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Preface

After more than eight decades from the description of their molecular mechanism, drug resistance
is still a hot topic of scientific literature. A quick search on Scopus shows more than 45,000 papers,
related to drug resistance, published only in 2024. Therefore, the scientific interest in this research
challenge is far from extinguished.

Several reasons make drug resistance a still buzzing research field, among which there is
the alarming spread of resistant microrganisms (i.e., bacteria, fungi) and the development of
chemoresistant cancer cells. Therefore, biotechnologists and pharmacologists are developing
computational approaches to speed-up the discovery of new drugs or to boost the effectiveness of
those already available. Smart devices are assembled to answer the challenging demands of clinicians,
exploiting innovative, stimuli-responsive delivery systems to achieve controlled release kinetics or to
clarify ex vivo biological mechanisms causing drug resistance.

In such a research field in continuous development, this reprint aims at providing new insights
into the management of drug resistance. We collected eleven original manuscripts reporting on
the latest strategies to contrast drug resistance development, with a focus on resistant pathogenic
microrganisms and chemoresistant forms of cancer.

We wish to thank all the Authors who contributed to this Reprint, as well as the Editor-in-Chief
and the Managing Editors of Biomedicines, for their kind and timely assistance.

Maria A. Bonifacio, Antonio Mazzocca, and Anna Volpe
Guest Editors
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Mode of the Interaction of Efflux Inhibitor
Phenylalanyl-arginyl-B-naphtylamide with Bacterial Cells
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Abstract: An increased efflux activity is one of the major reasons for bacterial antibiotic resistance.
The usage of efflux pump inhibitors could be a promising approach to restoring the activity of ineffi-
cient antibiotics. The interaction of the RND family efflux pump inhibitor phenylalanyl-arginyl-(3-
naphthylamide (PABN) with Salmonella enterica ser. Typhimurium cells was assayed using traditional
microbiological techniques and a novel PAN-selective electrode. Monitoring the PABN concen-
tration in the medium using the electrode enabled the real-time measurements of this compound’s
interaction with bacterial cells. We showed that S. Typhimurium cells accumulate a high amount of
PABN because of its high affinity to lipopolysaccharides (LPSs), the major constituent of the outer
layer of the outer membrane, and does not affect the functioning of the plasma membrane. EDTA
enhanced the binding of PABN to S. Typhimurium cells and the purified E. coli LPSs, but the ener-
gization of the cells by glucose does not affect the cell-bound amount of this inhibitor. Polycationic
antibiotic Polymyxin B released both the cells accumulated and the suspended LPS-bound PAN.

Keywords: efflux pump inhibitor; ion-selective electrode; LPS; phenylalanyl-arginyl--naphthylamide;
Polymyxin B; S. Typhimurium

1. Introduction

The resistance to antibiotics is one of the top global public health and development
threats. In addition to a low outer membrane (OM) permeability to lipophilic compounds
and a high activity of periplasmic 3-lactamases, highly expressed efflux pumps are one of
the major causes of antibiotic resistance in Salmonella enterica ser. Typhimurium [1,2]. It is
known that efflux pumps also contribute to bacterial virulence [3] and biofilm formation [4].
Therefore, an inhibition of the efflux could be a promising strategy to restore the potency
of antibacterial agents [5]. The main and clinically most important efflux pumps in Gram-
negative bacteria belong to the resistance-nodulation—division (RND) superfamily [6] and
phenylalanyl-arginyl-f-naphthylamide (PABN) is one of the most popular inhibitors of
these devices [7,8]. Although PABN is the best thoroughly studied efflux inhibitor, the
mechanism of its action still needs to be fully understood. Two opinions prevail: PABN is
the OM permeabilizer [9] and/or it changes the conformation of the PM-located lipophilic
pocket of the AcrB pump, decreasing its affinity to antibiotics [10].

The most common method for monitoring the efflux activity in bacteria is the fluorimet-
ric estimation of the cell-bound ethidium, which is a substrate of many efflux pumps [11].
The higher levels of the accumulated ethidium inside the cells lead to increased fluores-
cence, indicating that the efflux is reduced and the indicator compound is not removed from
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the cytosol [12]. However, ethidium binds to the cell DNA and it is difficult to determine
the exact concentration of this indicator accumulated in the cytosol. Therefore, the risk of
an underestimated efflux level remains [11].

The efficiency of efflux pumps can be monitored using lipophilic cation-selective
electrodes [13,14]. These cations are indicators of membrane voltage (transmembrane
difference of electrical potential, A{) in mitochondria and bacteria. The most popular
representative of these ions is tetraphenylphosphonium (TPP*). The Ay (negative inside)
bacteria accumulate TPP* and the concentration of this cation inside the cells can be more
than 10° times higher than in the incubation medium [15]. However, despite a high A
on the PM, this lipophilic cation is not able to equilibrate across the envelope of Gram-
negative bacteria because of the OM barrier. By measuring the interaction of TPP* with
Gram-negative bacteria, it is also possible to detect the changes in the permeability of the
OM barrier [15,16]. In 1986, Midgley [17] showed that the level of TPP* accumulation in
bacteria depends also on the efficiency of pumps extruding this indicator cation back to the
incubation medium. Further studies revealed that lipophilic cations are the most universal
substrates of the efflux pumps in prokaryotic [13,14,18,19] and eukaryotic [19,20] cells. The
monitoring of TPP* accumulation in bacterial cells in the presence and absence of PAN
allows us to evaluate the totalefflux activity [21].

It is known [7] that PAPRN interacts with a hydrophobic pocket of AcrB or analogous
pumps in the bacterial PM, but it is not clear why this compound is so effective as an
inhibitor, and how PABN gets into the place of action. Based on our experience in the devel-
opment of TPP*, phenyldicarbaundecaborane [15], and ethidium-selective [21] electrodes,
we have constructed an electrode that is selective to PABN. This device allowed us to assess
the affinity of the S. Typhimurium cells to PABN. In the current study, we demonstrated
that S. Typhimurium cells bind a high amount of PABN because of the affinity of this
inhibitor to LPSs in the OM barrier. The high affinity of PABN to bacterial LPSs and the
accumulation of this inhibitor in the pump neighborhood could be an important factor in
strengthening efflux inhibition in Gram-negative bacteria.

2. Materials and Methods
2.1. Bacterial Strains and Chemicals

Salmonella enterica ser. Typhimurium strain SL.1344 and AacrB were obtained from
Prof. Séamus Fanning (Institute of Food and Health, University College Dublin, Ireland).
Phenylalanyl-arginyl-B-naphthylamide (PABN) dihydrochloride, lipopolysaccharide (LPS,
serotype Escherichia coli O11: B4, phenol extracted), polymyxin B (PMB) sulfate, Luria—Bertani
broth (LB), NayS,O4, chloramphenicol (Cm), tungstosilicic acid hydrate, poly(vinyl chloride)
(PVC, average Mw ~80,000), and dioctyl phthalate were obtained from Sigma-Aldrich (Seelze,
Germany). Ethylenediaminetetraacetic acid (EDTA), glucose, and HCIl were obtained from
Sharlau (Barcelona, Spain). Tris(hydroxymethyl)-aminomethane (Tris) and tetracycline (Tet)
were obtained from Roth (Karlsruhe, Germany).

2.2. Conditions of Bacterial Growth and Determination of Minimal Inhibitory Concentration
(MIC) of Antimicrobial Compounds

Overnight culture of S. Typhimurium cells was diluted 1:50 in fresh LB medium and
grown with aeration at 37 °C to ODg of 0.8. The cells were collected with centrifuga-
tion at 3000x g (Allegra TM64R; Beckman Coultier Inc., Fullerton, CA, USA) at 4 °C for
10 min. Pelleted cells were resuspended in 100 mM Tris/HCI (pH 8.0) buffer to obtain
1 mL of concentrated suspension (~2 x 10! cells/ mL), kept on ice, and used within 4 h.
To permeabilize the OM, the pelleted cells were resuspended in 10 mL 100 mM Tris/HCl
containing 10 mM EDTA, pH 8.0, then pelleted and re-suspended in 100 mM Tris/HClI,
pH 8.0, to obtain 1 mL of concentrated suspension (~2 x 101 cells/ mL).

Heat-inactivated cells were prepared by incubating the concentrated suspension at
95 °C for 10 min. To evaluate the antimicrobial activity of the compounds, we applied
the broth dilution method. The procedure involves serial two-fold dilutions of the antimi-
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crobial compounds in the LB growth medium in 96-well microtitration plates. Each well
was inoculated with a microbial inoculum where the concentration of bacteria cells was
5 x 10° cfu/mL [22]. Microplates were incubated without agitation at 37 °C. The turbid-
ity (A = 612 nm) of the cell suspensions was measured using a “TECAN GENios Pro™"
(Ménnedorf, Switzerland) plate reader after 16-20 h of incubation.

2.3. Electrochemical Measurements

A PABN sensor was developed using electroactive material-ion-association complexes
of PAPN cation with tungstosilicate anion dispersed in a PVC matrix. The membrane of
the sensor was prepared following a well-known procedure [23] by dissolving poly(vinyl)
chloride (PVC), dioctyl phthalate plasticizer, and tungstosilicic acid hydrate under stirring
in freshly distilled tetrahydrofuran. The membrane components were taken in the following
proportion (by weight): tungstosilicic acid hydrate, 1%; dioctyl phthalate, 66%; and PVC,
33%. The membrane was fixed to the sensor body, soaked overnight in 1 mM PARN
solution and washed in deionized water before the experiments. The sensors were stored
dry at room temperature. Assembling the PAN-selective electrode, the sensor was filled
with 0.1 mM PARN solution in 100 mM NaCl and connected to an internal Ag/AgCl
reference electrode.

PABN™* and TPP*-selective electrodes were connected to the potential-amplifying
system based on an ultralow input bias current operational amplifier AD549JH (Analog
Devices, Norwood, MA, USA) [21]. The amplifying system was connected to a computer
through PowerLab 4/35 logger (ADInstruments Pty Ltd., Bella Vista, Australia). Ag/AgCl
reference electrodes (model Orion 9001, Thermo Inc., Cambridge, MA, USA) were indirectly
connected to the measuring vessels by agar salt bridges. Potentiometric measurements of
the PABN™ and TPP* concentration in the incubation medium were performed simultane-
ously in two to three thermostated reaction vessels. The experiments were performed at
37 °C in 5 mL of magnetically stirred 100 mM Tris/HCI, pH 8.0, and TPP" ions to 3 uM
concentration were added to the cuvette. The concentrated cell suspension was added to
obtain ODgq of 1. After adding the cells, the change in TPP* concentration in the medium
was registered due to the accumulation of these cations in the cells. Efflux pumps are non-
selective, and they extrude different lipophilic compounds—antibiotics, dyes, etc. TPP*
is known as a universal efflux pump substrate and according to its accumulation in the
cells, the efflux pump activity can be determined using a potentiometric system and TPP*-
selective electrode. A representative set of curves from three independent experiments
is presented.

3. Results
3.1. Inhibitory Efficiency of PABN Depends on the Concentration of Treated Cells

In determining the minimal inhibitory concentration (MIC) of antimicrobials, it is
important to select a proper initial concentration of the tested bacteria [22]. The MICs
of chloramphenicol and tetracycline on S. Typhimurium cells grown in the LB medium
were 4 and 2 mg/L, correspondingly, when the initial cell concentration was 10° cfu/mL.
Considerably lower, at 0.25 mg/L, concentrations of chloramphenicol and tetracycline
affected the growth of S. Typhimurium cells when 60 uM of PABN was present in the
medium at the initial cell concentration of 10° cfu/mL (Figure 1a,b). However, PABN
did not stimulate the inhibitory action of chloramphenicol when the initial concentration
of S. Typhimurium cells was higher—10° or 107 cfu/mL (Figure 1a). PABN had some
stimulatory effect on the action of tetracycline when the concentration of S. Typhimurium
was 10° cfu/mL but had no effect on the efficiency of this antibiotic when the initial
concentration of bacteria was 107 cfu/mL (Figure 1b). The decreased efficiency of PABN at
higher concentrations of cells can be expected if PABN bind to bacteria and this inhibitor is
distributed to a 10- or 100-times higher number of cells.
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Figure 1. Effect of the initial concentration of S. Typhimurium cells on their growth in chlorampheni-
col (a) or tetracycline (b) containing LB medium in the presence of PABN. The antibiotics were added
to the final concentration of 0.25 mg/L, and the initial concentrations of cells are indicated in the
figure. The cells were grown overnight in 96-well plates at 37 °C. Three biological replicates were
performed for each set of experiments; *—p < 0.05.

3.2. At Low PABN Concentrations TPP* Is not Able to Penetrate the Cells

The results of the TPP* microdilution test showed that PABN can be characterized
by some threshold values on TPP* action on the cells. A considerable bacteriostatic effect
of TPP* on the growth of S. Typhimurium wt cells was achieved in the presence of 60 uM
and higher concentrations of PABN (Figure A1l). Determining the effects of PABN on the
efficiency of antimicrobials using the microdilution method, we registered the efficiency of
this efflux inhibitor on the growth of cells after 16-24 h of incubation in the LB medium.

In the subsequent series of experiments, we delved into the impact of varying PABN
concentrations on the accumulation of TPP* within S. Typhimurium cells using an ion-
selective electrode, enabling the monitoring of the concentration of this lipophilic cation in
the incubation medium (Figure 2). Cells with an intact OM exhibited a discernible TPP*
accumulation when exposed to PABN concentrations exceeding 24 uM (Figure 2a). In
contrast, a distinct and more pronounced accumulation of TPP* by the cells was observed
when Tris/EDTA-permeabilized cells were studied (Figure 2b). Even at a considerably
lower PABN concentration of 3 uM, these cells exhibited an augmented TPP* accumulation
(Figure 2b). The supplementation of EDTA to the medium induced an additional uptake of
TPP* by the cells with an intact OM (Figure 2a). In both cases, the increasing concentration
of the efflux inhibitor in the medium resulted in a proportional increase in TPP* uptake.

However, the effect of the increasing PABN concentrations was different when AacrB
mutant cells were analyzed (Figure A2). The initial uptake of TPP* was the highest at 3 uM
PABN. When the OM of AacrB cells was permeabilized by adding EDTA, the maximal TPP*
uptake was achieved in the presence of 24 uM PABN. The following increase in PABN
concentrations in the medium resulted in a lower accumulation of TPP* by the cells and in
the presence of 96 pM PafN, the TPP* accumulation in AacrB cells was suppressed. An
assessment of the PABN effect on the medium-dissolved oxygen concentration showed
that this efflux inhibitor did not affect the respiration rate and, most probably, the Ay of
S. Typhimurium cells at concentrations ranging from 3 to 120 uM (see Figure A3).
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Figure 2. Influence of PABN concentration on TPP* accumulation in S. Typhimurium wt cells with
(a) intact and (b) Tris/EDTA-permeabilized OM. The experiments were performed at 37 °C in 100 mM
Tris/HCl buffer, pH 8.0, containing 0.1% of glucose. The cells were added to obtain the suspension
ODygp of 1, EDTA (a)—to the final concentration of 1 mM, and Polymyxin B (PMB)—to 100 mg/L.
PABN was added to the medium before the cells to concentrations indicated in the figure (uM).

3.3. Most of PABN Is Bound to the Cell Surface

To learn more about the mode of interaction between S. Typhimurium cells and the
efflux inhibitor, a PA3N-selective electrode was developed. It allowed us to monitor 0.2 uM
and higher concentrations of PABN (see Figure 3a, insert). The electrode showed a stable
PABN concentration-dependent potential and near Nernstian response, approximately
56.5 +/— 0.5 mV/decade at 37 °C. The tested components of microbiological media and
buffers did not affect the potential of the electrode and its response time was 10-15s.
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Figure 3. Binding of PABN to S. Typhimurium cells (a) and LPS (b). The experiments were performed
in 5mL of 100 mM Tris-HCL, pH 8.0, at 37 °C. In (a) PABN was added to the final concentration of
2 uM (Nerstian slope of the electrode is presented in the insert). The concentrated cell suspension was
added to obtain ODgqg of 1. Glucose and Polymyxin B (PMB) were added to the final concentrations
of 0.1% and 50 mg/L, correspondingly. In (b) LPS additions are shown by the arrows. Numbers
indicate the final concentrations of LPS after each of the additions. PMB was added to the final
concentration of 50 mg/L, EDTA—to 0.1 mM. Insert shows the relationship between the amount of

LPS added and the amount of PABN bound.

An addition of the intact S. Typhimurium wt cells to the inhibitor-containing 100 mM
of Tris buffer induced a strong decrease in PABN concentrations in the medium. In the
EDTA-containing Tris buffer, S. Typhimurium cells bound considerably higher amounts of
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PABN (Figure 3a). A supplement of glucose to the incubation medium caused a negligible
additional binding of PABN to the cells. Polycationic antibiotic Polymyxin B induced
a sharp and very strong increase in PABN concentrations in the medium, but just after
that, the medium concentration of this inhibitor started to decrease. Heat-inactivated cells
bound lower amounts of PABN compared to the intact cells and the addition of glucose
did not have any effect. The inactivated cells also bound lower amounts of PABN in the
presence of EDTA and the addition of PMB induced a sharp release of this inhibitor. It
should be mentioned that after the PMB addition into the heat-inactivated cell suspensions,
PABN concentrations in the medium increased and remained stable. Another interesting
observation is that some amount of PABN remains bound to the cells in the presence of
PMB, which is proportional to the maximal cell-bound amount at different experimental
conditions.

