosage for this study.
An important point concerning the availability of MTX in the culture is the fact that
the apical compartment of the insert containing the ATPS is filled up mainly with PEG
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in KSFM, this media does not contain MTX, thus, when the drug is administered through
the basal compartment at the desired concentration, the drug is concentration is slightly

reduced over time due to diffusion.

4.3.1. Live/Dead Assay

The first assay to select the adequate MTX dosage was a Live/dead assay. Parameters
such as plasma membrane integrity, mitochondrial membrane potential, and intracellular
esterase activity, can collectively be used to differentiate live and dead cell populations,
to determine cell viability, and to screen for compound cytotoxicity [87]. These
parameters form the basis for the Live/Dead cell viability assay. This technique uses two
fluorescent reagents, a live cell esterase substrate, and a cell-impermeable DNA binding
dye to stain live and dead cells in two different colors within a sample population. Live
cells were stained with calcein acetoxymethyl (AM), while dead cells were labeled using
a cell-impermeable DNA binding dye in this case Ethidium Homodimer-1. Calcein AM
is a non-fluorescent esterase substrate that diffuses across unharmed cell membranes and
permeates into live cells. Once inside, non-specific intracellular esterases hydrolyze the
substrate into a fluorescent byproduct that stays trapped within the cell. The fluorescence
signal emitted by the substrate indicates live cells with esterase activity and an intact
membrane. The cell-impermeable DNA binding dye, which binds selectively and with a
high affinity to DNA, can only penetrate the damaged membranes of dead cells and will
fluoresce upon binding to nucleic acids. Healthy live cells with intact cell membranes,
prevent the dye from entering the cell.

Because the determination of cell viability is dependent on these properties, cytotoxic
events that damage the cells through different mechanisms and do not affect these
parameters, cannot be accurately assessed using this assay. Cell membrane permeation,
mitochondrial impairment, as well as damage to the plasma membrane, are effects that
have been reported in the literature following MTX administration in diverse cell lines
[88][89] [68] [69] [70]. Thus, the Live/Dead assay was very likely to reflect the effect of
this drug. It must be noted that some of these effects are observed until the late apoptotic
stages of the damaged cell. This could mean that for the assay to reflect damage,
prolonged exposure to the drug or a higher concentration could be required, compared to
what was tested for this study. Nevertheless, the main limitation observed with this assay
was the cell loss, which reduced the accuracy of the live-to-dead cells ratio, and the fact

that it cannot be differentiated if the cells were lost during the treatment or if they were
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never present in the area being captured.

Lack of cell adherence due to the effects of MTX has been reported in previous studies
[90], [91], additionally, the required PBS washes to remove the ATPS containing the
bacteria and the alginate hydrogel, may have led to a low yield of cells remaining for the
assay. This might have also affected the results of other cell viability assays. In the
Live/Dead assay, it was suspected that mainly dead cells were discarded in this process,
as the red fluorescent signal received was low to non-existent. Nevertheless, the lack of
cells does not necessarily mean that there were no dead cells or that no live cells were lost
as well. This led to the conclusion that this assay may have not been ideal for the
determination of the adequate MTX dosage.

During the Live/Dead assay performed in this study, the red fluorescent signal from
the ethidium homodimer-1 generated a weak and almost undetectable signal. It has been
reported in the literature that this compound displays a weak signal which has prompted
the development of improved alternatives for this dye, such as the Ethidium homodimer
IIT [92]. However, the fact that for some samples the dye could not be detected at all,
suggests that the cell membrane of the keratinocytes may have still been intact for hours

despite the damage induced by the MTX following the application of the drug.

4.3.2. AlamarBlue (AB) Assay

A second assay was tested to determine a sufficient chemotherapy dosage. The
Alamar Blue (AB) assay is based on the ability of metabolically active cells to convert a
redox dye, resazurin, into a fluorescent end product, resorufin [93]. This assay was
selected because it is a widely studied, reproducible, and high-throughput method [94].
The graphs obtained from the MTX dose-response curve using this assay reported a
consistent 15% decrease in cell viability for all concentrations tested.

Two possible scenarios were considered. It has been reported in the literature that the
AB assay alone is not suitable for the evaluation of the inhibition of keratinocyte
proliferation in vitro due to potential underestimation of damage when testing the effect
of different drugs [47]. Also, cell culture media [93] and anti-oxidant drugs [95] have
been reported to interfere with the AB Assay. The possibility of the drug interfering with
the assay chemistry was considered. This may be a potential explanation for why the
assay reported similar fluorescence after the application of different concentrations of
MTX, the drug may have reduced the resazurin rather than the reductases within viable

cells. The fact that the wells with the cells were washed before adding the AB reagent,
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implies a modification in the original protocol that could have also led to biased results.

4.3.3. CellTiter-Glo Assay

The last assay used to determine MTX concentration was the CellTiter-
Glo® Luminescent Cell Viability Assay. It relies on the measurement of intracellular
ATP using firefly luciferase. The ATP detection reagent contains a detergent to lyse the
cells, ATPase inhibitors to stabilize the ATP released from the ruptured cells, luciferin as
a substrate, and a stable form of luciferase to catalyze the reaction that generates photons
of light. When cells lose membrane integrity, they lose the ability to synthesize ATP, and
endogenous ATPases rapidly break down any remaining ATP from the cytoplasm [96].
This provides the basis for the most commonly used cell viability assays. Consequently,
ATP has been widely accepted as a marker of viable cells.

ATP assays are specific and sensitive techniques to measure cell viability. They have
the advantage that they do not require the incubation of a population of viable cells to
convert a substrate, such as resazurin, into a colored compound. The ATP assay chemistry
can typically detect fewer than 10 cells per well. Its sensitivity is dependent on the
reproducibility of pipetting replicate samples rather than a result of the assay chemistry
[97].