The binding of PAPBN to heat-inactivated cells and the sharp release of the cell-
accumulated inhibitor after the addition of PMB suggest that PABN binds to the cell surface.
S. Typhimurium LPS shares an identical lipid A structure with that of E. coli [24]. The results of
the experiments with the commercial purified LPS from E. coli cells supported this anticipation
(Figure 3b). The added LPS bound a rather high amount of PABN and the addition of PMB
caused an immediate release of the inhibitor back to the medium. The LPS-bound amount of
PABN was directly proportional to the amount of LPS added (see the insert of Figure 3b) and
in an EDTA-containing medium, LPS bound a higher amount of PAN.

3.4. Saturation in PABN Binding to S. Typhimurium Cells Can Be Achieved

To better understand the role of EDTA in PARN interaction with the intact cells, the
binding of this inhibitor to S. Typhimurium was studied using different PABN concentra-
tions. The best-pronounced electrode response indicated that relatively, the largest part of
PABN from the medium is accumulated by cells at the lowest PABN concentration used
(2 uM). A total of 1.5 x 1010 cells with an intact OM bound 6.5 nmol of PABN and the same
number of cells in the presence of EDTA—9 nmol of this inhibitor. At 20 uM of PABN
concentration, 1.5 x 10! cells bound ~25 and ~30 nmol, correspondingly (Figure 4). At
80 uM and higher initial concentrations, the addition of cells caused a negligible change in
the medium PABN concentration and the impact of EDTA was also insignificant. According
to our calculations, the maximal amount of PABN that 1.5 x 101 cells can bind is 25 or
30 nmol, in the absence or presence of EDTA, which is equal to the amount bound in the
20 uM solution of this inhibitor. For a single cell, this corresponds to 16.7-20 x 10~!? mol
or ~1-1.2 x 10° molecules of PABN. The results obtained suggest that the high affinity of
PABN to bacterial LPS could be an important factor in strengthening its inhibitory action
on efflux pumps in Gram-negative bacteria.
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Figure 4. Effect of the initial concentration on PABN binding to S. Typhimurium cells without EDTA
(a) and in the medium contained 0.1 mM EDTA (b). The experiments were performed in 5 mL of
100 mM Tris-HCI, pH 8.0, at 37 °C. The initial PABN concentration was 2 uM (black), 20 uM (red),
80 uM (green), or 200 uM (blue curves and scales). Arrows indicate the additions of cells.
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4. Discussion

Efflux pump inhibitors are considered to be promising tools to combat multidrug-
resistant bacteria [6]. Considering the broad range of substrates, it is possible that bacterial
efflux inhibitors would also affect the extrusion of lipophilic compounds from the eukary-
otic cells. In this context, the knowledge of factors determining the selectivity of efflux
inhibitors is of particular importance. PABN is one of the best-known inhibitors of efflux
pumps of the RND superfamily and by using a newly developed PA3N-selective electrode,
we demonstrated that this compound with a high affinity binds to S. Typhimurium cells
and LPSs from E. coli. The amount of PABN bound to the LPS is directly proportional to the
amount of LPS added into the solution of this efflux inhibitor, highlighting the specificity
and concentration-dependent nature of this interaction.

Schuster et al. [25] showed that PABN replaces Mngr in LPSs, and our experiments
registered the PABN binding increasing effect of EDTA, which is consistent with this
observation. The stimulatory activity of EDTA on the accumulation of PABN by the cells
could be explained by the removal of divalent cations and the opening of the additional
PABN binding sites on the surface of the OM. The high density of negatively charged
residues in LPSs is likely to be of physiological significance, as it concentrates bivalent
cations such as Ca?* and Mg?* in the close environment of the cell surface where cations
are required for the structural and functional integrity of the outer membrane [24]. The
results of our experiments indicate that after the EDTA-induced destruction of the OM
permeability barrier, the additional binding of PABN to the cells is observed, indicating the
modulatory role of EDTA in enhancing the binding affinity between PABN and the LPS.
At some experimental conditions, the massive binding of PABN to the OM could be the
reason for the observed permeabilization [26], but this is not an obligatory condition of the
action of this efflux inhibitor [13].

The accumulation of PABN in an anionic periplasm and a negatively charged cytosol
could be the additional factors promoting the binding of PABN to Gram-negative bacteria.
Previously, we observed [14] that in an EDTA-containing medium, PABN induces the efflux
of TPP* with a higher efficiency than from S. Typhimurium cells with an intact OM. On
the other hand, a sharp PMB-induced release of PABN, more prompt than the leakage
of cell-accumulated TPP*, suggests that the accumulation of these cations in bacterial
cells differs. First of all, supplementing the incubation medium with glucose induces
only a negligible additional accumulation of PABN, which is not followed by its partial
extrusion, as is observed in the case of TPP* [13,14]. These observations suggest that PABN
is not just another efflux pump substrate (competitive inhibitor) competing with TPP* for
the extrusion. According to Kinana et al. [7], PABN inhibits the efflux of other drugs by
binding to the bottom of the distal binding pocket (hydrophobic trap) and interferes with
the binding of other drug substrates to the upper part of this pocket. Our data suggest that
to get to the hydrophobic pocket, PABN most probably does not need to cross the PM and
enters into the pocket from the periplasm.

Efflux pumps may extrude PABN from the periplasm, but it is possible that it is not
released into the medium and stays bound to the outer layer of the OM. However, PMB, as
a compound with a higher affinity to LPSs than PABN, releases this inhibitor from the cell
surface back to the medium. The immediate and very effective release of the bound PABN
upon the addition of PMB implies that PMB disrupts the PABN-LPS bond, leading to the
release of the bound inhibitor. The experimental results, captured in the insert of Figure 3b,
offer a clear visual representation of this interplay.

The PABN binding saturation effect is attained at high concentrations of this com-
pound. The dimensions of E. coli and S. Typhimurium cells are very similar and one
bacterial cell contains approximately 3.5 x 10° of LPS molecules, occupying around three-
quarters of the bacterial surface, with the remaining area being filled by proteins [27,28].
Our calculations indicate that one molecule of PABN binds to ~3 LPS molecules on the cell
surface. The results of the experiments with purified LPSs show very similar numbers.
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Earlier, PABN was known as a substrate for the colorimetric determination of pepti-
dase activities. The incubation of intact E. coli cells with PABN results in a time-dependent
increase in fluorescence which has an emission spectrum corresponding to that of (3-
naphthylamine. Kinana et al. have shown [7] that the hydrolysis of PABN in E. coli is nearly
entirely dependent on an aminopeptidase, PepN, and the expression of this peptidase in
the periplasm. We have found that the concentration of PABN in the medium starts to
decrease after the cell permeabilization with PMB. However, in the case of heat-treated
cells, PMB treatment only leads to the release of PABN back to the medium where the
concentration of this compound stays stable.

If the molecular structures of TPP* and PABN are compared, the latter looks more
hydrophilic, and a much higher OM penetration rate for TPP* could be predicted. The
Ap-driven equilibrium distribution of PABN between the cytosol and the incubation
medium should be slower, but the binding of PABN to cells as well as the release of this
inhibitor from the cells to the medium after the cell treatment with PMB are very fast
processes, supporting the idea that most of the PABN does not cross the OM. Also, our
results suggest that PABN is not a proper efflux pump substrate compared to TPP*. Our
earlier published results [13,14], along with the results of the experiments on the interaction
of PABN with the efflux pump mutant AacrB (Figure A2), show that at high concentrations,
PARN depolarizes the bacterial PM. However, the mechanism of this depolarization stays
unclear if Ay is not used for the massive efflux of this inhibitor. Although the information is
limited, it is known that PABN also affects the accumulation of antibiotics in Gram-positive
bacteria [29,30] and mycobacteria [31]. These results indicate that efflux pumps from other
families might also be sensitive to PABN inhibition. It is possible that the experiments on
PABN binding to Gram-positive bacteria and mycobacteria would allow us to find out how
important the accumulation of inhibitors on the cell surface is for the selective and effective
blockage of efflux pumps.

5. Conclusions

The developed PA3N-selective electrode led us to the assessment of the S. Typhimurium
cell affinity of this efflux inhibitor and provided valuable insights into the concentration-
dependent dynamics of PABN action on TPP* accumulation, revealing different responses
between intact and EDTA-permeabilized cells. This demonstrates the complex interplay of
PABN, and the outer membrane integrity and permeabilizing activity of EDTA, enriching
our understanding of this bacterial efflux and its regulation. The electrode’s specificity was
demonstrated in assessing the interaction of PABN with Salmonella enterica ser. Typhimurium
cells. Selective electrodes offer a potent means for real-time monitoring and quantification and
enable the monitoring of PABN at concentrations of 0.2 pM and higher, providing a rapid and
stable response.
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Appendix A
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Figure A1. Effect of PABN on the growth of S. Typhimurium cells in TPP*-containing LB medium.
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Figure A2. Influence of PABN concentration on TPP* binding to S. Typhimurium of AacrB mutant
cells with intact OM. The experiments were performed at 37 °C in 100 mM Tris/HCl buffer, pH 8.0,
containing 0.1% of glucose. The cells were added to obtain ODg of 1, EDTA—to the final concentra-
tion of 1 mM, and Polymyxin B (PMB)—to 100 png/mL. PABN was added to the medium before the

cells to concentrations indicated in the figure (1M).
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Figure A3. Effect of PABN on the respiration of S. Typhimurium cells. Measurements of the dissolved
oxygen concentrations in the medium were performed at 37 °C in 100 mM Tris/HCl buffer, pH 8.0,
S. Typhimurium wt cells were added to ODgg of 1. The final concentrations of the supplements were
as follows: EDTA—0.1 mM, glucose (Glu)—0.1%, and NayS,04—2 mg/mL. The concentrations (uM)
of PABN added to the medium before the cells are indicated in the figure.
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Abstract: Polymicrobial mastitis is now becoming very common in dairy animals, resulting in
exaggerated resistance to multiple antibiotics. The current study was executed to find drug responses
in individual and mixed Culture of Staphylococcus aureus and Escherichia coli isolated from milk
samples, as well as to evaluate the antibacterial potential of tungsten oxide nanoparticles. These
isolates (alone and in mixed culture) were further processed for their responses to antibiotics using
the disc diffusion method. On the other hand, tungsten oxide WO3; (W) nanoparticles coupled with
antibiotics (ampicillin, A, and oxytetracycline, O) were prepared through the chemical method and
characterized by X-ray diffraction, scanning electron microscopy (SEM), and UV-visible techniques.
The preparations consisting of nanoparticles alone (W) and coupled with ampicillin (WA) and
oxytetracycline (WO) were tested against individual and mixed Culture through the well diffusion
and broth microdilution methods. The findings of the current study showed the highest resistance in
E. coli was against penicillin (60%) and ampicillin (50%), while amikacin, erythromyecin, ciprofloxacin,
and oxytetracycline were the most effective antibiotics. S. aureus showed the highest resistance
against penicillin (50%), oxytetracycline (40%), and ciprofloxacin (40%), while, except for ampicillin,
the sensitive strains of S. aureus were in the range of 40-60% against the rest of antibiotics. The highest
zones of inhibition (ZOI) against mixed Culture were shown by imipenem and ampicillin, whereas
the highest percentage decrease in ZOI was noted in cases of ciprofloxacin (—240%) and gentamicin
(—119.4%) in comparison to individual Culture of S. aureus and E. coli. It was noteworthy that the
increase in ZOI was not more than 38% against mixed Culture as compared to the individual Culture.
On the other hand, there was a significant reduction in the minimum inhibitory concentration (MIC)
of nanoparticle-coupled antibiotics compared to nanoparticles alone for individual and mixed-culture
bacteria, while MICs in the case of mixed Culture remained consistently high throughout the trial.
This study therefore concluded that diverse drug resistance was present in both individual and
mixed-culture bacteria, whereas the application of tungsten oxide nanoparticle-coupled antibiotics
proved to be an effective candidate in reversing the drug resistance in bacterial strains.

Biomedicines 2023, 11, 2988. https:/ /doi.org/10.3390/biomedicines11112988 https:/ /www.mdpi.com/journal /biomedicines
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1. Introduction

Developing countries like Pakistan experience two-pronged challenges in the form
of horizontal expansion of dairy animals and prevailing dairy udder challenges, overall
jeopardizing health, and the economy. Such scenarios lead to a daily shortfall of milk for
the consumers, e.g., Karachi, a cosmopolitan city of Pakistan, has reached an uncertain
supply of up to 4 million liters per day. In addition, it is expected that milk consumption
will find a minimum annual growth rate of 5% soon [1]. The dairy sector is currently facing
a serious threat in the form of mastitis, which leads to a notable decrease in the yield and
quality of milk, along with a sharp increase in treatment expenses and bovine mortality [2].
Furthermore, the augmentation of milk production is hampered by bacterial attacks in
the udders of dairy animals, putting both animal and public health at risk [3]. Dairy
cows are susceptible to more than 150 types of bacteria that can cause mastitis, including
S. aureus, Mycoplasma species, Streptococcus uberis, Streptococcus dysgalactiae, Escherichia
coli, and Klebsiella pneumoniae [4], which are responsible for the development of a wide
variety of lesions [5]. In veterinary practice, the use of antibiotics often goes unjustified,
culminating in development of microbial resistance and hence compromising animal and
public health [6]. Microorganisms evolve antimicrobial resistance to survive in contin-
uously changing environments [7]. Recent investigations have documented substantial
fluctuations in the efficacy of antibiotics against pathogens such as E. coli and S. aureus,
providing clear indications of their escalating resistance tendencies [8,9].

The wise approach in the current scenario is the five R concept, specifically, respon-
sibility, refinement, reduction, replacement, and review of antimicrobial use (AMU). To
reduce the burden of antibiotics or to replace antibiotics, alternatives are needed. As an
alternative, nanoparticles are thought to work differently than antibiotics and can help
reduce drug resistance by serving as carriers for antibiotics, having synergistic effects with
antimicrobials and being antimicrobials themselves. Nanoparticles larger than 10 nm have
been found to cause cytotoxicity and cellular disintegration through their interaction with
the cellular wall and membrane constituents [9]. The integration of antibacterial agents
into biomaterials is a strategic approach aimed at mitigating these challenges. In medicine
and pharmaceuticals, nanotechnology plays a crucial role [10]. Apart from their higher
reactivity, these particles are unique in their physicochemical properties, which include
lower surface-to-volume ratios, greater stability, bioactivity, and bioavailability [11]. Re-
cent studies showed that combining nanoparticles with antibiotics, antimicrobial peptides,
and essential oils minimizes the potentially toxic effects of nanoparticles [12]. Tungsten
oxide coating has found novel applications in antibacterial coatings, where it helps to
improve the antibacterial efficacy of surgical equipment and medical devices [13]. Re-
searchers discovered that WOs;-X nanodots exhibited strong bactericidal activity after
they were exposed to membrane stress [14]. WO3-X nanodots demonstrate a remarkable
capability to eliminate both Escherichia coli and Staphylococcus aureus [15]. Furthermore,
previous studies have demonstrated that WO3 showed promising antimicrobial activity
against many bacterial strains, including E. coli, P. multocida, B. subtilis (gram-positive), and
S. aureus (gram-positive) [16].

The study of nanoparticle coupling with antibiotics targeting E. coli and S. aureus is of
significance because it can helps combat antimicrobial resistance, boost the antimicrobial
activity of these drugs, facilitate targeted drug delivery, support combination therapies, ad-
vances the diagnosis of various bacterial-related diseases, and expedite the healing process.
Hence, the purpose of this research article was to investigate responses of individual and
mixed culture Staphylococcus aureus and E. coli against antibiotics, and to evaluate tungsten
oxide nanoparticle-coupled antibiotics as drug resistance modulators.
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2. Materials and Methods
2.1. Sample Collection

The sample collection area encompassed districts within the Bahawalpur region, cho-
sen based on accessibility and the consent of dairy farmers. Milk samples were aseptically
collected in sterile vials using the convenience statistical method to reach a total sample
number of n = 200 [17]. The samples were screened at the time of collection for subclinical
mastitis following the protocol described by Muhammad et al. [18]. The positive samples
were delivered to the laboratory of the Department of Microbiology at Cholistan University
of Bahawalpur in a container maintained at a temperature of 4 °C.

2.2. Isolation of E. coli and S. aureus

The milk samples were put into incubation for 24 h at 37 °C, following which centrifu-
gation at a speed of 3634 x ¢ for 5 min was conducted. The characteristic bacterial colonies
were streaked on differential media of both bacteria, i.e., mannitol salt agar for S. aureus
and MacConkey agar for E. coli. The plates were incubated at 37 °C for another 24 h. The
mannitol salt agar was transformed into a yellow color with pinpoint round colonies on
the media for S. aureus, while MacConkey agar was transformed into pink colonies on the
media for E. coli. These colonies were further subjected to a series of biochemical assays
as described by Bergey’s manual of determinative bacteriology [19]. The confirmation of
S. aureus and E. coli was determined using pooled information obtained from microbiologi-
cal and biochemical experiments.

2.3. Antibiotic Susceptibility of E. coli and S. aureus

To determine the susceptibility of E. coli, S. aureus, and mixed Culture of E. coli and
S. aureus, a total of eight antibiotics (erythromycin, ciprofloxacin, imipenem, amikacin,
ampicillin, oxytetracycline, and gentamicin) were tested. The selection of these antibiotics
was based on their common usage in clinical laboratories and adherence to the guidelines
provided by the Clinical Laboratory and Standard Institute. Some of the antibiotics had
previously been used in other studies (unpublished data or under review for publication) of
the authors so have been exempted from this study. The Kirby—Bauer disc diffusion method
was used to determine zones of inhibition, which were then compared with the standards
provided by the Clinical Laboratory and Standard Institute [20]. In brief, fresh E. coli and
S. aureus growth was adjusted at 1-1.5 x 108 CFU/mL (colony-forming units/milliliter)
on sterile Mueller-Hinton agar and antibiotic discs were put aseptically at equal distances
from one another. The agar plates were incubated at 37 °C for 20-24 h, and zones were
measured with vernier calipers and compared with the standard zones to identify resistant,
intermediate, and sensitive strains of S. aureus and E. coli [20]. S. aureus subspecies aureus
ATCC 25923™ and E. coli ATCC25922 were used as a control strain in this study.

2.4. Response of Mixed Culture against Different Antibiotics

The disc diffusion method was employed to assess the susceptibility of mixed Culture
consisting of S. aureus and E. coli against various antibiotics. For this purpose, a total
of three samples each of S. aureus (S) and E. coli (E) were randomly selected from the
previous trial (Section 2.3). These samples were mixed with each other to create three
mixed culture samples, namely S1E1, S2E2, and S3E3. Briefly, the 0.5 McFarland solution of
each bacterial strain was combined in equal proportion to make a resulting concentration of
0.5 McFarland (equal to 1-1.5 x 10% CFU/mL) for the SE combination. This study involved
the examination of both individual bacteria and mixed Culture to assess their responses
to a total of eight antibiotics with the same protocol as mentioned in Section 2.3 of this
manuscript. Zones of inhibition (ZOI) were measured and compared, and comparisons of
each individual and mixed culture were made. The percentage increase or decrease in ZOI
values of mixed Culture with individual bacteria was calculated to evaluate the extent of
variation exhibited by mixed Culture against antibiotics.
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2.5. Synthesis and Characterization of Nanoparticle-Coupled Antibiotics
Synthesis of WO3 Nanoparticles

Sodium tungstate (Na,WO,) and cetyltrimethylammonium bromide (CTAB) were
individually dissolved in deionized water using a solution of 6 g of Na,WO, and 18 mL
of deionized water. Both solutions were mixed, and a small amount of hydrochloric acid
(HCI) was added to adjust the pH to within the range of 1-2. This reaction mixture was
autoclaved at 80 °C in a 100 mL Teflon vessel for 4 days in a stainless-steel lined auto-
clave. The hydrothermally precipitated materials were filtered and rinsed with deionized
water and ethanol at regular intervals after hydrothermal treatment. After precipitation,
the precipitates dried at 120 °C for two hours. A further 3.5 h of calcination at 500 °C
was completed. After calcination, the product was ground into powder with a pestle
and mortar.

Ampicillin and oxytetracycline were selected for this trial based on their clinical
use, resistance profile, and better coupling ability with nanoparticles in a pilot study.
These antibiotics were dissolved in 20 mL of deionized water, while 1.5 g of nanoparticles
were dispersed in deionized water and stirred for five hours at room temperature in the
presence of PVP dissolved in 20 mL of deionized water. The solutions were stored at room
temperature for 24 h with regular mixing and stirring. The product was centrifuged for
30 min at 3000 rpm to settle at the bottom. A mortar and pestle were used to grind
the product after it was dried for 8 h at 100 °C. The absorbance of coated nanoparticles
was measured using a US-1100 double beam UV-visible spectrophotometer from LYNX,
LM-56-1001AE in Pakistan. We performed XRD using a Rigaku TTR instrument (Tokyo,
Japan) at 40 kV and 300 mA, in the range 26 between 20 and 80, with Cu ke« (A) radiation
around 0.15406 nm, to investigate the crystal structure of nanoparticles. An FTIR analysis
was conducted using an FTIR spectrometer (Perkin Elmer Spectrum America) at room
temperature within the spectral range of 4000-500 cm~!. Scanning images and elemental
analysis were performed on a TESCAN MIRA 3 (Brno, Czech Republic), which is available
at the Institute of Space Technology, Islamabad, Pakistan. The Raman spectra were collected
using a Peak Seeker Pro-Agiltron Raman spectrometer (USA) with a laser light source of
50 mW at 785 nm. At room temperature, 50 mg of each sample were placed on aluminum
slides for examination. Thermal analysis was executed in a controlled nitrogen environment
employing a Q600 SDT thermogravimetric analyzer with a heating rate of 10 °C per minute.
The analysis of sample mass changes was performed using a POWEREACH JC 2000D2W
contact angle tester produced in Pakistan.

2.6. Resistance Modulation by Nanoparitcle Coupled Antibiotics against Individuals and
Mixed Culture

An empirical technique was used to estimate the antibacterial activity of WO3-coated
antibiotics. The minimum inhibitory concentrations (MICs) of the preparations were
determined using broth microdilutions.

2.6.1. Agar Well Diffusion Method

A fresh culture of individual E. coli and individual S. aureus was adjusted to
1-1.5 x 108 CFU/mL by obtaining turbidity of culture equal to 0.5 McFarland. To make
the final adjustment at 1-1.5 x 108 CFU/mL, a 1/2:1/2 ratio of both bacteria (each having
0.5 McFarland solutions equaling 1-1.5 x 108 CFU/mL) was used to generate the mixed
culture for the agar well diffusion method. This was achieved by combining half of an
E. coli solution (1-1.5 x 108 CFU/mL) and half of a S. aureus (1-1.5 x 108 CFU/mL) solution
to make a total of 1 mL (0.5 McFarland). The culture was spread on Mueller—-Hinton agar
homogenously. The well borer was used to make wells (6-8 mm) on sterile Mueller—-Hinton
agar at equal distances. Tungsten oxide nanoparticles alone and tungsten oxide nanopar-
ticles coupled with antibiotics were poured into the wells (15 puL of 0.01 gm/mL) and
incubated at 37 °C for 24 h. The zones of inhibition (ZOI) produced by this preparation
against E. coli, S. aureus, and mixed culture were measured using vernier calipers [21].

15



Biomedicines 2023, 11, 2988

2.6.2. Minimum Inhibitory Concentration (MIC)

Sterile broth was poured in all wells of sterile 96-well titration plate. Two-fold serial
dilutions, starting from 10,000 pg/mL of each preparation were carried out until the 11th
well. A fresh growth of E. coli and S. aureus adjusted at 1 x 10° CFU/mL was poured in
all wells except the negative control. To make the final adjustment at 1 x 10° CFU/mL for
mixed Culture, the solutions of E. coli (1 x 10° CFU/mL) and S. aureus (1 x 10° CFU/mL)
were combined in a 1/2:1/2 ratio. Positive control (well containing both broth and culture)
and negative control (well containing only broth) were reserved in the 12th column. The
optical density at 600 nm wavelength was measured after 0, 4, 20, 24, and 28 h of incubation.
In this study, OD values were taken at the 4 h duration both before and after the standard
time of incubation, i.e., 24 h. This was intended to find the first minimum dosage if
the infection is to be tackled on an immediate basis, as well as the hours around the
infection period.

A net OD value was determined by comparing the values taken with those obtained
after 0 h of incubation. Various concentrations were tested for inhibition of growth based
on the net OD value. The minimum inhibitory concentration (MIC) was determined to be
the lowest concentration of preparation that inhibited the growth of bacteria [22].

2.7. Statistical Analysis

Parametric tests, t-tests, and analysis of variance (ANOVA) were applied to the data ob-
tained from disc diffusion, well diffusion, and the broth microdilution method. Tukey’s test
was applied in conjunction with ANOVA to compare the means for statistically significant
differences. SPSS version 22 was used to analyze the data at p < 0.05.

Formulae Used

% Change in ZOI of mixed culture compared with the individual culture bacteria

(ZOI of mixed culture bacteria — ZOI of individual culture bacteria)
= . . x 100
ZOlI of mixed culture bacteria

3. Results
3.1. Characterization of Nanoparticles
3.1.1. Tungsten Oxide

The FTIR spectra of tungsten oxide (WO5) within the range of 1000 to 500 cm ™! refer to
the characteristic lattice vibration exhibited by tungsten oxide nanoparticles. The stretching
vibration of W-O-W and the bending vibration of W-O and W=0 are characterized by a
prominent peak at around 799 cm 1. The peak at 1600 cm ™! is described as a vibration of the
symmetrical OH of the hydroxyl group as well as a W-OH phase interaction. The utilization
of an acidic medium during the preparation of the sample may yield larger crystallites
with higher concentrations of oxygen defects than the sample prepared in less acidic media.
Consequently, the symmetrical vibrations of the W-OH, H,O, and W-OH molecules were
affected. A strong stretching W-O-W response in the inorganic compound itself is visible
at 799 cm~!. The correlation between vibration and sample preparation was observed to
be stronger when using more acidic media, such as a pH value of 2. Figure 1 represents
a comprehensive view of the product, where the WO; nanoparticles exhibit an array of
randomly arranged particles. Upon closer examination, the nanoparticle surface has a
smooth texture, characterized by spheroidal or oval morphology. The nanoparticles of WO3
are oval with rounded ends and their respective ends intersect at different points. Figure 1a
displays the scanning electron microscopy (SEM) images depicting the synthesized product
WOj3;, which was obtained using hydrothermal methods. It was observed that a drug
coating had been applied to the WO3 nanoparticles, resulting in a variation in absorbance
with wavelength. However, the absorbance pattern exhibited several peaks.
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Figure 1. Scanning electron microscopic images of tungsten oxide nanoparticles alone and coated
with antibiotics. (a) SEM image of tungsten oxide nanoparticle, (b) SEM image of tungsten oxide
nanoparticles coupled with ampicillin, (¢) SEM image of tungsten oxide nanoparticles coupled
with oxytetracycline.

3.1.2. Tungsten Oxide Coupled Antibiotics

It has been observed in previous studies that the most characteristic bands of oxytetra-
cycline (OTC) fall in the 1100 cm~! to 1700 cm ™! region. Peaks at 1653 cm ! to 1522 cm ™!
were assigned to the -C=0 and -NH; groups of the amide group in ring A, respectively.
The peaks at 1617 cm~! and 1541 cm™~! were attributed to the -C=O group in ring C and
amide -NH, respectively. The 1457 cm~! peak, on the other hand, was attributed to C=C
skeletal vibration. The O-H stretching vibration in the alcohol and phenolic groups is re-
sponsible for the intense stretching bond centered between 3300 cm ™! to 3500 cm~!. When
a tungsten oxide nanoparticle (WO3) is associated with it, a tungsten oxide appears at
799 cm~!, indicating that the W-O-W stretching vibration is present. These peaks con-
firmed the presence of pure WO3 nanoparticles in a sample and their interaction with OTC
(Figure 2).

The peak at 799 cm~! indicates that W-O-W stretching vibrations are present in WO3.
The prominent peak at 1550 cm ! indicates that the C-C stretching vibration of the aromatic
ring is present in the sample. The presence of an alkene =C-H bend is shown by the peak at
1004 cm 1. The peak from 1680 cm ! to 1630 cm ™! reveals the presence of a C=0 stretching
vibration in the amide group, together with the presence of two alkyl groups. Additionally,
the bending vibrations of CH3 and CHj can be observed at 1475 cm ™! and 1365 cm ™!,
respectively. The C=O stretching vibration in the carboxylic group generally exhibits a
peak within the range of 1760 cm ™! to 1665 cm ! in. The peak at 1585 cm ™! corresponds to
the vibrational mode associated with the stretching of C-C bonds within the aromatic ring.
The peak at 799 cm ! confirms the presence of pure WO3 nanoparticles in the sample and
its interaction with ampicillin (Figure 2).

3.2. Antibiotic Susceptibility of Individual Bacteria

The response of E. coli against different antibiotics was more inclined towards the
resistant category when compared to S. aureus (Table 1). None of the E. coli isolates showed
less than 20% resistance, however the highest percentage of resistant E. coli being 60%
against penicillin. In contrast, it was observed that none of the isolates exhibited a sensitivity
of less than 30% against any antibiotics tested in this study. The highest percentage
of sensitive strains (60%) were noted against imipenem, amikacin, and erythromycin.
Subsequently, the percentages of sensitive isolates were noted to be 50% for gentamicin,
40% for erythromycin, penicillin, and ciprofloxacin, and 30% for ampicillin. The largest
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percentage of intermediate isolates was higher in the case of S. aureus as compared to those
of E. coli. The highest proportion of intermediate susceptible isolates was reported in 40%
of S. aureus cases against ampicillin, followed by 30% against imipenem, while in E. coli
cases, the percentage of intermediate susceptible isolates remained between 10 and 20%
against different antibiotics.
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Figure 2. FTIR spectra and UV-visible spectra of tungsten oxide nanoparticles and antibiotics.
(a) UV-visible spectra of tungsten oxide nanoparticle, (b) FTIR spectra of WO3; + ampicillin,
(c) UV-visible spectra of oxytetracycline, (d) FTIR spectra of WO3 + ampicillin, (e) UV-visible spectra
of ampicillin.
Table 1. Antibiotic susceptibility profile of E. coli and S. aureus against different antibiotics.
E. coli S. aureus
Antibiotic R I S R I S
(%) (%) (%) (%) (%) (%)
Imipenem 40 20 40 10 30 60
Amikacin 30 10 60 20 20 60
Oxytetracycline 30 20 50 40 20 40
Ampicillin 50 20 30 30 40 30
Gentamicin 40 10 50 30 20 50
Erythromycin 20 20 60 30 10 60
Ciprofloxacin 30 10 60 40 20 40
Penicillin 60 20 20 50 10 40

R = resistant, I = intermediate, S = sensitive.

3.3. Response of Mixed-Culture Bacteria against Antibiotics

A significant difference in the ZOI was observed among individual and mixed-culture
bacteria when exposed to various antibiotics. The findings of this study challenge the
commonly held belief that the reduction in ZOI is a consistent outcome in mixed Culture.
Specifically, the results indicate that certain combinations of antibiotics, such as imipenem
and ampicillin, exhibited increased susceptibility in terms of higher zones of inhibition
compared to individual culture bacteria (Table 1). The variability in the response of mixed-
culture bacteria in comparison to individual culture bacteria to different antibiotics was
observed, with instances of both elevated and dramatically lowered responses (Figure 3).
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This study revealed that the mixed culture exhibited 37.67% and 8.69% higher ZOI com-
pared to the individual S. aureus when exposed to ampicillin and imipenem, respectively.
However, when tested against other antibiotics, there was a significant decrease in ZOI,
except for erythromycin, where no change in ZOI was observed. The most significant
reduction in ZOI was observed while testing ciprofloxacin (—240%) followed by gentamicin
(—225.94%), penicillin (—70.60%), amikacin (—67.84%), and oxytetracycline (—52.10%) in
comparison with individual S. aureus. Similarly, the mixed-culture bacteria in comparison
to individual E. coli showed an increase in percentage ZOI only in the cases of imipenem
(30.4%) and ampicillin (29.51%). Gentamicin caused the highest percentage decrease in
ZOl in mixed culture over individual E. coli (—119.4%), followed by ciprofloxacin (—100%),
penicillin (—55.95%), oxytetracycline (—20.04%), and amikacin (—17.89%). Mixed Culture
versus individual E. coli showed lesser percentages of decreasing in ZOI when compared to
the mixed Culture versus individual S. aureus. The findings of this study indicate that the
E. coli bacteria exhibited a higher level of resistance compared to S. aureus. Furthermore,
the presence of E. coli in polymicrobial (mixed) Culture proved to be the major factor
contributing to the observed resistance.

® Mixed versus single E. coli ® Mixed versus single S. aureus
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Figure 3. Percentage variation (increase/decrease) in zones of inhibition of mixed culture (E. coli
plus S. aureus) in comparison to individual-culture E. coli and individual culture S. aureus against
different antibiotics. This percentage was measured as “(ZOI of mixed culture — ZOI of individual
culture)/mixed culture x 100”.

3.4. Antibacterial Potential of Nanoparticle-Coupled Antibiotics against individual and
Mixed-Culture Bacteria

The MICs of tungsten oxide (W) nanoparticles alone and tungsten oxide nanoparticle-
coupled oxytetracycline (WO) and ampicillin (WA) against specific E. coli showed signif-
icant differences (p < 0.05). A similar response was noticed in the cases of individual S.
aureus and mixed Culture. The highest MIC (2083.33 4 721.69 pug/mL) was noted in the
case of W against mixed culture after 4 h of incubation, while the lowest (19.53 £ 0.00
ug/mL) was noted in the case of WO against individual S. aureus after 28 h of incubation
(Table 2). However, it was noteworthy that a non-significant difference (p < 0.05) in MICs
was found between WA and WO at all types of tested incubation periods. The results
indicate that the MIC for W in mixed-culture bacteria was found to be higher in comparison
to that of individual bacteria (Figures 4 and 5). The MIC of WA against mixed culture,
when compared to E. coli alone, exhibited elevated values across all types of tested incu-
bation periods except at the 20th and 28th hours of incubation. During this period, no
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changes in MIC or reduction in MIC, respectively, were observed for the mixed culture
in comparison to the individual E. coli. Except for the 24th and 28th hours of incubation
(where the MIC remained unchanged), there was an observed increase in the MIC of the
mixed culture in comparison to that of individual S. aureus. With the response of mixed
Culture in comparison to those of individual S. aureus and individual E. coli, it was shown
that the application of WO resulted in an increase in MIC at different incubation periods.