The results from an initial CellTiter-Glo assay using MTX in its solution form
suggested that a concentration of 10 mg/mL decreased cell viability by 49.59%, this was
the concentration that approached the most to 50% cell viability. This would be the most
ideal concentration to apply for 48 hours to induce CIOM-like damage and allow to study
changes in cellular response caused by the presence of microbes (Figure 16).

Nevertheless, a second experiment testing the effect of MTX concentrations on
OKF6 viability using the CellTiter-Glo assay was conducted six months later, the results
suggested that the efficacy of the drug had decreased over time. The decrease in cell
viability caused by the MTX had consistently diminished for all concentrations. The
chemical stability of MTX has been found to be influenced not only by thermal and
photolytic effects but also by the permeability of the container to water vapor and pH [98]
[99]. The drug in solution was contained in a glass bottle at 4 °C. The lid was sealed with
laboratory film after every use. However, it was observed that the yellow solution was
present in the laboratory film which could suggest evaporation. Additionally, previous
studies have reported that after being exposed to a UV light source, MTX was found to

be significantly deteriorated, and in order to prevent photolytic degradation shielding the
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drug from direct exposure to a light source was necessary [99]. The bottle containing the
drug was transparent and was kept inside its box inside the fridge. No yellow precipitate
was observed in the vial, which according to previous studies is a physical manifestation
of MTX photolysis [98].

Given the evidence that the efficacy of the drug may have been affected, previous
experiments made with the MTX in solution were repeated and the selection of the
chemotherapy dosage was reassessed. For this experiment, the drug was aliquoted from
apowder and the stock and working solutions were prepared on the day of the experiment.
The data from this experiment (Figure 18) reflected that a concentration between 10~ and
1 mg/mL would decrease the cell viability by 50%. However, this range of concentrations
exceeds the MTX plasma concentrations recorded in the literature for intermediate-dose
and even high-dose MTX therapy for leukemia pediatric patients [50], [51], [52], [53].
Nevertheless, this data was obtained from studies where the dosage regimen involved
prolonged exposure to MTX. In these studies, treatments involved the administration of
either one-tenth or one-third of the total drug dose, through rapid infusion over 30 min,
and the remainder through continuous infusion over 24 hours or even 42 hours. In the
present study, the culture was exposed to the drug at time zero without further infusions.
A constant infusion of the drug in patients involves a constant supply of free MTX.
Therefore, even if the plasma levels of MTX observed in patients are lower than the
concentrations that the CellTiter-Glo assay reported that would induce a ~50% decrease
in cell viability, the cell death induced in the cells is believed to be related to the free-
MTX with respect to the cells that take up the drug.

Since the MTX concentrations that appeared to have induced a 50% decrease in cell
viability appeared to be higher than what had been reported in the literature for MTX
plasma concentrations in patients [50], [51], [52], [53] and it has also been observed that
the concentration of MTX able to induce half-maximal cell viability (IC50) in
immortalized human keratinocytes is 5.95 x10~* mg/mL [100]. A lower concentration was
also selected to be tested. A concentration that induced a decrease in cell viability by 70%
and another one that reduced it by 50% were chosen, 10, and 10"! mg/mL respectively
(Figure 18). Bacteria susceptibility to these concentrations was tested. These
concentrations appeared to have different means from one another in the dose-response
curve while still affecting cell viability in a way that the effects of the probiotics could be

noticed in case there were any.
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4.4. MTX Shows Antimicrobial Activity

Two MTX concentrations were added to the overnight cultures, 107!, and 10
mg/mL. 10" mg/mL of MTX decreased viability of L. brevis by 99.67% and decreased
by 53.2% cell viability of S. salivarius. The results for 10° mg/mL suggested that this
concentration reduced the cell viability of S. salivarius by less than 5% and decreased the
cell viability of L. brevis by 28.7%.

Nevertheless, opposed findings have reported that L. brevis shows resistance to
MTX in the concentrations of 10, 102, 10", and 1 mg/mL, using the Kirby-Bauer disc
diffusion test [101]. A second experiment was conducted where the bacteria were exposed
to the drug in a 10 and 10" mg/mL concentration through the basal compartment of an
insert, while the strains were contained in an ATPS on the apical side. The results of this
experiment corroborated the susceptibility to the drug. There were no CFU after plating
the ATPS exposed to 10! mg/mL MTX and reduced colonies concerning the control were
observed for the 10° mg/mL treatment (Figure 33). Phase contrast images of the ATPS
exposed to MTX were taken every 42 until the 72-hour mark when L. brevis was plated,
no increase in density was observed for concentration 10" mg/mL (Figure 33). S.
salivarius showed resistance, as an increase in density in the phase contrast pictures was
observed for both concentrations (Figure 34). Additionally, there were colonies in the
agar when the ATPS was plated, although they were reduced with respect to the control
(Figure 35).

MTX is a folate analog that inhibits the activity of dihydrofolate reductase
(DHFR), which is its major target. It catalyzes the NADPH-dependent reduction of
dihydrofolate to tetrahydrofolate [102]. Reduced folates are substrates in purine,
pyrimidine, and amino acid biosynthesis. Inhibition of DHFR activity initially results in
reduced amino acid synthesis as well as reduced purine, and pyrimidine synthesis and
thus inhibition of replication and ultimately cell death [103] [43]. DHFR is conserved
across all domains of life and MTX can directly bind DHFR from multiple bacteria [104].
This could explain the shifts in gut and oral microbiota that MTX patients present [8],
[9], [41], [42].

High-throughput screening studies of human gut bacterial isolates have identified
multiple MTX-susceptible bacteria [104]. However, it has been shown that drug
susceptibility varies across strains [104]. In this study, S. salivarius appeared to be less
susceptible to MTX than L. brevis. The underlying determinants of variability in MTX

susceptibility towards bacteria remain to be investigated. Additionally, they are very
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likely multifactorial and may involve one or more of the following: drug influx and efflux
[103], drug metabolism [105], and compensatory pathways (i.e., de novo synthesis of
folic acid) [106].

With regards to potential bacterial resistance to MTX, resistance mechanisms to
trimethoprim have been observed in bacteria, which is the MTX microbial counterpart.
Thus, the possibility of S. salivarius showing resistance mechanisms to MTX cannot be
discarded. The cause of the species-dependent antimicrobial activity of MTX may be due
to similar mechanisms of action than the ones of trimethoprim. These comprise impaired
permeability, intrinsic or acquired insensitive DHFR, compensatory increased production

of target enzymes, or the expression of efflux pumps [43], [103].

4.5. Bacteria Does Not Damage Healthy Cell Culture of OKF6

Once the ability of CellTracker to reflect cell damage was evaluated, the cells
were coated with a layer of alginate hydrogel and L. brevis and S. salivarius were added
in an ATPS on top. The bacteria were left for a total of 48 hours and fluorescent live
images of the cells underneath the DEX droplet were taken at time 0, 24, and 48 hours.
The fluorescent signal was still observed after 48 hours of exposure to the bacteria and
the ATPS, suggesting that the bacteria was not exerting any damage that would affect the
retainment of the fluorescent probes within the cell and thus, cell viability. For some
replicates it was observed that the bacteria escaped the DEX-phase and invaded the PEG-
phase, nevertheless, cell signal intensity was not reduced.

The effect of L. brevis and S. salivarius was tested by analyzing the effects of each
bacteria contained in an ATPS on the keratinocytes, in contrast to the effects of the ATPS
without bacteria and no ATPS at all. The results showed little difference in cell viability
of the OKF6 between the treatment with the ATPS with the bacteria and the ATPS
without the bacteria. This suggested that the bacteria contained in the ATPS was not
damaging the cells. The cell viability of the cells that were not exposed to the ATPS at
all showed the most pronounced and rapid decrease in cell viability. It is hypothesized
that the keratinocytes that were not exposed to an ATPS reached full confluency in the
first 48 hours, unlike the other treatments which led to a more significant drop in cell
viability in the last 24 hours of the experiment as reflected in the graphs (Figure 38 and
Figure 39). This is likely due to nutrient depletion.

Given that it has been suggested in the literature that polyethylene glycol (PEG)

may have cytotoxic effects on mammalian cells, the effect of the ATPS without the
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bacteria was assessed. No decrease in cell viability was observed when the ATPS was
added on top of the OKF6 in contrast to the cells without the system, nor to the cells
exposed to ATPS with bacteria.

The cytotoxic effects of PEG on mammalian cells have been observed to occur in
a concentration-dependent manner but are also related to the molecular weight of the
molecule. Moreover, cell types also played a role in the results of PEG cytotoxicity
studies. The mechanism of PEG-mediated cell death is primarily due to its ability to
disrupt the cellular membrane, but it has also been suggested that the generation of
reactive oxygen species (ROS) could also be a possible mechanism of cytotoxicity [107].
In healthy conditions, the intracellular level of ROS is balanced through cell antioxidant
mechanisms, but it can dramatically increase under environmental stress, leading to cell
apoptosis. The generation of ROS is often considered one of the most possible reasons
for cytotoxicity for many biomedical materials [107]. Glutathione (GSH) is an important
antioxidant in mammalian cells. It has been reported that the incubation of cells with PEG,
can lead to a decline in GSH levels. Thus, the decrease in GSH could have broken
intracellular redox equilibrium. This could also be thought of as one of the possible
mechanisms of cytotoxicity of PEG [107].

To reduce the potential cytotoxic effect that the PEG may exert in the mammalian
cells, an alginate hydrogel was added to act as a buffer between the OKF6 cells and the
PEG-phase of the ATPS to enhance cell viability after prolonged exposure to the
polymeric solution. The use of this hydrogel was chosen given its effectiveness in
mitigating potential damage to cells from a polymeric solution. The use of this hydrogel
was chosen due to its ability to mitigate damage from the ATPS. Alginate hydrogels are
widely used in biomedical applications, the compatibility of this gel with the proposed
model relies on its ability to allow the mobilization of small molecules throughout it
[108]. Small molecules such as signaling molecules from bacteria and cells have been
used to study microbes' behavior within a hydrogel-like environment [109] suggesting
the bacteria used in this study would not show unwanted interactions. The effectiveness
of the hydrogel was previously investigated and confirmed by another lab member, they
also observed that some strains grew into the hydrogel. It has been reported in the
literature that the major producers of alginate lyases are bacteria, and it has been observed
that even bacteria that are not capable of using alginate as a carbon source are capable of
expressing alginate lyases that catalyze the degradation of alginate [110]. Although no

information was found in the literature reporting L. brevis or S. salivarius being capable
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of secreting alginate lyases, the migration of the strains into the hydrogel reported by

previous lab members could have been caused by the secretion of these enzymes.