Table 2. Comparisons of minimum inhibitory concentrations of nanoparticle-coupled antibiotics
against E. coli, S. aureus, and their mixed culture.

Minimum Inhibitory Concentration (ug/mL) at Different Incubation Periods

Bacterial Culture Type Preparation
4h 20 h 24h 28 h
WA 520.83 + 180422  65.10 4 22.552 52.08 4 22.55 2 39.06 + 0.00 2
E. coli alone WO 312.33 4+ 0.29 2 65.10 + 22.55 2 39.06 + 0.00 2 32.55 + 11.28 2
w 1458.33 £ 954.702 26042 4+9021° 13021 +45.10P 78.12 + 0.00 2
WA 416.67 +180.422  65.10 4 22.552 52.08 4 22.55 2b 26.04 + 11.28 2
S. aureus alone WO 312.33 + 0.29 2 52.08 4+ 22.55 2 26.04 +11.28 P 19.53 + 0.00 @
w 833.33 +360.842  156.25 + 0.00P 104.17 + 45.10 @ 65.10 + 22.55 b
Mixed WA 520.83 & 180422  91.15 4 59.67 2 52.08 + 22.552 26.04 + 11.28 2
e WO 520.83 + 180422  104.17 4 45.102 65.10 4+ 22.55 2 39.06 + 0.00 2

(E. coli + S. aureus)

W 2083.33 + 721.69 625.00 + 0.00 ° 312.50 + 270.63 2

156.25 + 0.00 P

Different alphabetic (a, b) superscripts within the column of incubation for different preparations against each
bacterial culture type indicate significant differences (p < 0.05); WA = tungsten oxide nanoparticle-coupled
ampicillin, WO = tungsten oxide nanoparticle-coupled oxytetracycline, W = tungsten oxide nanoparticles alone.
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Figure 4. Comparison of responses among individual E. coli, individual S. aureus, and mixed-culture
bacteria against nanoparticles alone and nanoparticle-coupled antibiotics at different incubation
periods. Y-axis shows minimum inhibitory concentrations (ug/mL) of E. coli, S. aureus, and mixed
Culture while x-axis shows incubation periods (hours). Different superscripts against each prepa-
ration at each incubation interval indicate significant differences (p < 0.05), WA = Tungsten ox-
ide nanoparticle coupled ampicillin, WO = Tungsten oxide nanoparticle coupled oxytetracycline,
W = Tungsten oxide nanoparticle alone.
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Figure 5. Antibacterial potential of antibiotics through disc diffusion (i-iii) and nanoparticle-coupled
antibiotics (A,B) through well diffusion method. 1,2,3,4,5 are indicating different antibiotics, Hand-
written S, and E3 are individual bacteria of S. aureus and E. coli, respectively while E3S3 mixed culture,
(i) = Antibiotic susceptibility of S. aureus, (ii) = Antibiotic susceptibility of E. coli, (iii) = Antibiotic
susceptibility of mixed culture of S. aureus and E. coli. Plates A and B show zones of inhibition
produced against S. aureus (A) and E. coli (B), respectively, by oxide nanoparticles (WO3), tungsten
oxide, tungsten oxide coupled with ampicillin (W + A), tungsten oxide, and tungsten oxide coupled
with oxytetracycline (W + O).

There was a statistically significant decrease (p < 0.05) in the MIC after 4 h of incubation
for each of W, WA, and WO against S. aureus, E. coli, and mixed-culture bacteria. However,
the reduction in MIC remained stable after 24 h without any significant change. The
data also indicated that maximum effectiveness in terms of reduced MIC may be attained
following a 20 h incubation period. This trend was found to be equally applicable for W,
WA, and WO against S. aureus alone, E. coli alone, and mixed culture (Table S1, Figure 3).

4. Discussion
4.1. Characterization of Nanoparticle-Coupled Antibiotics

There is a clear peak in our current FTIIR spectra around 799 cm ™!, which is a signal of
stretching vibrations in W-O-W and bending vibrations in W-O and O-W. Similarly, studies
on the stretching vibration of W-O-W linkages have yielded similar results [23]. The pH of
the solution governs the nature of the types of present, and tungsten ions have a strong
tendency to agglomerate in an acidic medium to produce a diverse spectrum of polyanions.
Other studies have indicated that the broadband appearing in the 600-800 cm ! range
has been attributed to the O-W-O stretching modes present in the crystal structure of
WO3 [24].

4.2. Antibiotic Susceptibility

In the past few years, antimicrobial resistance in mastitis pathogens has received attention
due to the burden it imposes on lactating cattle in terms of drug toxicity and increased costs
of therapeutics. Some studies on antimicrobial resistance were in line with the findings of the
current study, but several other studies reported results in contradiction to that of the current
study. The difference might be attributed to various factors, such as previous exposure to
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antibiotics, hygiene, consultation with a veterinarian, implementation of a mastitis control
program, or overall animal health. This study contrasts with the findings of Singh et al. [25],
who reported the high efficacy of ciprofloxacin against E. coli and S. aureus. As per the
findings of the previous study [26], E. coli was found to be sensitive to erythromycin, while
in another study it showed resistance to the same antibiotic [27]. In the case of S. aureus,
other studies reported that gentamicin and enrofloxacin had the highest sensitivity, a finding
that contradicts the results of current study [28]. In our study, amikacin, imipenem, and
erythromycin exhibited the highest efficacy, whereas ampicillin was found to have the least,
which is in accordance with the findings of Verma et al. [29]. The study conducted by Le6n
et al. [30] reported penicillin to be highly effective against S. aureus, which is in line with the
findings of the current study. The utilization of antibiotics for therapeutic and nutritional
purposes has resulted in a significant increase in the prevalence of pathogenic bacteria that
exhibit resistance to many currently available antimicrobial agents.

4.3. Resistance Modulation by Nanoparticle Coupled Antibiotics

In the current study, nanoparticle-coupled antibiotics showed the highest MIC against
E. coli and S. aureus. Like our findings, other studies on WO3-X nanodots have also shown
significant bactericidal activity attributed to their membrane stress and photocatalytic
properties, resulting in a significantly enhanced antibacterial activity [14]. Similarly, Liu
et al. [31] showed that increasing the concentration of WS, and prolonging the incubation
time resulted in the eradication of both the E. coli and S. aureus. Previous reports have
demonstrated that the antibacterial properties of WO3-X nanodots can be attributed to
membrane stress and their photocatalytic properties [32]. A study conducted by Duan
etal. [15], showed the remarkable antibacterial efficacy of tungsten oxide nanoparticles by a
one-pot synthetic approach against Gram-negative E. coli and Gram-positive S. aureus. The
antibacterial properties of tungsten nanoparticles were also investigated by Syed et al. [33]
against E. coli and S. aureus, resulting in the inhibition of bacterial growth. In a study
conducted by Ghasempour et al. [34], it was shown that tungsten oxide nanodots with
diameters of 50-90 nm had antibacterial activity against E. coli bacteria when exposed to
visible light irradiation. Moreover, it has been observed in other experimental findings that
nanoscale metal oxides display antimicrobial activity depending on their exposure time to
microbial cells, particle size, agglomeration process, and degree of degradation [35].

5. Conclusions

This study concluded diversified trends in drug resistance in individual S. aureus,
E. coli, and mixed-culture bacteria. Tungsten oxide (WO3), on the other hand, exhibited sub-
stantial antibacterial properties against both individual bacterial strains and mixed-culture
bacteria. Notably, as compared to non-coupled nanoparticles, WO3 nanoparticles coupled
with antibiotics demonstrated the highest level of antibacterial potential. These nanoparti-
cles exhibited pronounced antibacterial effects during the initial stages of incubation and
have shown promise for application in the mitigation of bacterial resistance. However, for
the purpose of establishing standardized benchmarks encompassing safety, effectiveness,
and stability parameters, it is advisable to undertake further in vivo investigations and
field trials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biomedicines11112988/s1, Table S1. Comparative zones of inhi-
bition (mm) produced by bacteria against different antibiotics.
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Abstract: Antimicrobial resistance (AMR) has become a topic of great concern in recent years, with
much effort being committed to developing alternative treatments for resistant bacterial pathogens.
Drug combinational therapies have been a major area of research for several years, with modern
iterations using combining well-established antibiotics and other antimicrobials with the aim of
discovering complementary mechanisms. Previously, we characterised four GRAS antimicrobials that
can withstand thermal polymer extrusion processes for novel medical device-based and therapeutic
applications. In the present study, four antimicrobial bioactive—silver nitrate, nisin, chitosan and zinc
oxide—were assessed for their potential combined use as an alternative synergistic treatment for AMR
bacteria via a broth microdilution assay based on a checkerboard format. The bioactives were tested
in arrangements of two-, three- and four-drug combinations, and their interactions were determined
and expressed in terms of a synergy score. Results have revealed interesting interactions based on
treatments against recognised test bacterial strains that cause human and animal infections, namely
E. coli, S. aureus and S. epidermidis. Silver nitrate was seen to greatly enhance the efficacy of its paired
treatment. Combinations with nisin, which is a lantibiotic, exhibited the most interesting results,
as nisin has no effect against Gram-negative bacteria when used alone; however, it demonstrated
antimicrobial effects when combined with silver nitrate or chitosan. This study constitutes the
first study to both report on practical three- and four-drug combinational assays and utilise these
methods for the assessment of established and emerging antimicrobials. The novel methods and
results presented in this study show the potential to explore previously unknown drug combination
compatibility measures in an ease-of-use- and high-throughput-based format, which can greatly
help future research that aims to identify appropriate alternative treatments for AMR, including the
screening of potential new bioactives biorefined from various sources.

Keywords: antimicrobial resistance; bioactives; synergy analysis; drug combinations; two-drug
combination; three-drug combination; four-drug combination; checkerboard assay; broth microdilution

1. Introduction

Antimicrobial resistance (AMR) has become a topic of academic interest, as it has
reached a crisis point that has driven scientists to consider novel appropriate solutions
to overcome it [1-3]. An ever-increasing number of antibiotic resistant bacterial species
have emerged that pose serious threats to modern medicine, causing a loss in efficacy
of critical front-line therapeutics [4]. Antibiotics remain our primary means of eliminat-
ing pathological bacterial infections, and while there has been a recent resurgence in the
development of novel antibiotic compounds, additional ways of tackling AMR bacteria
are urgently needed [5,6]. Research that aims to discover alternative antimicrobials has
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been a major topic of interest, as it particularly hopes to circumvent the emerging resis-
tance to mainstay antibiotics [7-9]. Additionally, the co-development of methods that
can assess the efficacy of appropriate combinations of already established antimicrobial
compounds is important to reduce reliance on a single treatment [10-12]. While a vast
number of antimicrobial compounds are in use today, many have specific modes of action
and, thus, have a narrow effective spectrum in terms of the bacterial species that they can
target [13]. This issue can reduce their suitability in medical settings, which ideally re-
quire a more broad-spectrum treatment, given the frequent occurrence of co-infections [14].
Furthermore, selecting a narrow-effect spectrum that relies on a singular mechanism of
microbial inactivation or inhibition can also make it easier for exposed bacteria to develop
unwanted resistance. Thus, the use of two or more treatments in combination to treat
bacterial infections represents a highly promising avenue of research. Checkerboard assays
are well-documented methods used to assess the effects of different treatments when used
in combination, whereby serially diluted concentrations of treatments are combined across
a 96-well microtiter plate [15-18]. The resulting effects of combination therapy can be
described as synergistic, additive, or antagonistic [16,19,20]. Synergy describes a total effect
greater than the sum of the individual effects. An additive effect shows that the combined
drugs exhibit a total effect equal to the sum of the individual effects, being no lesser or
greater. An antagonistic effect describes combinations in which the total effect is lessened
compared to the sum of the individual effects [21]. Combination therapies that result in an
overall synergistic effect can allow a much greater impact to result from treatments that
would normally hold less or, perhaps no, effect when used alone, such as in the case of
AMR bacteria. While co-treatment therapies have been widely used in the treatment of
diseases such as cancer, there is a rising interest in the synergistic abilities of previously
established antimicrobial compounds [10,12,16].

In a previous study reported by these authors, the individual antibacterial capabilities
of four GRAS bioactive compounds—silver nitrate (AgNOj3), nisin, chitosan and zinc
oxide (ZnO)—were assessed against a number of type-strain bacterial species, as well as
AMR wild-type strains [22]. These GRAS bioactives were unusual in the sense that they
withstood temperatures used to extrude and process polymers used in the manufacturing
of medical devices; thus, these bioactives offer interesting options for new therapeutic
research. In the present study, these four bioactives will be assessed regarding their
antimicrobial capabilities in combination with one another, using arrangements of two-,
three- and four-drug combinations. For this initial combinational study, three standard
type strains will be used, namely Escherichia coli, Staphylococcus aureus and Staphylococcus
epidermidis. E. coli and S. aureus were chosen as they represent Gram-negative and Gram-
positive bacteria, respectively. S. epidermidis was included as it represents opportunistic
Gram-positive bacterial pathogens and was observed to hold atypical behaviour against
these four compounds in the previous study relative to S. aureus. The antimicrobial abilities
of the two-drug combinations will be determined via use of a standard broth microdilution
protocol in a checkerboard assay format, through which growth will be measured using
turbidity absorbance readings. Three- and four-drug combinations will be assessed via use
of novel versions of the checkerboard assay developed in the present study. The readings
will be used to calculate the % growth of each treatment relative to the 100% growth control.
While the checkerboard assay is a method commonly utilised to assess combination effects,
there are various methods and programs developed for analysis of results [15-18]. The
end results identified in the present study will analysed via use of the recently developed
“synergy” python package, which can analyse large amounts of combinations and report
their synergy scores [23].

2. Materials and Methods
2.1. Bioactive Solution Preparation

Silver nitrate (AgNO3) (SKU: 58157, CAS: 7761-88-8), nisin, 2.5% (SKU: N5764, CAS:
1414-45-5), chitosan of low molecular weight (SKU: 448869, CAS: 9012-76-4), zinc oxide
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(ZnO) and nanopowder of <100 nm in particle size (SKU: 544906, CAS: 1314-13-2) were
purchased from Sigma-Aldrich/Merck (Merck Life Science Limited, Arklow, Co. Wicklow,
Ireland). Chitosan was dissolved in 1% (v/v) acetic acid and adjusted to pH 5.5 using
0.4 M sodium hydroxide (NaOH). ZnO was suspended in dH,O. Nisin was dissolved in
a solution of 400 mM sodium chloride (NaCl), which had a pH of 3.25. These solutions
were then sterilised through autoclaving. Nisin concentrations were reported in terms
of active nisin content, with 1 g of commercial nisin powder containing 25 mg of active
nisin. AgNO3 was placed into a solution of 28% (v/v) Poly (ethylene glycol), which had an
average molecular weight of 400 (PEG-400) and 26% (w/v) d-sorbitol [24]. This solution
was then filter sterilised through use of a 0.2-micrometer syringe filter tip.

2.2. Bacterial Cell Culture

The standard strains, namely E. coli (ATCC 25922, NCTC 12241) and S. aureus (ATCC
29213, NCTC 12973), were purchased from Public Health England (Culture Collections,
Public Health England, Salisbury, UK). S. epidermidis (ATCC 35984) was purchased from
ATCC (LGC Standards, Middlesex, UK). Cultures were prepared via overnight incubation
using tryptone soy agar (TSA). Colonies were then suspended in Mueller-Hinton broth
(MHB) to 0.5 MacFarland absorbance for use as inoculum [25,26].

2.3. Two-Drug Combinational Broth Microdilution Assay

All steps were conducted under aseptic conditions or in closed systems. The antimi-
crobial properties of each bioactive solution in combinations of two were assessed in terms
of their growth inhibitory capabilities, as determined via use of the broth microdilution
method adapted from a previously published protocol [26]. Broth microdilution assays
were carried out in flat bottom 96-well plates (untreated) against three chosen bacterial
strains, namely E. coli, S. aureus and S. epidermidis. Before use, microplate lids were treated
using a hydrophilic coating (20% (v/v) of isopropyl alcohol (IPA), 0.5% (v/v) of Triton-
X100) [27]. Bacterial inoculums were prepared to give a final in-well concentration of
5 x 10° cfu/mL, as determined via absorbance readings. Two-drug combination assays
were prepared in an 8 x 8 checkerboard layout, allowing a total of 64 combinations. Dilu-
tions of drug A and B were prepared in Mueller—Hinton broth (MHB) at a concentration
four times higher (4 x) than the highest desired final in-well concentration. Serial dilutions
(1:2) of drug A and drug B were prepared in separate 96-well plates and combined in the
final test plate (1:2 dilution) (See Figures S1 and S2). Each well was then inoculated with
the prepared bacterial inoculum (1:2 dilution). Absorbance of the plate was measured
using a BioTek® Synergy HT microplate reader and Gen5 Microplate Reader Software
(Version 2.01.14) (BioTek® Instruments GmbH, Bad Friedrichshall, Germany). The plate
was read using an endpoint absorbance read at 625 nM, and results were recorded as
time-point 0 (t = 0) before incubation. This process allowed measurement of any turbidity
caused by treatments and was be used as a blank. The plate was placed in a container
to help prevent loss of well volume due to evaporation. The container was placed on a
rotary incubator at 120 RPM, 37 °C for 18 h. Following incubation, plate absorbance was
read (variable shake, and the 1-min endpoint absorbance was read at 625 nm). Results
were recorded as timepoint 18 (t = 18). The absorbance values were used to calculate the %
inhibition for each treatment well.

2.4. Three-Drug Combinational Broth Microdilution Assay

Three-drug combination assays were carried out as per the two-drug combination
assay, albeit using a 6 x 6 checkerboard layout. Six such checkerboards were prepared
by combining drug A and drug B, as per a two-drug combination assay, and different
concentrations of drug C was added to each individual checkerboard. This setup allowed
6 concentrations of drug A, drug B and drug C to be assessed in combination (6 x 6 x 6),
with a total of 216 combinations (See Figure S3 for example layout). The experiment was
split across three 96-well plates, allowing two 6 x 6 checkerboards per plate. A separate
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broth microdilution assay of single treatments was also carried out as a control to ensure
that the treatments and bacteria tested performed in a nominal manner. Incubations and
absorbance readings were carried out as per two-drug combinational assay.

2.5. Four-Drug Combinational Broth Microdilution Assay

Four-drug combination assays were carried out in a 4 x 4 checkerboard layout, which
built on the three-drug layout design. The layout was designed in such a way that four
4 x 4 checkerboards (CBs) were set up within four 96-well plates. Each CB combined drug
A with drug B. Each of these four CBs then had a different concentration of drug C added
to it. To all CBs within each plate, a difference concentration of drug D will be added. The
resulting system will yield a 4 x 4 x 4 x 4 combination (totalling in 256 combinations) (see
Figure S4 for example layout).

A separate broth microdilution assay was also carried out using drugs A, B, C and D
in tandem with the four-drug combination assay, which was used as a control to ensure
that the individual treatments and bacteria being tested performed in a nominal manner.
Plate and inoculum preparation, incubations and absorbance readings were all carried out
as per the two-drug combinational assay.

2.6. Analysis of Results for the Determination of Synergy/Antagonism

Results from drug combination assays were analysed to determine drug interactions
in terms of synergy or antagonism via the “synergy” python package [28]. Input data for
synergy were prepared in an excel document using the concentration of each drug (ng/mL)
and the % growth. Input data contained an individual column for the concentration of each
drug (“drugl.conc”, “drug?2.conc”, “drug3.conc” or “drug4.conc”). The Bliss model was
chosen due to its simplicity and ability to analyse four-drug combinations. The reported
response was expressed in terms of % growth. The response was input under the column
“effect” and expressed as a decimal fraction of 1 (i.e., 100% growth = 1.0, 50% = 0.5, 0% = 0.0).
Data were then exported as a .csv file. The synergy package was opened and run using
PyCharm (version 2020.2) (JetBrains s.r.o, Prague, Czech Republic), which is a python-
integrated development environment (IDE). Following the synergy documentation, input
data were imported and analysed using the Bliss model. Results were expressed in terms
of a synergy score, with a positive score indicating synergy, a score of 0 representing no
effect and negative scores representing antagonism.

3. Results

Due to the number of combinations analysed during this study, only the three highest-
scoring interactions of each combination and their average values will be reported and
discussed. Synergy scores represent the magnitude of the combination interactions, where
a positive score indicates synergy, scores close to 0 indicate an additive effect, a score
of 0 represents no effect and negative scores represent antagonism. 2D heat-maps of
all 64 combinations of each two-drug combination against each test bacterial species are
presented in Figures 1-6 showing each combination’s synergy score based on a colour scale,
which is shown in the legend. Bar graphs have been prepared and presented in Figures 7-9
for each two-drug, three-drug and four-drug combination respectively, showing the three
highest-scoring drug combinations (Combo 1-3 on the x-axis) at the drug concentrations
(ng/mL) shown on the left y-axis, with the calculated Bliss synergy score shown on the
right y-axis (see Tables S1-55 for the graphed data).
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Figure 1. AgNOs—chitosan synergy heat map: Graphs show heat map of synergy between silver
nitrate (AgNO3) and Chitosan in inhibiting E. coli, S. aureus and S. epidermidis growth as determined
via broth microdilution and absorbance readings. Inhibition results were analysed using the synergy
python package using the Bliss synergy model. The synergy python package produced the heatmap
graphs of each combination result, giving visual presentations of combinations of synergy (green) or

antagonism (purple). n = 3.

1x10'

1x10°

Nisin{mg/mL)

12107

Nisin {mg/mL}

1x10°

AgNO;-Nisinvs E. coli

1x10°% 1x10?

AgNO; (mg/mL)

AgNO,-Nisinvs S. epidermidis

1210 1x10°¢

AgNO, (mg/mL)

AgNO,-Nisin vs S, aureus

1x10°

1x10°

Nisin {mg/mL)

N

1x10° 1x10°

AgNO, (mg/mL)

Figure 2. AgNOj3-nisin synergy heat map: Graphs show heat map of synergy between silver nitrate
(AgNO3) and Nisin in inhibiting E. coli, S. aureus and S. epidermidis growth as determined via broth
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microdilution and absorbance readings. Inhibition results were analysed with the synergy python
package using the Bliss synergy model. The synergy python package produced the heatmap graphs
of each combination result, giving visual presentations of combinations of high (green) and low

(purple) synergy. n = 3.
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Figure 3. AgNO3-ZnO synergy heat map: Graphs show heat map of synergy between silver nitrate
(AgNO3) and zinc oxide (ZnO) in inhibiting E. coli, S. aureus and S. epidermidis growth, as determined
via broth microdilution and absorbance readings. Inhibition results were analysed via the synergy
python package using the Bliss synergy model. The synergy python package produced the heatmap
graphs of each combination result, giving visual presentations of combinations of high (green) and
low (purple) synergy. n = 3.

3.1. Two-Drug Combinations
e  AgNO3z—Chitosan

AgNOj and Chitosan reported good synergistic interactions against each bacterial
strain. The combination reported the highest average synergy scores against E. coli (average
0.4) and S. aureus (average 0.32). While the average concentration of chitosan was similar to
that of the MIC versus E. coli, AgNO3 was reported to be present in lower concentrations.
The most effective combination versus S. aureus reported concentrations that were 1/2 the
MIC, with inhibition being approximately 69%. Results versus S. epidermidis reported good
overall synergy, as much lower concentrations of each treatment exhibited more effective
inhibition, and the second reported combination exhibited 99% inhibition, with 1/3 of the
MIC of AgNO;3 and less than 1/2 of the MIC of chitosan being used.

e AgNO3z-Nisin

AgNOj3 and Nisin demonstrated a number of highly synergistic combinations (an
average 0.32 versus E. coli and an average 0.24 versus S. aureus), as well as reporting the
highest two-drug score from this study (average 0.68 versus S. epidermidis). While the
highest-scoring combinations versus E. coli did not report inhibition exceeding 70%, there
was moderate synergy observed compared to AgNOs used alone at the same concentrations.
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The third highest-scoring combination versus S. aureus reported 99% inhibition, using less
than 1/4 MIC of AgNOj3 and 1/10 MIC of nisin. The three highest-scoring combinations
versus S. epidermidis indicated that a concentration of 10 ug/mL AgNO3; was most effective
in enabling nisin, which was reported to be present in relatively low concentrations, while
still having a notable effect upon bacterial growth.
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Figure 4. Chitosan—nisin synergy heat map: Graphs show heat map of synergy between Chitosan and
Nisin in inhibiting E. coli, S. aureus and S. epidermidis growth, as determined via broth microdilution
and absorbance readings. Inhibition results were analysed via the synergy python package using the
Bliss synergy model. The synergy python package produced the heatmap graphs of each combination
result, giving visual presentations of combinations of high (green) and low (purple) synergy. n = 3.

e AgNO;-ZnO

AgNOj3 and ZnO reported moderate synergy against E. coli (average 0.22) and S.
aureus (average 0.26), as well as relatively high synergy versus S. epidermidis (average
0.44). The highest reported E. coli combination exhibited 98.5% growth inhibition at
an AgNOj; concentration 1/4MIC and a ZnO concentration 1/2.5MIC, demonstrating a
noticeable increase in the efficacy in both treatments. S. aureus results reported that lower
concentrations of both AgNO3; and ZnO exhibited greater effect when combined. One
reported combination exhibited 95.5% growth inhibition using 1/1.8MIC AgNO3 and
1/2.5MIC ZnO. AgNO3 and ZnO demonstrated the second highest-scoring average of
all two-drug combinations (average 0.44) versus S. epidermidis. Reported combinations
exhibited effective growth inhibition at much lower concentrations, even reaching 95.4%
growth inhibition with 1/1.6MIC AgNO3 and 1/3.33MIC ZnO.

e Nisin—Chitosan

Nisin and chitosan reported mixed results in combination. The highest-scoring com-
binations were identified versus S. aureus (average 0.24); however, the highest inhibition
of these combinations reached only 50%, with no major reductions being seen in the con-
centrations of nisin or chitosan. Results versus E. coli show that greater concentrations of
chitosan were needed to enable nisin; however, these concentrations exceeded the MIC of
chitosan, making the combination ineffective. Results versus S. epidermidis demonstrated
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no major interactions, being close a synergy score of 0 in all combinations. Only one
combination reported effective synergy, which exhibited 87.3% inhibition with a score of
0.11; however, the concentration of nisin used in this combination exceeded that of its MIC
when tested alone.

Chitosan-ZnOvs E. coli Chitosan-ZnOvs 5. aureus

1x10? ol o1

- . . :I
0.0

-0.1 -o1
:
1x10° i
=0.2
-0.2
13207 1x10% 1x10? 120"

Chitosan (mg/my) Chitosan (mg/mL)

Zno {mg/mL,
e
2

2n0 (mg/mLj

Chitosan-ZnOvs 5. epidermidis

1x10

Zno {mg/mL)

=

110 1x1ot

Chitosan (mg/mL)

Figure 5. Chitosan-ZnO synergy heat map: Graphs show heat map of synergy between Chitosan
and zinc oxide (ZnO) in inhibiting E. coli, S. aureus and S. epidermidis growth, as determined via broth
microdilution and absorbance readings. Inhibition results were analysed via the synergy python
package using the Bliss synergy model. The synergy python package produced the heatmap graphs
of each combination result, giving visual presentations of combinations of high (green) and low
(purple) synergy. n = 3.

e  Chitosan-ZnO

Chitosan and ZnO reported very few synergistic interactions versus E. coli (average
0.11), S. aureus (average 0.09) and S. epidermidis (average 0.27). Analysis of interactions
versus E. coli show that a high concentration of chitosan was required for synergy to be
identified; however, the amount of chitosan was 2 x MIC, and the synergy score was
relatively low. While synergy was seen versus S. aureus at quite low concentrations of the
two highest-scoring combinations, the exhibited growth inhibition was not noteworthy
(3.1%, 2.6%, respectively). Combinations versus S. epidermidis reported moderate synergy at
quite low concentrations of each combination; however, the inhibition did not exceed 31%.

e Nisin—ZnO

Nisin and ZnO reported low synergy versus E. coli (average 0.08), S. aureus (average
0.06) and S. epidermidis (average 0.14). The highest-scoring combination versus E. coli (0.09)
did not yield noteworthy inhibition, while the next highest-scoring combinations reported
concentrations of ZnO that exceed the MIC in order to enable nisin. Highest-scoring
combinations versus S. aureus reported low concentrations of each treatment; however, they
had no noteworthy growth inhibitory effect (3.7-14%). Combinations versus S. epidermidis
exhibited moderate inhibitory effects; however, the concentrations of ZnO exceeded that
of the average MIC, and concentrations of nisin were not much lower that the previously
reported MIC average.
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Figure 6. Nisin-ZnO synergy heat map: Graphs that show heat map of synergy between nisin and
zinc oxide (ZnO) regarding the inhibition of E. coli, S. aureus and S. epidermidis growth, as determined
via broth microdilution and absorbance readings. Inhibition results were analysed via the synergy
python package using the Bliss synergy model. The synergy python package produced the heatmap
graphs of each combination results, giving visual presentations of combinations of high (green) and
low (purple) synergy. n = 3.

3.2. Three-Drug Combinations
e  Chitosan—-AgNO3—-Nisin

Chitosan, AgNO3 and nisin reported moderate-to-high synergy in growth inhibition
versus E. coli (average 0.38), S. aureus (average 0.56) and S. epidermidis (average 0.43).
While the higher scoring combinations versus E. coli included high concentrations of
chitosan (80-160 ug/mL), reported concentrations of AgNO3; were low (2—4 pg/mL) and
had 99% inhibition. Concentrations of nisin were rather high, relative to those of the
other test species (3.91-7.81 ug/mL). The highest-scoring combination versus S. aureus
reported relatively low concentrations of each compound (78.13 pug/mL chitosan, 8 ug/mL
AgNOj3 and 10.63 ug/mL nisin) and expressed 99% inhibition. The second highest-scoring
combination showed similar concentrations and levels of inhibition; however, when used
twice, the amount of AgNOj3 (16 ng/mL) was still less than the previously reported MIC.
The third highest-scoring combination reported lower chitosan (39.06 ug/mL), though it
did not fully inhibit S. aureus growth (71.45%). These combinations versus S. aureus reported
the second highest average score of all three-drug test combinations. Combinations versus
S. epidermidis reported near full inhibition (92-96%), as well as good synergy and low
concentrations of chitosan (39.06-78.13 ug/mL) and nisin (0.63-1.25 ug/mL); however,
concentrations of AgNO3; were near to the MIC (8-16 pg/mL).

e  Chitosan-AgNO3;-ZnO

Chitosan, AgNOj3 and ZnO held moderately low synergy versus E. coli (average 0.14),
S. aureus (average 0.28) and S. epidermidis (average 0.35), with combinations versus E. coli
having the lowest scores of all three-drug combinations. Scores for E. coli were quite low,
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and each of the reported combinations exhibited full inhibition (97.15-100%) at low concen-
trations of chitosan (40-80 pg/mL), AgNOs3 (0.5-4 pg/mL) and ZnO (20 ug/mL). The high-
est scores versus S. aureus reported consistently low concentrations of ZnO (62.5 ug/mL),
as well as low concentrations of chitosan (39.06-78.13 pug/mL) and AgNOj3 (8-16 ug/mL),
while growth inhibition was high (97.55-98.32%). Combinations versus S. epidermidis re-
ported good growth inhibition (87.95-98.4%) at relatively low concentrations of chitosan
(2040 pug/mL), AgNOs3 (24 pg/mL) and ZnO (10 ug/mL).

e  Nisin—-AgNO3-ZnO

Nisin, AgNO3 and ZnO reported strong synergy versus E. coli (average 0.36), S. aureus
(average 0.38) and S. epidermidis (average 0.53). Results versus E. coli show that very high
concentrations of nisin (31.25 pg/mL) yielded high synergy at low concentrations of AgNOj3
(0.5-1 pg/mL) and ZnO (31.25-62.5 pug/mL); however, growth inhibition did not exceed
77%. Combinations versus S. aureus reported moderate synergy at low concentrations of
nisin (0.63-1.25 ug/mL) and moderate concentrations of AgNO; (4-16 pg/mL) and ZnO
(39.06 nug/mL). Combinations versus S. epidermidis reported the third highest average score
synergy at low concentrations of nisin (1.25-2.5 pg/mL), AgNO; (2—4 ng/mL) and ZnO

(5 ug/mL); however, these combinations exhibited low-to-moderate growth inhibition
(33.6-72.3%).
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Figure 7. Synergy score results of the top three two-drug combinations: Bar graphs that present the
concentrations of each drug and their respective synergy scores from the top three two-drug combi-
nations (A-F) against E. coli, S. aureus and S. epidermidis. (A) AgNO3/Chitosan, (B) Nisin/AgNOs3,
(C) AgNO3/ZnO, (D) Nisin/Chitosan, (E) Chitosan/ZnO and (F) Nisin/ZnO. Bars show drug con-
centrations, as indicated on the left y-axis, and the line/symbols show each combination’s (combo)
synergy score, as indicated on the right y-axis.

e  Nisin—Chitosan-ZnO

Nisin, chitosan and ZnO reported low inhibition synergy versus E. coli (average 0.23)
and S. epidermidis (average 0.21); however, combinations versus S. aureus reported the
highest synergy score across all three-drug combinations (average 0.83). Concentrations
of the reported combinations versus E. coli indicated poor synergy between treatments,
as high concentrations of chitosan (9.77-312.5 pg/mL) and ZnO (31.25-125 ug/mL) were
utilised. Combinations that used low concentrations of each drug exhibited very low
inhibition (26.6%).

The highest-scoring combination (0.93) versus S. aureus reported low concentrations
of nisin (3.91 ng/mL), chitosan (39.06 ug/mL) and ZnO (62.5 pg/mL) with high inhibition
(98.7%). The second highest-scoring combination (0.84) also reported low concentrations of
nisin (0.977 pg/mL), chitosan (156.25 pg/mL) and ZnO (62.5 pg/mL) with high inhibition
(99.4%). While the third highest-scoring combination reported low concentrations of
nisin (0.977 ug/mL), chitosan (78.13 ug/mL) and ZnO (62.5 ug/mL), the reported growth
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inhibition was moderate (71.5%). Moreover, while results versus S. epidermidis reported low
concentrations of nisin (0.98-1.95 pug/mL), chitosan (39.06 pg/mL) and ZnO (31.25 pg/mL),
along with high growth inhibition (99%), there was little synergy observed, as denoted
by the two highest scores. The third highest-scoring combination reported a very high

concentration of chitosan (625 pg/mL).