4.6. Effect of S. salivarius and L. brevis on Oral Keratinocytes Exposed of MTX
4.6.1. Effect of L. brevis on OKF6 cells with MTX

Exposing a monolayer of oral keratinocytes to L. brevis prior to the application of
MTX, appeared to have preserved cell viability from damage induced by the drug the first
24 hours after adding the drug to the system. During this period, no statistical difference
was observed in cell count, unlike the wells that were not exposed to the bacteria. Two
possible scenarios were considered: the bacteria could have exerted protective
mechanisms, or the CellTracker could have been unable to accurately reflect the effect of
the bacteria on the cell viability.

Given the extensive literature suggesting L. brevis' potential application to
manage diverse health conditions [34], [35], [111], [112], [113], the possibility that the
reduced MTX-mediated cytotoxicity in the presence of L. brevis was caused by the
protective mechanisms of the bacteria, was considered. It has been reported that strains
of L. brevis, produce high levels of arginine deiminase and sphingomyelinase. Human
cells can convert arginine into nitric oxide by the actions of nitric oxide synthase.
Arginine deiminase of bacterial origin competes with nitric oxide synthase,
downregulating its conversion to nitric oxide, leading to the reduced secretion of
inflammatory markers [26], [27], [111], [112]. Moreover, bacterial sphingomyelinase,
which has also been recorded to be produced by L. brevis, can hydrolyze the platelet-
activating factor (PAF), a strong inflammatory cytokine, that has been reported for its
role in tissue injury [26], and it is known to be associated with oral mucositis during
radiation therapy [27]. The secretion of arginine deiminase and sphingomyelinase by L.
brevis could have led the OKF6 to tolerate to some extent the MTX, and thus maintain
cell viability for a longer period.

Strains of L. brevis have also been reported to exhibit high expression of
glutathione peroxidase which results in higher resistance of the cell toward oxidative
damage by scavenging reactive oxygen species [114]. Given that the generation of ROS
and pro-inflammatory cytokines are hallmarks of the clinical phenotype of oral mucositis
[12], [115], a decrease in oxidative species or the regulation of inflammatory molecules,

may have been mechanisms through which the bacteria prevented cell damage. Thus, L.
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brevis may have exerted protective mechanisms that regulated molecular signaling
pathways in OKF6 that led to a reduction in cell death after exposure to MTX.

The second scenario evaluates the possibility that the CellTracker was not able to
accurately reflect the effect of the bacteria on the cell viability. The data (Figure 39) may
be just showing the overall lack of effect in the cells, with high variability in the cell count
and a lack of accuracy with a certain tendency to a decrease in cell viability exclusively
exerted by the MTX. Still, previous experiments using P. aeruginosa and DMSO
suggested that the CellTracker can accurately reflect cell damage, not to mention the
dose-response curve generated with the CellTracker, which reflected MTX damage in a
concentration-dependent manner. This helped to reduce the likelihood of this scenario,
but it cannot be entirely discarded.

However, at the 72-hour mark, a decrease in cell viability was observed in cells
exposed to L. brevis, while the cell count in the wells that did not have bacteria showed
no significant change during that same period. As shown in previous findings, (Section
4.4) the growth of L. brevis within the DEX droplet appeared to have slowed down
significantly at the 24-hour time point where MTX was administered. The results
suggested that L. brevis has a high susceptibility to MTX. The controls of the ATPS where
the bacteria were not exposed to MTX, resulted in consistent bacteria growth within the
DEX-phase (Figure 49). Thus, a lack of effect exerted by L. brevis could be a result of
the lack of bacterial growth or bacteria viability. No conflicting studies were found
suggesting potential detrimental effects of L. brevis. Nonetheless, the possibility that the

bacteria did not show a protective effect towards the keratinocytes is not disregarded.

4.6.2. Effect of S. salivarius on OKF6 cells with MTX

Exposing a monolayer of oral keratinocytes to S. salivarius 24 hours prior to the
application of MTX, appeared to have maintained the cell viability without changes for
the 24 hours following drug administration. While the cell count of the monolayer that
did not contain bacteria showed a significant decrease. Furthermore, the data suggests
that the cell viability continued to decrease significantly following the 24-hour mark when
S. salivarius was not applied. On the other hand, cells exposed to the bacteria showed a
significant drop in cell viability until after 48 hours of drug exposure. The possibility of
S. salivarius exerting a protective mechanism towards the keratinocytes was considered.
MTX-induced oxidative stress has been extensively studied in the literature in diverse

cell lines [115], [116], [117] this indicates that oxidative species may be a cause of cell
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damage in this study. S. salivarius probiotic protective effect could be related to the
reduction of ROS accumulation through their free radical scavenging ability, reducing
lipid peroxidation or/and its ability to chelate metal ions [118]. Lipid peroxidation arises
from a series of reactions between free radicals and lipids. The products of lipid
peroxidation play an important role in cellular injury, due to their ability to increase
membrane permeability, and damage proteins, nucleic acids, and other biological
macromolecules resulting in pathological events [119]. On the other hand, chelating
agents can act against stress due to their ability to mask the effect of metal ions, such as
iron ions, which are involved in oxidative processes and participate in hydroxyl radical
formation [118] which has been reported to be the main cause of oxidative damage in
vivo due to its strong reactivity and oxidizing capacity [120].