Chitosan/AgNO3/Nisin vs E. coli

150

100

50 -
10 1

-1.0

- 0.5

Combo 1 Combo 2 Combo 3

Chitosan/AgNO3/Nisin vs S. epidermidis

0.0

1.5

-1.0

- 0.5

T T T
Combo 1 Combo 2 Combo 3

Figure 8. Cont.

0.0

1.5

Chitosan/AgNO3/Nisin vs S. aureus

80

60

1.5

40

20

20

-1.0

16

12

a109s ABiaulkg

Concetration (ng/mL)

(@ Chitosan
3 AgNO;
I Nisin
Synergy Score

a109s ABiaulg

(A)

40

al109s ABi1auAg



Biomedicines 2023, 11, 2216

Chitosan/AgNO5/Zn0O vs. E. coli Chitosan/AgNO,/Zn0 vs. S. aureus
100 1.5 80 1.5
80 70
—~ 60 __ 60
E E
> 407 L 1.0 o >
3 S 3
= 20- 2 =
c = c
2 - < 2
-~ 5 - -
g -
& 47 L0.5 o 3
c c
o 3q o
o o
2_
1 -
0- - 0.0
Combo 1 Combo 2 Combo 3 Combo 1 Combo 2 Combo 3
Chitosan/AgNO3/Zn0 vs. S. epidermidis
@ Chitosan
40+ B Zn0O
g 30+ -0 Synergy Score
> -1.0 »
=3 <
= 20+ 3
E i . é
% 157 M
— Q
9 g
g 104 05 o
o
o
5_
0- -0.0

Combo 1 Combo 2 Combo 3

(B)

Figure 8. Cont.

41

a109s ABi1aulg



Biomedicines 2023, 11, 2216

Concetration (ng/mL)

Concetration (ng/mL)

Nisin/AgNO3/Zn0O vs E. coli

80

1.5

60
40
- — — 1.0
1.5
1.0 o 0.5
0.511 ﬂr
0.0 i . . 0.0
Combo 1 Combo 2 Combo 3
Nisin/AgNO3/Zn0 vs S. epidermidis
6 1.5
4 | 1.0
2 —l_l— - 0.5
0 H |_| 0.0

I 1 1
Combo 1 Combo 2 Combo 3

Figure 8. Cont.

a109s ABiaulkg

al109s ABisuAg

©

42

Concetration (pg/mL)

Nisin/AgNO3/Zn0O vs S. aureus

40 1.5
30

20

10 I_I I_l |—| -1.0
2.0 T
15 - 0.5
1.0 2 =
0.5 T
0.0 I_I T T T 0.0

Combo 1 Combo 2 Combo 3

I Nisin

1 AgNOs

B ZnO

Synergy Score

a109s ABiauAg



Biomedicines 2023, 11, 2216

400

Nisin/Chitosan/ZnO vs E. coli Nisin/Chitosan/ZnO vs S. aureus

300

1.5 200

1.5

150

200

150
100

-1.0

100

50

a109s ABiauAg

-0.5

Concetration (ug/mL)

Concetration (ug/mL)

700

*T all’ !! Ir

-1.0

-0.5

Combo 1 Combo 2 Combo 3 Combo 1 Combo 2 Combo 3

Nisin/Chitosan/ZnO vs S. epidermidis

600

1.5 [ Nisin
[ Chitosan

500

= ZnO

40

L 1.0 Synergy Score

30

20

10

2.0

a109s ABisuAig

- 0.5

Concetration (ug/mL)

1.5

1.0

0.5+

0.0

I
EEIE
(88

0.0
Combo 1 Combo 2 Combo 3

(D)

Figure 8. Synergy score results of top three three-drug combinations: Bar graphs presenting the
concentrations of each drug and their respective synergy scores from the top three three-drug
combinations (A-D) against E. coli, S. aureus and S. epidermidis. (A) Chitosan/AgNOs3/Nisin,
(B) Chitosan/AgNO3/Zn0O, (C) Nisin/AgNO3/ZnO and (D) Nisin/Chitosan/ZnO. Bars show
drug concentrations as indicated on the left y-axis and the line/symbols show each combination
(combo) synergy score as indicated on the right y-axis.

3.3. Four-Drug Combinations
e  AgNO3z-Nisin—Chitosan-ZnO

Chitosan, nisin, AgNO3 and ZnO exhibited moderately high synergy in combination
versus E. coli (average 0.36) and very high synergy versus S. aureus (average 0.91) and
S. epidermidis (average 1.11). While the compound’s average synergy score versus E. coli is
lower than that versus the other two test species, results indicate the positive contributions
of each treatment at low concentrations of chitosan (80 pug/mL), nisin (1.95-31.25 ug/mL),
AgNO3 (8 ug/mL) and ZnO (1040 pg/mL), which showed effective inhibition (69-98.9%).
The highest-scoring combination, which exhibited 98.9% inhibition, reported a very high

concentration of nisin (31.25 ug/mL), indicating that nisin had a strong influence within
the combination.
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Reported synergy scores versus S. aureus are quite high, with the top scoring com-
binations exhibiting effective inhibition (97.5-99.5%) at low concentrations of chitosan
(19.53-78.13 ng/mL), nisin (0.39-1.56 pg/mL) and AgNO; (4 ng/mL) and moderate con-
centrations of ZnO (62.50 ug/mL).

Combinations versus S. epidermidis reported the highest synergy scores identified
within the present study at low concentrations of chitosan (20-80 ng/mL), nisin (1.25 ug/mL),
AgNO;3 (8 pg/mL) and ZnO (1040 pg/mL). While the top combination reported a very
high synergy score (1.3), the reported inhibition greatly deviated (stdev 69.18), having
an average value of 24.96%. The second highest (1.13) and third highest (0.9) scoring
combinations exhibited stable inhibition (98.7-99.1%) at similarly low concentrations of
each treatment.
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Figure 9. Synergy score results of the top three four-drug combinations: Bar graphs that present
the concentrations of each drug and their respective synergy scores from the top three four-drug
combinations (Chitosan/Nisin/ AgNOs /ZnO) against E. coli, S. aureus and S. epidermidis. Bars show
drug concentrations, as indicated on the left y-axis, and the line/symbols show each combination
(combo) synergy score, as indicated on the right y-axis.

4. Discussion

Antimicrobial synergy holds great promise as a solution for use in meeting the AMR
crisis for several reasons. While a bacterial species may hold or even develop resistance
to a single therapeutic agent, co-treatment with an alternative compound that exhibits
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alternative modes of antimicrobial action could help to alleviate this issue. Additionally,
certain groups of bacteria hold intrinsic metabolic or physical characteristics that can
prevent certain classes of antimicrobials from exhibiting their effect. Co-treatment using
a compound that can disrupt these characteristics would allow the primary treatment
to carry out its effect unimpeded. Gram-negative bacteria are an example of one such
group, as they have an additional outer membrane that can act to prevent compounds
from reaching their target ligands. Following this example, nisin is a poly-cyclic lantibiotic
that targets the inner-membrane-bound lipid II molecule. Due to the presence of an outer
membrane, nisin is prevented from reaching its target, thus rendering it ineffective [29,30].
However, in theory, it would be possible to enable nisin by combining it via treatment
with an additional compound that targets the outer membrane. By removing the outer
membrane or compromising its integrity, nisin could freely interact with its lipid-II target.
While this interaction can be clearly deemed to be synergistic, it is not enough on its
own to observe a positive end result from the combination. While it would stand to
reason that combining two or more already well-known and effective treatments would
produce a greater gross effect than that of each individual treatment, previous studies
of drug combinations have shown this predicted outcome to be incorrect, as have the
results presented in this study [16,20,31]. To determine the synergistic abilities of two or
more compounds, it is necessary to assess an array of various concentrations in different
combinations. It is not important to determine the highest effect of combined treatments;
the concept is to instead determine combinations that express a higher effect than that of
the individual drugs at an identical concentration. The aim is to more easily discern the
ratio of each drug required to enable another’s mechanism of action, thus giving the most
efficient synergy.

4.1. Inhibition and Synergy

Previously, AgNO3; was shown to be the most effective bacterial growth inhibitor of
the tested bacterial species [22]. Nisin was shown to have very efficient inhibitory effects
on test Gram-positive bacterial species, while having no effect on Gram-positive bacteria.
Both compounds differ majorly in their modes of action, with AgNOj3; permeating bacterial
membranes through reactive silver ions (Ag?"), while nisin has specific binding affinity
to the lipid-II molecules bound in the inner bacterial membrane. Nisin’s inability to affect
Gram-negative bacteria is based on its inability to breach its outer membrane and interact
with the lipid-II ligand. By combining both AgNOj3 and nisin, it was hypothesised that
the reactive Ag?* ions of AgNO3 breach the Gram-negative outer bacterial membrane,
allowing nisin to reach its target ligand [32-35]. Similar hypotheses were devised regarding
ZnO and nisin, as ZnO had efficacy against Gram-negative and Gram-positive bacteria,
as well as a similar mode of action wherein it destabilises membranes through release of
Zn?* jons and reactive oxygen species (ROS) [36-39]. Chitosan also had a noteworthy effect
on all test strains, though it also had an alternate mechanism via which it targeted the
bacterial cell wall [40,41]. The varying mechanisms had great significance for combinational
studies and allowed us to observe whether effects unlock one other treatments” drawbacks
(AgNO3—nisin, ZnO-nisin), stack upon against them (AgNO3;-ZnO) or complement them
(chitosan—nisin, chitosan-AgNQOj3, chitosan-ZnO).

In this study, the combinatory compatibility of four chosen bioactives was successfully
established, as were the magnitude of their interactions with one another. The checkerboard
assay was utilised to screen the inhibitory effect of bioactive combinations against each
test bacterial strain. The checkerboard assay was a well-established method used to screen
drug combinations in various areas of clinical research [12,15-18]. Through the use of the
synergy python package and the Bliss model, the synergy score of each test combination
was successfully determined. The results of this study presented interesting interactions
between the bioactives, many of which were predictable, though others were unanticipated.
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4.2. Two-Drug Combination Synergy

The results of two-drug combination studies carried out against the Gram-negative
bacteria E. coli have yielded varying results. Nisin, which is a lantibiotic that targets the
inner-membrane-bound lipid II molecule, is hindered by the outer membrane found in
Gram-negative bacteria, which prevents nisin from carrying out its mechanism of action. It
was hypothesised that combining nisin with a compound capable of penetrating the outer
membrane, such as AgNOj3; or ZnO, would enable nisin, with the resulting interaction
being marked as synergetic. Combinations of nisin—~AgNOj3 exhibited moderate-to-high
synergy (average 0.32), showing a consistent concentration of AgNO; (8.49 pg/mL) to
be the most accommodating compound for varying concentrations of nisin. While the
inhibition ranged between 64 and 68% for this combination, it shows that nisin was able
to have an effect upon a previously unaffected target. In contrast, ZnO was not found to
enable nisin; rather, it appeared that nisin was antagonizing ZnO, as the concentrations
of ZnO in the most synergistic combinations were higher than that of its previously deter-
mined MIC. Combinations of nisin—chitosan also exhibited undesired results, with higher
concentrations of chitosan being utilised to observe an inhibitory effect. While such results
are unfavourable, they still present a promising observation, showing that nisin had an
effect on Gram-negative bacteria. Combinations of AgNOs;—chitosan exhibited a strong
synergistic interaction, with effects being evident at lower concentrations of AgNO3, which
would indicate chitosan’s ability to enable it. Chitosan has also shown to enable ZnO,
which also exhibited lower concentrations; however, these combinations scored quite low,
which reflects the fact that the concentration of chitosan was quite high.

Two-drug combinations used to inhibit S. aureus and S. epidermidis growth presented
some moderate-to-strong synergistic combinations; however, there was a pattern of ZnO
not effectively combining with nisin or chitosan. AgNO3; demonstrates itself to be the most
effect bioactive, enabling all other bioactives with which it is combined, reporting lower
concentrations with higher inhibition responses. The highest overall scoring two-drug
combination involved nisin—AgNOj versus S. epidermidis. Chitosan also demonstrated
notable synergy with most bioactives, though it only effectively combined with ZnO against
S. epidermidis, as much lower concentrations of both gave a greater response; however, the
inhibition response was weak.

4.3. Three-Drug Combinations against Gram-Negative Bacteria

Increasing the combination number can further alter the effect exhibited by treatments,
as is evident from three-drug combinations. Combinations that included nisin were shown
to demonstrate high synergy versus E. coli with near full inhibition. Following the two-
drug analysis, it was predictable that chitosan-AgNO3—nisin would effectively synergise,
presenting the highest-scoring combination versus E. coli. Furthermore, the relatively high
concentrations of nisin in this combination showed that it had an active effect on E. coli, as
it can be presumed to be heavily involved in enabling resistance (i.e., a concentration close
to 0 would indicate little-to-no input). A more unpredictable result was seen regarding
combinations that involved ZnO, as two-drug combinations demonstrated ZnO to be a
poor component in combination, though three-drug combinations showed opposing results.
Nisin—ZnO was the lowest scoring combination versus E. coli; however, with the inclusion
of AgNOs or chitosan, these combinations were the second and third highest-scoring three-
drug combinations against E. coli, respectively. Most interestingly, the nisin—AgNO3;-ZnO
combination highlights how little AgNOj3 was reported in the higher scoring combinations,
while relatively high concentrations of nisin were reported. This result again indicates
nisin’s active role in the combination, whereas AgNOj is at too low a concentration to have
an inhibitory effect. This result could also demonstrate the ability of AgNO; to enable the
mechanism of nisin. While chitosan—-AgNO3-ZnO reported low scoring combinations, the
results seemed to be promising, with low concentrations of all three bioactives and nearly
full inhibition reported. This result, once again, does not follow the patterns observed in
two-drug combinations of the same bioactives.
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4.4. Three-Drug Combinations against Gram-Positive Bacteria

Three-drug combinations versus S. aureus and S. epidermidis offered interesting points
of comparison. The chitosan-AgNO3z-nisin combination scored highly versus both bacterial
strains; however, concentrations of AgNO3 were quite high at low concentrations of nisin.
Scores from combinations that involved ZnO also proved to be quite unpredictable versus
Gram-positive bacteria. Combinations of nisin—ZnO and chitosan-ZnO against S. aureus
scored quite poorly; however, nisin—chitosan-ZnO reported the highest score of all three-
drug combinations. In contrast, this combination had the second lowest score against
S. epidermidis. The individual concentrations were quite low, and the reported synergy
scores were also quite low. An interesting observation of this combination is that it was
also predictable based on the two-drug combinations of nisin—chitosan, nisin-ZnO and
chitosan-ZnO, which produced synergy scores that very closely averaged that of the
nisin—chitosan-ZnO synergy score. Concentrations versus S. aureus indicate that ZnO
enabled the effects of chitosan and AgNOs; however, concentrations versus S. epidermidis
did not indicate that any single bioactive enabled another bioactive, highlighting the even
distribution of activity between the three bioactives.

Nisin—AgNO3-ZnO demonstrated strong synergy versus both Gram-positive bacteria.
While the reported synergy was particularly high against S. epidermidis, the reported
inhibitory effects were quite low. Two-drug reports show that nisin-ZnO combinations
interacted very poorly, which implies that the influence of AgNOj3 caused the three-drug
combinations to more favourably interact, which was also predictable given the synergy
scores of nisin—~AgNOj3; and AgNO3-ZnO.

4.5. Four-Drug Combinations

While a four-drug combination gave valuable insights into interactions between all
four treatments at once, the 4 x 4 sized checkerboard had some disadvantages relative
to larger 6 x 6 or 8 x 8 checkerboards, primarily the fact that it could not accommodate
enough combinations to generate a full model of the possible combinational interactions.
However, if determined via a two- or three-drug assay, key concentrations can be selected
and utilised within the four-drug assay for further investigation. As such, the present
four-drug assay layout should be used as a follow-on study, rather than as an initial
combinational study, due to such limitations. Likewise, with the chosen three-drug assay
layout, the four-drug assay layout allowed reduced experimental size and a faster setup.

Four-drug combinations reported a marked increase in the efficacy of all four bioac-
tives relative to their individual capabilities against each bacterial strain. The combination
of chitosan—nisin—AgNO3-ZnO against E. coli exhibited some predictable results, with
synergy scores comparable to scores derived from two- and three-drug combinations.
While concentrations of each bioactive in the highest-scoring combinations were lower than
their individual MICs, concentrations of chitosan and AgNO3; were still quite moderate.
Furthermore, only the highest-scoring combination reported complete inhibition while
using a high concentration of nisin, which was expected due to nisin’s inability to target
Gram-negative species.

The reported four-drug synergy scores against S. aureus and S. epidermidis were very
high relative to other scores determined during this study. Concentrations versus S. au-
reus were notably lower than their individual MICs, thus having strong inhibitory effects.
While S. epidermidis reported the highest synergy score of this study, its highest-scoring
combination reported low inhibition. Compared to the other two reported combinations, a
slight increase in either chitosan or ZnO was sufficient to push the effects toward complete
inhibition, albeit remaining well below their individual MICs. From analysis of the most
effective combinations against each individual bacterial strain, the most effective concentra-
tions of each drug in combination were determined, which gave a four-drug combination
that could cause complete inhibition against all tested bacterial strains, while the amount
of each drug used was limited (See Table 1).
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Table 1. Most effective concentrations of the four bioactive compounds in combination against
E. coli, S. aureus and S. epidermidis. These concentrations were established by evaluating the highest-
scoring combinations against each bacterial species and determining the lowest concentrations of
each compound that would cause complete inhibition of all three bacterial species.

Bioactive Most Effective Concentration (ug/mL)
Chitosan 80
Nisin 2
AgNOj3 8
ZnO 60

5. Conclusions

Combinational antimicrobial bioactive studies hold great potential in many areas of
clinical, pharmaceutical and medical research. The discovery of cross-treatment synergism
could potentially unlock many new avenues of therapy for various pathogens and con-
ditions. While drug synergy is a key target of combinational studies, drug antagonism is
also a well-documented occurrence in pharmaceuticals, and while there are several models
under development for its prediction, in many cases, it is difficult to determine which treat-
ments may interact negatively without performing pre-clinical or clinical studies. Though
it is important to find compatible combinations of drugs, another key goal is finding combi-
nations in which the individual drugs are more effective within a combination than they
are when acting alone. Determining synergy scores is an efficient method of screening
many combinations of treatments and deducing the most effective option. It is evident from
results presented here that treatment interactions cannot be accurately predicted and can
differ greatly between bacterial strains. Furthermore, increasing the combination number
has also been shown to have an unpredictable effect, as two-drug combinations cannot
predict the effects of three-drug combinations of the same components, and likewise, two-
and three-drug combinations cannot predict the effects of four-drug combinations. Current
findings show that models previously used to predict drug combinations cannot be wholly
trusted, as there are aberrant results presented in this study that contradict predictive
models. While such results may not be considered advantageous, they provide knowledge
critical to the development of combinational treatments. Within the scope of investigating
new or previously unsuitable compounds as alternative antimicrobial treatments, the possi-
bility of using as little of each compound possible while still holding an antimicrobial effect
holds great potential. Identification of antimicrobial compounds based on complementary
modes of action also provides an additional avenue for the discovery of novel treatments
that combat AMR bacteria, wherein the activity of one treatment may enable the activity of
another treatment that is naturally ineffective against the bacteria, as was the case of nisin
against Gram-negative species in the present study.

There is also a pressing need to use effective screening methods to evaluate alternative
bioactives that are biorefined via various environmental and food waste streams to help
address the shortage in appropriate antimicrobials and the development of AMR [42,43].
Interestingly, there is increased interest in exploring new sources of antimicrobials, such as
marine, peatland and food waste streams, that may present stressful environments that
favor the production of unique antimicrobial bioactives [44]. This simple mass-throughput
screening-based approach to evaluating combinational bioactives will also help address the
surge in resistance to anti-fungal drugs among problematical fungi that cause significant
human and animal infections [45,46]. There is also a proportionate interest in progressing
interdisciplinary research through Quadruple Helix Hub frameworks (combining academia,
industry, society and regulators), which use shared access to specialist equipment and
subject-matter experts across disciplines to overcome these challenges [47].

The four chosen bioactives, namely AgNO3, ZnO, nisin and chitosan, which have
previously been characterised in terms of their individual antimicrobial abilities, have
now been characterised for their combinational interactions in two-, three-, and four-drug
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arrangements. Using this data, we accurately determined the most effective concentrations
of each compound required for most effective microbial growth inhibition, limiting the
amount of each compound needed to inhibit bacterial growth while having a broader
spectrum of effect. Using this data, it is clear that the use of these compounds in combination
produces a much more effective inhibitor of microbial growth, as the concentration of
each individual bioactive is much lower than that of their MIC alone. As the current
study relied on combinations of serial dilutions, more extensive analyses must be carried
out regarding the most synergistic combinations, with further testing used to determine
the most ideal concentration combinations and verify their efficacy. Additionally, the
methods and analysis procedures presented have been shown to produce detailed and
high-throughput assessments of drug combinations, and as such, they should be carried
forward to evaluate additional treatments and combinations. The methodology could also
be adjusted accordingly to allow studies of pharmaceuticals in other fields of research.

Supplementary Materials: The following supporting information can be downloaded via the fol-
lowing link: https://www.mdpi.com/article/10.3390 /biomedicines11082216/s1, Figure S1. Drug
combination setup, Figure S2. Two-drug combination assay final layout, Figure S3. Three-drug
combination assay final layout, Figure S4. Drug combination assay final layout; Table S1. Three
highest Bliss scoring two-drug combinations against E. coli, Table S2. Three highest Bliss scoring
two-drug combinations against S. aureus. Table S3. Three highest Bliss scores of each two-drug
combination versus S. epidermidis. Table S4. Three highest Bliss synergy scores of each three-drug
combination versus E. coli, S. aureus and S. epidermidis. Table S5. Three highest Bliss synergy scores
and the average of each four-drug combination versus E. coli, S. aureus and S. epidermidis.
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Abstract: Urinary tract infections (UTIs) are one of the most frequent bacterial infections in the
world, both in the hospital and community settings. Uropathogenic Escherichia coli (UPEC) are the
predominant etiological agents causing UTIs. Extended-spectrum beta-lactamase (ESBL) production
is a prominent mechanism of resistance that hinders the antimicrobial treatment of UTIs caused
by UPEC and poses a substantial danger to the arsenal of antibiotics now in use. As bacteria have
several methods to counteract the effects of antibiotics, identifying new potential drug targets may
help in the design of new antimicrobial agents, and in the control of the rising trend of antimicrobial
resistance (AMR). The public availability of the entire genome sequences of humans and many
disease-causing organisms has accelerated the hunt for viable therapeutic targets. Using a unique,
hierarchical, in silico technique using computational tools, we discovered and described potential
therapeutic drug targets against the ESBL-producing UPEC strain NA114. Three different sets of
proteins (chokepoint, virulence, and resistance genes) were explored in phase 1. In phase 2, proteins
shortlisted from phase 1 were analyzed for their essentiality, non-homology to the human genome,
and gut flora. In phase 3, the further shortlisted putative drug targets were qualitatively characterized,
including their subcellular location, broad-spectrum potential, and druggability evaluations. We
found seven distinct targets for the pathogen that showed no similarity to the human proteome.
Thus, possibilities for cross-reactivity between a target-specific antibacterial and human proteins
were minimized. The subcellular locations of two targets, ECNA114_0085 and ECNA114_1060, were
predicted as cytoplasmic and periplasmic, respectively. These proteins play an important role in
bacterial peptidoglycan biosynthesis and inositol phosphate metabolism, and can be used in the
design of drugs against these bacteria. Inhibition of these proteins will be helpful to combat infections
caused by MDR UPEC.

Keywords: extended-spectrum beta-lactamase; urinary tract infections; Escherichia coli; multi-drug
resistant; subtractive genomics; drug targets

1. Introduction

The World Health Organization (WHO) has listed AMR as one of the top ten world-
wide public health concerns to humanity in the twenty-first century [1]. Recently, AMR
has been referred to as the “silent tsunami facing modern medicine” [2]. The height-
ened use/misuse of antibiotics in human medicine and animal agriculture primarily con-
tributes to this phenomenon. An alarming increase of AMR in bacteria causes community
or hospital-acquired infections. Of particular interest is the multi-drug resistant (MDR)
pathogen Escherichia coli (E. coli), which is the most common causative pathogen in many
types of infections, especially in countries with poor healthcare systems [3]. E. coli are part
of normal human and animal gut flora, but are also the predominant cause of community
and hospital-acquired UTIs. AMR among UPEC has significantly grown recently, restrict-
ing the choice of treatment options. Special notes are ESBL-producing E. coli (ESBL-EC),
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which are responsible for severe human morbidity and mortality, with significant economic
losses and disease burdens [4]. ESBLs are a fast-growing class of beta-lactamases that
can hydrolyze oxy-imino cephalosporins (ceftriaxone, cefuroxime, ceftazidime, cefepime,
and cefotaxime) and monobactams which results in drug resistance [5]. Thus, these bac-
teria have become resistant to many available antibiotics, and may also be resistant to
drugs of last resort such as carbapenems [6]. The use of carbapenems has dramatically
increased over the previous few years, leading to carbapenem-resistant Enterobacteriaceae
(CRE), against which hardly any antibiotics are available, except for colistin [6]. ESBLs are
rampant in low and middle-income countries (LMICs) [4]. WHO has put ESBL-EC on its
priority list against which new therapeutics are being developed [7].

The accessibility of both the human and microbial genomes has made it easier to
apply comparative and subtractive genomics approaches, in which the genomes of the
human host and pathogens are compared and homologous host proteins are identified
as non-targets. Pathogen-specific proteins with various therapeutic properties have been
discovered [8-10]. Such approaches have been used to identify non-homologous proteins
as potential drug targets in many pathogens, including Staphylococcus saprophyticus, My-
cobacterium avium, Acinetobacter baumannii, Pseudomonas aeruginosa, Burkholderia pseudomallei,
and Streptococcus pneumoniae [9,11-13]. These approaches, combined with the advance-
ments in computational biology and the availability of diverse bioinformatics tools, are
revolutionizing fields of drug discovery and design by minimising time and expense of
wet-lab screening [13,14].

In this study, we applied a subtractive genomics approach using an ESBL- producing
MDR UPEC strain NA114. This UPEC strain was identified in Pune, India, in the urine of a
70-year-old man who had prostatitis. It is an MDR pathogen and ESBL-producing strain, re-
sistant to amoxicillin, co-trimoxazole, tetracycline, gentamicin, nalidixic acid, ciprofloxacin,
ceftazidime, and nitrofurantoin [15]. To identify and select the proteins that are crucial for
the pathogen’s survival, we made use of a variety of computational techniques, software,
and web databases. Only proteins specific to pathogens were shortlisted, thereby avoid-
ing host homology. In order to identify possible broad-spectrum therapeutic targets, we
considered all functional metabolic pathways, virulence genes, and resistance genes and
discovered seven distinct targets that are unique to UPEC. Furthermore, as they showed
no similarity to the human proteome, the possibilities of cross-reactivity between a new
drug that uses one of these targets and human proteins were minimized. The subcellular
locations of two targets, ECNA114_0085 and ECNA114_1060, were predicted as cytoplas-
mic and periplasmic, respectively. These proteins play an important role in peptidoglycan
biosynthesis and inositol phosphate metabolism. Therefore, the development of new drugs
against these targets could be promising steps towards eliminating UTIs caused by E. coli.

2. Material and Methods
Figure 1 displays the full workflow that was employed in this study:.

2.1. Phase I: Comparative Analysis of Pathogen and Human Proteome
Stepl: Non-Homology Analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to com-
pare the pathways of the host Homo sapiens (H. sapiens) and the UPEC strain NA114 [16].
Pathways that are not present in the human host were considered to be distinct pathways.
All proteins in the pathways were searched using the protein basic local alignment search
tool (BLASTp) against the non-redundant database. Non-homologous proteins were chosen
based on rigorous measurements showing no similarity [17].
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Figure 1. Complete workflow of the study.

2.2. Chokepoint Analysis

In a metabolic network, a “chokepoint reaction” is a reaction that consumes or creates
a single substrate or product. The inhibition of enzymes involved in chokepoint reaction
will hamper the important cell function [18]. Chokepoint analysis is carried out using
simple statistics. The confidence level (CL) of all non-homologous proteins (enzymes) has
been calculated by using the simple formula [19],

Confidence level of an enzyme =
No. of pathways in which an enzyme is found as a choke point/
Total no. of pathways of the enzyme x 100.

Proteins with confidence scores below 50% were removed, while those with confidence
scores above 50% were chosen for further study.

2.2.1. Step 2: Analysis of Virulence Genes

Virulence factors (VF) have been identified as prospective therapeutic targets in drug
development. The pathogen would become avirulent if these virulence proteins were
inhibited, as these proteins are essential for the establishment and severity of infection [20].
The virulence factor database (VFDB) contains virulence genes from different bacterial
species, including E. coli [21]. The VFDB was used to compile a comprehensive list of
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virulence genes, and corresponding sequences of these genes were taken from the national
center for biotechnology information (NCBI)/KEGG database.

2.2.2. Step 3: Analysis of Resistance Genes

In a survey in India, resistance rates of UPEC to various antibiotics were reported for
gentamicin (58.2%), beta-lactams (57.4%), quinolones (74.5%), amikacin (33.4%), nalidixic
acid (77.7%), co-trimoxazole (48.5%) and cefuroxime (56%) [22]. The genes that produce
resistance to popular antibiotics were found using the antibiotic resistance database (ARDB).
High-confidence interactors were predicted using the Search Technique for the Retrieval of
Interacting Genes/Proteins (STRING) version 10 for each resistant protein [23]. Further,
the proteins with high interactions were manually screened for their presence in the
human host.

2.3. Phase 1I: Subtractive Analysis
2.3.1. Analysis of Essential Genes

We identified potential therapeutic drug targets for powerful essential proteins using
a BLASTp search against the database of essential genes (DEG) [24]. DEG, a database of
essential genes (genes required for an organism’s survival), contains essential genes from
both eukaryotic and prokaryotic organisms. Protein alignments with an e-value of 0.005 or
less were considered more meaningful. The resultant proteins were reconstituted and used
as input for the non-homology analysis.

2.3.2. Non-homology Analysis

The goal of the non-homology study is to identify proteins specific to the pathogen
that are non-homologous to the human host. This process is important because it prevents
the drug from binding to any homologous host proteins and reduces the drug’s undesired
cross-reactivity [25]. All short-listed proteins were analysed through a BLASTp against a
non-redundant H. sapiens database [17,25,26]. Proteins not present in the human host were
chosen for the following phase.

2.3.3. Human Gut Flora Non-homology Analysis

Shortlisted proteins from the prior step were compared to the proteome of human
gut microflora. A normal healthy human’s gastrointestinal tract contains approximately
1014 bacterial species [27]. The gut microbiota has a symbiotic relationship with the host,
and it plays an important role in metabolism by digesting food particles and protecting the
gut against harmful bacteria invasion [28]. Unintentional inhibition of gut flora proteins
can degrade the microbiota, resulting in negative consequences for the host. To avoid
pharmacological cross-reactivity with gut microflora proteins, the target proteins were
homologized against the gut flora proteome using BLASTp with an expected value (e-
value) of 0.005 [26]. The analysis included a list of gut microorganisms reported in the
literature [29]. The proteins with no more than ten matches on their own were chosen. The
potential target proteins were further analyzed for their quantitative characterization.

2.4. Phase 11I: Quantitative Characterization of Putative Drug Targets
2.4.1. Subcellular Localization Prediction

E.coli is a gram-negative bacterium that possesses an outer cell membrane. There-
fore, proteins after synthesis were localized in five possible locations, namely, cytoplasm,
periplasm, and the plasma, extracellular, and outer membranes. The localization analysis
aims to identify a protein as a potential therapeutic or vaccination target. Surface membrane
proteins can be employed as vaccination targets, while cytoplasmic/periplasmic proteins
can be exploited as therapeutic drug targets [30]. Once the potential targets were selected,
identification of the location of these proteins was attempted to know their functional
assignment. For the identification of sub-cellular locations, the Cell Ontology-based Classi-

55



Biomedicines 2023, 11, 2028

fication (Cello) tool [31], PSORTD (https:/ /www.psort.org/psortb/) [32], and a program
for identification of sub-cellular localization of bacterial proteins (ProtCompB) were used.

2.4.2. Broad-Spectrum Analysis

For the identification of broad-spectrum targets, potential therapeutic targets were ex-
amined using a BLASTp search against a large number of pathogenic microorganisms [29].
A list of pathogenic bacteria involved in UTIs reported in the virulence factor database
(VFDB), and pathogenic bacteria from the literature, as reported by Shanmugham et al.
2013 were considered in this analysis [21]. According to the homology analysis for each
pathogen, close homologs are more likely to represent a “promising broad-spectrum target”
if they are found in a larger number of pathogenic species.

2.4.3. Druggability Analysis

Further, we performed a BLASTp search against the DrugBank database with an
e-value of 0.005 to assess each protein’s drug-ability potential. The Drug Bank database is
a one-of-a-kind resource that combines pharmacological data with information on drug
targets at the sequencing, structure, and pathway levels [33].

3. Results
3.1. Phase I: Comparative Analysis

The metabolic pathways of the host H. sapiens and the UPEC have been compared
in silico. Pathways that are not found in humans but are found in pathogens are referred
to as distinct pathways. The 119 metabolic pathways considered in this study are linked
to nucleotide, carbohydrate, amino acid, or vitamin metabolism, or cofactor biosynthesis.
Thirty four of the 119 pathways have been identified as distinct. Non-homologous proteins
were identified in 30 of the 34 pathways.

3.1.1. Chokepoint Enzymes

Chokepoint analysis was investigated using non-homologous proteins from several
metabolic pathways. Thirty-one of the 62 proteins were identified as choke point enzymes,
with a confidence level of more than 50%, and were chosen for further analysis (Table 1).

Table 1. List of chokepoint enzymes from different pathways.