Nevertheless, both treatments, with and without S. salivarius, showed a decrease
in cell count of similar magnitude after 72 hours. At this time point, the data suggests that
the cell count of the wells with no bacteria had decreased in cell viability by 86% from
the time Oh. While the cell viability decreased by 75% from the first cell count when S.
salivarius was applied. Even though, no studies were found explaining the potentially
harmful mechanisms of S. salivarius towards the cells, a few cases of S. salivarius
bacteremia have been recorded [121], [122]. Additionally, information about S.
salivarius bacteremia is uncommon. S. salivarius is rarely isolated from blood: only 5—
15% of blood culture isolates of viridans streptococci are S. salivarius. The viridans group
streptococci (VGS) is generally considered to be of low pathogenic potential in
immunocompetent individuals. However, in certain patient populations, VGS can cause
invasive diseases, such as endocarditis, intra-abdominal infection, and shock.
Nevertheless, among the viridans group streptococci, S. salivarius showed one of the
highest susceptibility to penicillin [123]. In addition, S. salivarius is usually considered a
contaminant or an unclear cause of these infections [121]. Moreover, most viridans
streptococcal infections have been associated with limited morbidity [124]. Given the
existence of literature suggesting a potential association of S. salivarius infections, the
possibility that the decrease in cell viability at 72 hours may be caused by the increase in
bacteria density cannot be entirely discarded. At this time point, a considerable increase
in bacteria density was observed (Figure 50) where the containment in the DEX droplet
was ruptured, as shown in Appendix F.

The reason why S. salivarius appeared to have grown better on top of the alginate

hydrogel and with the application of MTX in this experiment, remains unclear. It was
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observed that the geometry of the DEX droplets had uneven borders given the irregular
surface of the alginate hydrogel covering the monolayer. This could have altered the
interfacial tension of the ATPS, an increased interfacial contact area of the phases
enhances mass transfer [125], [125], which could have allowed easier bacterial escape

from the ATPS.

4.7.  Only Samples Treated with S. salivarius Allowed RNA Isolation

To assess shifts in molecular markers for inflammation and oxidative stress through
a polymerase chain reaction (PCR), the RNA from the treated cells had to be initially
isolated and quantified. No RNA was obtained for all treatments except for cells treated
with S. salivarius prior to the application of MTX. The model needed to be adapted and
limitations of the system needed to be identified. Multiple aspects could have led to the
lack of genetic material.

The initial hypothesis was that given the surface area, the maximum number of cells
that were seeded could not have been sufficient to extract their RNA and quantify it.
During the 48 hours of exposure to MTX, it was expected that the cell count would
decrease by a minimum of 30.6%, as it was reported by the CellTiter-Glo assay.
Considering that the experiment had been performed in 6.5 mm in diameter inserts, where
each insert had 9,000 cells initially, and the cells were pulled from six identical insert
conditions, 16,500 cells would have been lost just by the exposure to MTX. Additionally,
the PBS washes could have very likely detached some cells or removed the cells that had
their adherence ability affected by MTX [67][68]. The stress induced by the addition of
the ATPS, and the seeding process probably also caused cell death to some extent. The
small amount of RNA could have also been lost in the handling steps where the labware
consumable products, such as pipette tips, centrifuge tubes, and even the plate which are
generally molded from polypropylene, could have non-specifically adsorb to the genetic
material [126]. The possibility that the number of cells in the system overall was not
enough for this experiment appeared to be the most probable explanation.

Another scenario evaluates the possibility of the RNA binding non-specifically to the
membrane of the inserts when the lysis buffer was added directly into the monolayer
adhered to the insert. As previously mentioned, it has been observed that some
consumable products, like plastics used in labware, can bind to genetic material [126].
Nevertheless, the 6-well inserts had a polycarbonate membrane. No information could be

found in the literature suggesting non-specific DNA or RNA binding to this material. This
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was supported by the fact that microfluidic chips designed for DNA and RNA purification
have been made out of polycarbonate [127]. Additionally, low DNA binding products are
also made of polycarbonate [128]. The same was observed with the membrane of the 6.5
mm inserts which were made of polyethylene terephthalate (PET). No information could
be found in the literature suggesting non-specific binding of PET to genetic material, also,
microdevices for DNA purification have been designed using this material. The
possibility of the digestion products filtering into the basal compartment of the insert was
discarded because no media was observed below the 6.5 mm inserts and for the 6-well
plates, the media from the basal compartment was collected with the rest of the cells.

The possibility that the RNA was degraded was contemplated. The RNA isolation
protocol required the use of reagents that have been associated with RNA degradation.
The process of removing the hydrogel could have potentially led to the activation of
stress-inducible intracellular RNases and subsequent degradation of RNA in affected cells
[129]. Additionally, the presence of prokaryotic RNases from L. brevis and S. salivarius
could have degraded the RNA.

Protocols for RNA isolation suggest that cells grown in a monolayer may be prepared
for RNA extraction by direct lysis in a cell culture vessel or trypsinized and collected as
a cell pellet before lysis. Other manufacturers of RNA isolation reagents indicate
performing direct cell lysis without advising for or against trypsinization. Trypsin
reagents available on the market are almost exclusively derived from porcine or bovine
pancreas. Studies have demonstrated the presence of contaminating RNases in the trypsin
reagents [130]. Thus, RNases coming from these reagents may have led to RNA
degradation. A possible solution to reduce this effect would be the use of an animal-
origin-free recombinant trypsin replacement, such as TrypLE™ Express Enzyme [131].

Another important consideration is that RNases are ubiquitous. They are present in
all eukaryotes and prokaryotes. The possibility of RNases contamination from .
salivarius or L. brevis should be emphasized. Although PBS washes were performed
following the removal of the ATPS containing the bacteria, it cannot be confirmed that
there were no residual bacteria in the remaining cell suspension. This presents a potential
threat of RNA degradation even before starting the RNA extraction [130].

Nevertheless, the fact that the only treatment that yielded RNA was from the cells
treated with S. salivarius did not entirely corroborate this scenario. The reasons remain
unclear. As reflected by the results of the CellTracker (Section 4.6.2), the possibility of

S. salivarius exerting a protective mechanism that yielded a higher number of healthy
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cells available for RNA extraction is a possibility.
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CHAPTER 5. Conclusions

5.1. Limitations and Future Directions

The ability of this bacteria to regulate the microbiota of the host has been observed to
be one of the main probiotic mechanisms of L. brevis. This involves the inhibition of
opportunistic pathogens and dysbiosis that could lead to the progression of CIOM [34],
[132]. However, this study model has not been optimized to allow interactions between
more than one microorganism. In future studies, different strains of bacteria could be
contained in different DEX droplets within the ATPS and be added over the OKF6. This
would allow them to determine the inhibitory mechanisms of L. brevis, and to determine
its ability to maintain the cell viability of the OKF6. Thus, a limitation of this study is that
it does not currently allow to reflect one of the most broadly studied mechanisms that
have been suggested for these bacteria. However, not all bacteria are suitable to be
contained in an ATPS. An important consideration when optimizing an ATPS for a strain
is to evaluate the ability of the bacteria to degrade the DEX. A bacteria capable of
hydrolyzing this polymer would not be able to be contained easily.

For future directions, it would be necessary to analyze the potential cytotoxicity or
the inflammatory potential of the endotoxins of the DEX to assess if using another grade
of DEX would be necessary for this model.

Another limitation found in this study is that the administration of MTX does not
replicate the administration regimen observed in patients. The availability of free MTX
over time does not reproduce a clinical setup where there is an initial prolonged infusion,
and then the administration is constant but reduced the following hours. This constant
supply of the drug at lower concentrations could have led to increased damage in the
epithelium in contrast to one single infusion of the drug at a higher dilution, which was
the arrangement for this study. Additionally, the fact that the MTX dose did not consider
the volume of media in the apical compartment of the insert could have altered the
concentration to which the keratinocytes were exposed.

The results obtained concerning the conserved cell viability of the OKF6 with the
application of S. salivarius after MTX application, and the fact that the only samples that
allowed RNA recovery were the ones treated with this same strain, could suggest that the
bacteria prevented cell loss after MTX application, this could have allowed a higher cell
yield and allowed for the recovery of the genetic material. Assessing the effects in the up

or downregulation of inflammation genes as well as in genes involved in oxidative stress
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in the keratinocytes of this model, are important factors to assess in future studies. A
group of genes are proposed for this matter and their primers are shown in Table 1.

To achieve this, it is suggested the system be adapted to allow RNA isolation. A first
step towards this could be using PET membrane inserts in the 6-well inserts rather than
polycarbonate. This membrane is transparent and allows for visualization of cells with
fluorescent microscopy when they are stained. This would ensure that the cells remained
in the membrane after the PBS washes, which are fundamental to removing both, potential
prokaryotic RNases, and the trypsin, which would degrade the genetic material.
Furthermore, corroborating the presence of cells after solubilizing the hydrogel and after
the first centrifugation steps using an hemacytometer, could also provide useful insights
to understand in which step are the cells being lost, or if the lack of RNA is due to
degradation.

For future work, another possible solution to assess molecular markers in this model
would be the use of an enzyme-linked immunosorbent (ELISA) assay. This technique
would take advantage of the conformation of the model where the conditioning media
could be obtained from the basal compartment without having to remove the ATPS and
the hydrogel. This would reduce the chances of having prokaryotic RNases or having to
use trypsin. Nevertheless, the number of cells could also lead to negative results due to
low analyte concentrations. Additionally, analytical interferences due to the bacterial
ATPS cannot be entirely discarded. Among other things, the specificity of the assay is
dependent on the composition of the sample antigen and its matrix [133]. To validate this
assay in this setup the detection of interference may require the use of an alternate assay.

The established model shows potential to be adapted into a 3D model where the
protective mechanisms of L. brevis and S. salivarius proposed in this study could be tested
in an organotypic system. This would allow the study of bacteria's ability to avoid
epithelium thinning or loss of basement membrane components caused by chemotherapy.
To achieve this, an oral epithelium model could be assembled in an insert using human
dermal fibroblasts and human basal keratinocytes. The addition of an engineered ATPS
used in this study could be added in the apical side over the epithelium, while the MTX
in the proposed concentration could be administered through the basal compartment. As
shown in Appendix G, this organotypic model started being developed in parallel to the
2D model established in the presented research. It was possible to establish an
organotypic culture where the cells proliferated, one on top of each other allowing

multiple layers of keratinocytes to stratify towards the surface. The stratification layers
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appeared to be even through the model. Furthermore, the presence of desmosomes
between the cells was observed (Figure 51). This suggested that the model was
successfully assembled and could be ready to test the effects of chemotherapy and

bacteria.

5.2.  Conclusions

The established in vitro co-culture model successfully demonstrated cell damage
by the effects of MTX. Additionally, the compatibility of S. salivarius and L. brevis with
an ATPS was tested, and a system was optimized for each one of them positively
maintaining them contained and viable for 48 hours within the DEX-phase. The effects
of the co-culture of these bacteria in the ATPS with a monolayer of oral keratinocytes
were assessed. From the results, it was established that the bacteria did not compromise
the overall health of the monolayer.

The findings presented in this study suggest that an in vitro model to culture oral
keratinocytes while exposing them to S. salivarius or L. brevis and MTX, could be a
feasible model to assess the protective mechanism of probiotics in CIOM.

The application of S. salivarius to a monolayer of OKF6 prior to administration
of MTX appeared to have prevented a decrease in cell viability in comparison to the
bacteria-free control. The possibility that this strain reduced ROS accumulation through
its free radical scavenging ability or/and its ability to chelate metal ions, is contemplated
as a potential explanation.

Exposing a monolayer of oral keratinocytes to L. brevis before the application of
MTX, appeared to have prevented a decrease in cell viability induced by the
chemotherapeutic agent the first 24 hours after adding the drug to the system. The
possibility that L. brevis could have exerted a protective mechanism in the system was
evaluated. The immunomodulation ability of L. brevis and its ability to decrease oxidative
stress in mammalian cells has been widely studied in the literature. Thus, L. brevis may
have exerted protective mechanisms that regulated molecular signaling pathways in
OKF6 that led to a reduction in cell death after exposure to MTX.

Contrary to that theory, it is possible that the data may have failed to show the
effect of the two bacteria. To validate the results shown in this study, the use of an
alternate assay is imperative.

The susceptibility of MTX to both bacteria was tested. L. brevis appeared to be

more susceptible to MTX than S. salivarius. Lactobacilli species were found to be one of
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the most prevalent probiotics suggested for chemotherapy side effects [26], [27], [28].
However, most of the literature found for probiotic susceptibility to MTX focused on
Streptococci species [7], [104], [134], [135]. There is a strong likelihood that this is the
case because articles that have reported changes in the oral microbiota induced by
chemotherapeutic agents often show species of Streptococcus of the viridans group in
blood cultures. The prevalence of this species in patients undergoing chemotherapy,
coupled with its tendency to cause bacteremia in cancer patients, could contribute to a
more extensive literature base on the topic.

Given the susceptibility that the studied bacteria presented towards MTX in this
study, it is suggested the possibility that chemotherapy patients taking probiotics, could
be experiencing low to non-existent protective effects from the bacteria due to the
antimicrobial effects of the drug. Consequently, before physicians suggest the use of
probiotics to treat or prevent side effects of chemotherapy, they should take into
consideration the susceptibility of the different probiotics to the patients’
chemotherapeutic agent and the regimen that they are prescribed. However, further
studies to test the susceptibility of the different probiotics are also required.

L. brevis has been extensively studied as a potential treatment to reduce mucositis
in chemotherapy patients. However, the results of this study suggest that this strain has a
high susceptibility to MTX. This opens up the possibility that patients who are undergoing
MTX treatment and who are taking L. brevis to reduce the side effects of chemotherapy,
may not be benefiting from the potential probiotic effects of this bacteria. This could even
contribute to the lack of resolution that many clinical trials have shown in the literature
[26], [136], [137], [138].

It is important to note that additional factors to the MTX and the tested probiotics
in the system could also have an effect on the cell viability of the keratinocytes. Dextran
is a commercially available bacterial polysaccharide. Its production at the industrial level
occurs through the fermentation of a sucrose-rich medium [139]. Almost all Gram-
negative bacteria produce endotoxins, which are cell wall components of bacteria with
multiple biological activities [ 140]. They are attached to about 75% of the bacterial outer
cell membrane and they are released during cultivation and cell lysis into the cell culture
[141]. Given the bacterial nature of DEX, the presence of endotoxins in the DEX is
dependent on the purification grade of the final product. This study used technical grade
DEX, which has been reported to contain endotoxin levels greater than 0.04 pg/mL [140].

Given that endotoxin has been demonstrated to be an inflammatory stimulus for
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keratinocytes [142], this must be taken into consideration when analyzing the behavior of
the OKF6 in this model or when testing for molecular markers of inflammation.

Another factor that may have affected the growth of the OKF6 is the possible
degradation of growth factors and supplements added to the KSFM due to the proteolytic
activity of the probiotics. The proteolytic activity of L. brevis could have a role in this
matter, as this strain is widely used in the food industry due to its ability to break down
proteic precursors and generate soluble peptides, free amino acids, and other smaller
molecule compounds. The purification and application of protease secreted by L.
brevis have multiple applications in the industry [143].

This research showed limitations, some of which have prompted future directions
for the project. To further study the effect of probiotics in the proposed representative
model of CIOM, the MTX dosage could be adjusted, to have longer infusion periods and
make the model more representative of CIOM. The chosen bacteria is known to be able
to regulate dysbiosis. Future work should focus on the co-culture of different species at
the same time, to study the effects in the epithelium, which is something that this system
allows.

Given that the extraction of genetic material presented obstacles, a proposed
solution is the use of an ELISA assay. This would allow for the sampling of the
conditioning media of the cells for molecular markers from the basal compartment in this
proposed model, without disrupting the ATPS. Future investigations could also aim to
test the effects of probiotics on histopathological features of CIOM using an organotypic

model.
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Appendix A

Effect of S. salivarius on the Cell Count of OKF6 with MTX Effect of L. brevis on the Cell Count of OKF6 with MTX
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Figure 43. Oral keratinocytes exposed to S. salivarius (green) or L. brevis (blue) 24 hours before MTX application. P
values were obtained using two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000. n=3. Error bars
indicate standard deviation.
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Appendix B

An increase in density was observed within the MRS DEX droplets containing L.
brevis after exposure to 10® mg/mL of MTX. As observed in Figure 44, bacteria
containment was achieved until the 48h time point. The dark spots did not spread into the
PEG phase. MTX was added to the basal compartment at time Oh at the same point in
which the bacteria was seeded into the system. There are no signs of the MTX inhibiting
bacterial growth in the ATPS using this MTX concentration.

Oh 24h 48h 72h

L. brevis

Figure 44. Phase contrast images of an aqueous two-phase system (ATPS) containing L. brevis at 0.5
ODgy after 24, 48, and 72h exposed to 107 mg/mL of MTX. ATPS prepared with 10% PEG on 50% MRS
50% KSFM and 5% DEX in MRS. Bacteria were incubated at 37°C with 5% CO: in a 24-well plate using

6mm in diameter inserts (scale bar 650um).
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Appendix C

After 72 hours of allowing L. brevis to grow in a contained manner within an
ATPS prepared with 10% PEG in 50% MRS 50% KSFM, and 5% DEX in MRS, and
after exposing the bacteria to 10® mg/mL MTX for the last 48 hours, the lack of bacterial
growth inhibition was confirmed through the plating of the colonies. Figure 45
demonstrates the viability of the bacteria through a spot-plating technique, which allowed
for the quantification and validation of the ability of the cells to form colonies. It can be
observed that both biological replicates that were plated showed prominent growth while
the clear agar dish which contained the same ATPS without bacteria did not grow any

colonies over the 48 hours that the dishes were incubated.

Figure 45. Spot plating of ATPS of L. brevis exposed to 105 mg/mL MTX in MRS agar dishes. Bacteria
viability is confirmed by the growth of colonies in the agar after 72h of MTX exposure. An average

concentration of 353 million CFU/mL was obtained from this technique.
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Appendix D

Figure 46 shows the phase contrast images of an ATPS assembled with S.
salivarius at four different time points. The shown ATPS was assembled with 10% PEG
in KSFM and 5% DEX on BHI. The system was exposed to 10® mg/mL of MTX at the
same time point of inoculation (Oh). After 72 hours, it can be observed that there is an
increase in density within the DEX droplet from time point 24h to 48h. Bacterial growth
does not appear to be inhibited by the MTX application.

Oh 24h 48h 72h

S. salivarius

ey

Figure 46. Phase contrast images of an aqueous two-phase system (ATPS) containing S. salivarius at 0.5
ODgyo after 24, 48, and 72h exposed to 10°° mg/mL MTX. ATPS prepared with 10% PEG on KSFM and
5% DEX in BHI. Bacteria was incubated at 37 °C with 5% CO; in a 48-well plate. (Scale bar 650um).
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Appendix E

Figure 47 shows the spot plating of two ATPS containing S. salivarius. The
formation of isolated colonies can be observed in both biological replicates in dilutions
below 107°. The bacteria shown in the following picture was contained in an ATPS for 72
hours and exposed to 10 mg/mL of MTX for the same period. The observed bacterial
growth on the BHI agar corroborates the lack of bacterial inhibition exerted by the MTX
when diluted down to 10® mg/mL in KSFM.

Figure 47. Spot plating of ATPS of S. salivarius exposed to 10 mg/mL MTX in BHI agar dishes. Bacteria
viability is confirmed by the growth of colonies in the agar after 72h of MTX exposure. An average

concentration of 1150 million CFU/mL was obtained from this technique.
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Appendix F

To corroborate the lack of significant bacterial inhibition exerted by the MTX, the
effect of the drug is analyzed in Figure 48. Three biological replicates with three technical
replicates are shown for each treatment. After inoculating L. brevis of MRS broth and S.
salivarius on BHI in broth with MTX at a 10® mg/mL concentration, no significant

difference is observed in contrast to the respective control without MTX.

Effect of MTX (10*-8mg/ml) on Bacteria
1.4
1.2 I I
1.0

0.8

oD

0.6
0.4
0.2

0.0
MTX + S. salivarius S. salivarius MTX + L. brevis L. brevis

Treatment

Figure 48. Effect of MTX on overnight cultures of L. brevis and S. salivarius. Three overnight cultures
were left for incubation for 24 hours with MTX in a 10" mg/mL concentration. Each treatment was
performed with three biological replicates, each with three technical replicates. No significant difference

is observed between treatments of the same bacteria. n=3
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Appendix G

The following graphs show the growth of L. brevis and S. salivarius over a
monolayer of OKF6 covered by an alginate hydrogel. L. brevis appeared to have slowed
down its growth after the application of MTX (24h) (Figure 49). S. salivarius was able to
grow on top of the hydrogel that covered the OKF6 for 72 hours. The containment of the
bacteria appears to have been ruptured after 24 hours (Figure 50).

L. brevis + 5
OKF6 + MTX i
. s e NS
oh 24h 4
L. brevis
without MTX
nor OKF6

Figure 49.Phase contrast images showing L. brevis growth on top of a monolayer of OKF6 exposed to
MTX and control of L. brevis without cells or MTX underneath. Bacteria were incubated at 37°C with 5%

CO: in a 24-well plate using 6mm in diameter inserts (scale bar 650um,).

S. Salivarius +
OKF6 + MTX

S. Salivarius
without MTX
nor OKF6

Figure 50. Phase contrast images showing S. salivarius growth on top of a monolayer of OKF6 exposed
to MTX and control of S. salivarius without cells or MTX. Bacteria were incubated at 37°C with 5% CO;

in a 24-well plate using 6mm in diameter inserts (scale bar 650um).
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Appendix H

Figure 51 shows the histology slices of one of the six epithelium tissues that were
grown as controls without MTX or Bacteria. After fixing the engineered model and
staining it with Haematoxylin and Eosin, an even stratified layer of keratinocytes was
observed. It is also noticeable that the cells grew one on top of each other allowing the
multiple layers of keratinocytes to stratify towards the surface. The presence of
desmosomes between the cells was observed using a greater magnification, this provides
the tissue with strong adhesion between cells and allows them to withstand mechanical

stress.

Figure 51. Histology sample stained with Haematoxylin and Eosin (H&E) showing desmosomes present between

keratinocytes of stratified epithelium. The red circle on the left indicates the presence of desmosomal attachment
between two cells (scale bar 2 mm). The image on the right shows the H&E staining of the sample sample displaying

consistent and even stratification layers (scale bar 200 pum).

100



Appendix I

Table 1. Primer information for oxidative and inflammation markers.
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