Enzyme ID Total No. of Pathways of the Enzyme
ECNA114_0085 ena00473, ena00550, ena01100, ena01502
ECNA114_3261 ena00550
ECNA114_1004,

ECNA114 3778 ena(00540, ena01100
ECNA114_2045 ena01053

ECNA114_0627

ena00010, ena00030, ena00052, ena00230, ena00500, ena00520, ena00521,
ena(01100, ena01110, ena01120, ena01130

ECNA114_2137,
ECNA114_2136

ena00521, ena00523, ena01100, ena01130

ECNA114_2904,
ECNA114_2317

ena00071, ena00280, ena00310, ena00362,00380, ena00620, ena00630,
ena00640,ena00650, ena00900, ena01100, ena01110, ena01120, ena01130,
ena(01200, ena01220, ena01212

ECNA114_1060

ena00562, ena00627, ena01120

ECNA114_3742

ena00910, ena01120, ena02020

ECNA114_1411

ena00010, ena00071, ena00350, ena00625, ena00626, ena00650, ena01100,
ena01110, ena01120, ena01130, ena01220

56



Biomedicines 2023, 11, 2028

Table 1. Cont.

Enzyme ID Total No. of Pathways of the Enzyme
ECNA114_1698,
ECNA114_1052, ena00633, ena01120
ECNA114_3080
ECNA114_3742, ena00010, ena0071, ena00350,ena00625, ena00626, ena01100, ena01110,
ECNA114_3652 ena(01120, ena01130, ena01150
ECNA114_4463 ena02060, ena00500
ECNA114_2504 ena00520, ena02060
ECNA114_1862 ena00051, ena00520, ena01100, ena02060

ECNA114_4175,
ECNA114_4173,
ECNA114_4172,

ECNA114 2735, ena(00051, ena02060
ECNA114_3748,
ECNA114_2977
ECNA114_3218,
ECNAL14 3216, ena00052, ena02060

ECNA114_3217,
ECNA114_3224,

3.1.2. Virulence Factors Analysis

Several types of virulence factors, including adherence, iron uptake-aerobactin, and
hemolysin are enlisted in VFDB. In UPEC, 69 virulence genes were found. Out of 69,
nineteen were found in UPEC strain NA114 (Table 2).

Table 2. List of virulence genes.

. Found in UPEC Strain
Virulence Factors UPEC Genes Name NA114 and Not in Human
Iron uptake iutA, iucA, iucB, iucC, iucD iucA, iucB, iucD, iucC
. . chuA, chuS, chuT, chuU, chuV,
Chu (E. coli hemin uptake) chuW, chuX, and chuY chuU, chuW
entA, entB, entC, entD, entE
. ’ ’ ’ ! ’ fepA, fepB, fepC, fepD, fepG,
Enterobactin entF, fepA, fepB, fepC, fepD, entE, entA, entB, entE, entC
fepE, and fepG
IroN iroN iroN
Hemolysin hlyA, hlyB, hlyC, and hlyD hlyB, hlyD

3.1.3. Resistance Gene Analysis

Resistance genes were taken from the ARDB. In the UPEC strain used in this study,
we found 1805 resistance genes. These proteins were further screened from the STRING
database, which resulted in 20 genes with high interactions. Out of these 20, six proteins
were present in UPEC and not found in humans (Table 3). Protein sequences of these
resistance-causing proteins were taken from KEGG/NCBI database. Generally, resistance-
causing proteins and their related proteins are thought to be “promising therapeutic targets’,
because inhibiting them could stop the drug resistance mechanism from working.
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Table 3. List of selected resistance genes.

Resistance Gene Found in Found UPEC Strain

Found in Human Enzyme No.

String after ARDB Tool NA114
acrB Yes No 0580
acrA Yes No c0581
macB Yes No c1016
arnA Yes No 2797
tolC Yes No c3781
bacA Yes No 3807

3.2. Phase 1I: Subtractive Channel of Analysis
3.2.1. Analysis of Essential Genes

Using the DEG server, and a threshold e-value of 0.005, the combined proteins from
phase 1 were further screened for essential genes. The most important condition for a
prospective therapeutic target is that it must be a protein that the organism needs to
survive. Fifteen of the 52 input proteins identified in phase I were found to be required
for the pathogen’s survival and growth (Table 4). Proteins that did not match against
any in the DEG database were regarded as non-essential and excluded from the study.
The selectivity /specificity of the proteins were analyzed by finding proteins that are non-
homologous to the human and gut microbiota proteome.

Table 4. List of selected essential genes.

No. of a Homolog

Sr. No. Query Protein in DEG DEG Accession Number
1 ECNA114_0085 1 DEG10180021
2 ECNA114_1004 2 DEG10190079, DEG10180150
3 ECNA114_3778 3 e
4 ECNA114_2045 1 DEG10180357
5 ECNA114_2137 1 DEG10180210
6 ECNA114_3652 1 DEG10180338
7 ECNA114_1052 1 DEG10180159
8 ECNA114_1862 1 DEG10180464
9 ECNA114_3218 1 DEG10180032
10 entD 1 DEG10190060
11 entE 1 DEG10180357
12 fepB 1 DEG10180106
13 fepC 2 DEG10190239; DEG10480100
14 ArNAC2797 3 DEGlOlg%égféngngOgMSOZZZ
15 ECNA114_0580 1 DEG10480311

3.2.2. Non-homology Analysis

The use of proteins that are homologous to the host as therapeutic targets could
hurt the host’s metabolism. As a result, several in silico drug-target-discovery algorithms
involving filtering out proteins homologous to the human proteome were utilized as the
initial step. Non-homology analysis was performed on the short-listed protein datasets.
BLASTp was used to look for similarities between the fifteen UPEC proteins and the entire
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proteome of H. sapiens (host). Five proteins were found to be homologous to a human host
and excluded from the study. The remaining ten non-homologous proteins were used in
further studies.

3.2.3. Gut Flora Non-homology Analysis

The resulting list of proteins that are non-homologous to H. sapiens was screened
against the whole proteome microbiota and other gut flora organisms found in the literature
using the BLASTp search [29]. From gut flora non-homology analysis, three proteins were
found as homologs in microbiota and other gut flora organisms and excluded from the
study. The remaining seven proteins were further assessed as putative drug targets.

3.3. Phase 111

In this phase, the putative drug targets were further analyzed for their properties,
namely, cellular location, broad-spectrum, and druggability analysis.

3.3.1. Subcellular Localization Prediction of Putative Targets

The sub-cellular location was predicted by using ProtCompB, Cello, and PSORTDb tools.
ProtCompB predicts the localization of proteins at the subcellular level in gram-negative
bacteria; by using these, five of the seven proteins were found in the inner membrane, one in
the periplasm, and one in the cytoplasm. Cello predicts the localization of protein domains
using a multi-class support vector machine (SVM) system based on the physicochemical
properties of proteins and predicted the location of one protein in the cytoplasm, one in the
periplasm, and five in the inner membrane. PSORTb is another tool for the prediction of
protein location for gram-positive strains, gram-negative strains, and archaeal sequences.
In our dataset, it returned five proteins as cytoplasmic-membrane, and two as cytoplasm.
By comparing the results from different tools, the location of five proteins was found in the
inner membrane, one in the cytoplasm and one in the periplasm (Table 5).

Table 5. Predicted subcellular locations of putative drug targets.

Protein Enzyme Cello PSORTb ProtCompb Subcel!ular
Code Location

ECNA114_4463 Innermembrane Cytoplasmic Innermembrane  Innermembrane
Membrane

ECNA114_4172 Innermembrane Cytoplasmic Innermembrane  Innermembrane
membrane

ECNA114_2735 Innermembrane Cytoplasmic Innermembrane  Innermembrane
membrane

ECNA114_3216 Innermembrane Cytoplasmic Innermembrane  Innermembrane
membrane

ECNA114_3224 Innermembrane Cytoplasmic Innermembrane  Innermembrane
membrane

ECNA114_0085 Cytoplasmic Cytoplasmic Cytoplasmic Cytoplasmic

ECNA114_1060 Periplasmic Cytoplasmic Periplasmic Periplasmic

3.3.2. Broad-Spectrum Analysis

Comparative genomic analysis of the screened targets, using a clinically significant
E. coli strain that causes UTIs described in the VFDB as reference, allowed for an efficient
assessment of potential broad-spectrum therapy targets. The broad-spectrum investiga-
tion used a list of 240 pathogenic pathogens. A promising broad-spectrum target was
discovered using a BLASTp homology search against the entire proteome of each of these
bacterial pathogens. The homology search revealed that the screened targets had close
homologs in multiple pathogenic species, indicating that E. coli proteins are multispecies.
Therapeutic compounds that inhibit such broad-spectrum targets could help to eradicate
UPEC infections and could be used as possible UPEC-specific drug targets. Such pathogen-
specific targets could help to lower the possibility of treatment resistance in a variety of
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infections. All proteins had more than 70 matches, indicating that the therapeutic targets
have a broad spectrum.

3.3.3. Druggability Analysis

The druggability of the short-listed candidate drug targets was assessed by utilizing a
sequence-similarity search against the Drug Bank target database. All seven potential drug
targets were searched against the Drug Bank target database manually, which includes
US Food and Drug Administration (FDA)-approved drugs, revealing that ECNA114_0085
is homologous to a known target, D-Alanine-D-Alanine-ligase. None of the other targets
exhibited any matches to the drug target database (Table 6).

Table 6. List of identified putative drug targets.

Putative Targets ID’s Function Pathways Involved Druggabl_llty Subcellular Location
Analysis
Phosphotransferase system,
ECNA114_4463 treB, PTS system, Starch and sucrose No Innermembrane
metabolism
Mannose and fructose
metabolism,
ECNA114_4172 PTS system Metabolic pathways, No Innermembrane
Phosphotransferase system
Mannose and fructose
metabolism,
ECNA114_2735 stlE, PTS system Metabolic pathways, No Innermembrane
Phosphotransferase system
agaW. component of Galactose metabolism,
ECNA114_3216 gavl, P Metabolic pathways, No Innermembrane
PTS system
Phosphotransferase system
acaD. a component of Galactose metabolism,
ECNA114_3224 §a~, a componento Metabolic pathways, No Innermembrane
the PTS system
Phosphotransferase system
D-alanine metabolism,
ECNA114 0085 D-alamr}e-D-alanme Metaboh(; pathways, Yes Cytoplasmic
ligase Vancomycin resistance,
Peptidoglycan biosynthesis
appA, Inositol phosphate and
ECNA114_1060 Phosphoanhydride riboflavin metabolism, No Periplasmic
phosphohydrolase Metabolic pathways

4. Discussion

In this study, we used a broad approach and included all functional biosynthetic path-
ways, such as the metabolism of carbohydrates, energy, amino acids, vitamins, terpenoids,
and ketides, as well as those for the biodegradation of xenobiotics. We identified distinct
non-homologous pathways that are only found in pathogens and not in human hosts,
and the proteins found in these pathways were classified as distinct proteins [34]. Out of
34 considered pathways, non-homologous proteins were found in 30 pathways. However,
the fact that they are distinct from, or unrelated to human hosts does not qualify them as
effective therapeutic drug targets, as isoenzymes or paralogs exist [35]. To remove this bias,
a chokepoint analysis was done. A chokepoint reaction consumes or creates a particular
product [18]. Therefore, inhibiting an enzyme that uses a harmful substrate may result in
the accumulation of toxic products. Alternatively, if the inhibited enzyme is involved in
the creation of a special product, inhibiting it would starve the cell, which may ultimately
impair vital cell processes [36]. In light of this, enzymes implicated in chokepoint reactions
may be crucial for infectivity and thus, may represent a potential therapeutic target for
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drug discovery. Thirty-one enzymes from the 62 non-homologous enzymes identified in
various metabolic pathways were recognized as chokepoint enzymes. In this work, we
have also taken UPEC virulence factors into consideration. Targeting virulence factors
has two benefits: first, it will reduce pathogenicity; and second, selection pressure will be
minimized, preventing the development of drug resistance. Cinnamaldehyde, baicalein,
naringenin, and catechin are a few of the recently identified anti-virulence substances that
act by preventing the initiation of quorum sensing (QS) and biofilm production [37,38].
In our study, UPEC strain NA114 was found to contain 19 virulence factors, including
those involved in lysine degradation, ABC transporters, biosynthesis of siderophores, two-
component pathways, and bacterial secretion systems. By stymieing the actions of proteins
linked to antibiotic resistance proteins, drug resistance can also be avoided. To identify
potential therapeutic targets for UPEC NA114, we thus included antibiotic resistance genes
as targets in the current investigation. Similar combinatorial approaches have been used for
the identification of putative drug targets for Mycobacterium abscessus where 40 targets were
identified [29]. Out of 15 proteins found in the DEG database deemed to be essential for
the survival of UPEC, further non-homology and gut flora non-homology analysis yielded
seven putative drug targets (Table 3). Since the eligibility and effectiveness of a protein as a
therapeutic target depends on where it is located in the cell, in silico tools were employed
to predict the subcellular location of the protein [13,39]. Proteins found in the membrane
are not ideal as therapeutic targets due to their difficulty in purification and testing. We
found two potent druggable proteins (ECNA114_0085 and ECNA114_1060) as promising
targets in UPEC strain NA114.

The cytoplasmic ECNA114_0085 protein, identified as a potential target here, is a
D-alanine-D-alanine ligase (Ddl) involved in the synthesis of peptidoglycan [9,40]. The
peptidoglycan precursor UDPMurNAc-pentapetide contains the terminal dipeptide D-Ala-
D-Ala, which is an essential building component for peptidoglycan cross-linking, which
provides stability to the cell wall. Therefore, blocking the enzyme Ddl can dramatically
reduce the strength of the cell wall, which causes the bacteria to be osmotically lysed.
According to a prior study, Ddl is an attractive target for the discovery of drugs in My-
cobacterium tuberculosis [41]. Vancomycin, which acts only on gram-positive bacteria, binds
to Ddl, which inhibits glucosyltransferase, thereby preventing the polymerization and
synthesis of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) throughout
the peptidoglycan layer [42]. The essential penicillin-binding proteins (PBPs), which are
enzymes involved in the final stages of peptidoglycan cross-linking in both gram-negative
as well as gram-positive bacteria, covalently bind to beta-lactam antibiotics, making them
bactericidal substances that prevent the formation of bacterial cell walls. Early intracellular
phases of cell wall synthesis have received little attention as prospective therapeutic targets
so far, in contrast to the extracellular stages of peptidoglycan biosynthesis, which are
inhibited by beta-lactam and glycopeptide antibiotics [43]. Currently, only two drugs are
in use to block intracellular peptidoglycan synthesis: D-cycloserine, which blocks both
Ddl and alanine racemase, and fosfomycin, a MurA ligase inhibitor. The internal pepti-
doglycan precursor UDPMurNAc-pentapeptide is assembled by the mur ligases MurC,
MurD, MurE, and MurF by the sequential addition of L-Ala, D-Glu, m-Dpm or L-Lys,
and D-Ala-D-Ala to UDP-MurNAc. Ddl is responsible for supplying the MurF substrate,
D-alanyl-D-alanine [43]. Because cross-linking of peptidoglycan chains takes place be-
tween the penultimate D-Ala in a second pentapeptide strand and the C6-NH2-group of
meso-diaminopimelic acid in gram-negative bacteria and the NH2-group of pentaglycine
in gram-positive Staphylococcus, this terminal dipeptide is crucial in the construction of the
bacterial cell wall. In both situations, the intrastrand D-Ala-D-Ala bond is broken and a
new interstrand peptide bond is formed [43]. This enzyme is common in prokaryotes, but
absent in eukaryotes, making it a likely candidate target for antibiotic development. It is
possible to design inhibitors against this enzyme, crucial to the peptidoglycan synthesis
process, that could cause a loss in the structural integrity of bacterial cell walls and osmotic
lysis of pathogenic bacteria.
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The periplasmic protein appA (ECNA114_1060) involved in the metabolism of inositol
phosphate was found to be another attractive target. Gram-negative bacteria are extremely
resistant to the penetration of antimicrobials due to their double-layered cell envelope
and a variety of efflux pumps. Proteins in the periplasm are easier to target, since only
penetration of the outer membrane is required, whereas cytoplasmic targets are difficult
to reach [44]. In addition to assisting in the production of virulence factors, adhesion
molecules, and signaling molecules, periplasmic proteins are crucial for sustaining cell
viability, cell division, and membrane integrity. All eukaryote genomes contain the inositol
polyphosphate production enzymes, yet standard search techniques frequently fail to
uncover the amino acid sequence homology of these enzymes [45]. Similarity searching
between microbial and human inositol phosphate kinases is restricted to fewer catalytically
important residues, which include proline, aspartic acid, lysine, glycine, serine, leucine,
tyrosine, isoleucine, histidine, threonine, glutamic acid, and phenylalanine [45]. Recent
studies of the Inositol phosphate metabolic pathways in pathogenic protozoa (Trypanosome
brucei) and fungi (Cryptococcus neoformans) are being exploited as promising antimicrobial
targets [45]. Inositol phosphate metabolism has been identified as a putative drug target
for many bacterial pathogens including Staphylococcus saprophyticus, Klebsiella pneumoniae,
and Streptococcus pneumoniae [11,46,47]. Despite the benefits and optimistic future of
comparative genomics in the identification of possible therapeutic targets, there are still
certain limitations. Despite the fact that comparative genomics is frequently utilized in
the creation of medications to combat drug-resistant bacteria, the failure rate of existing
antibiotics is substantially higher than the rate at which new antibiotics are developed.
Additionally, antibiotics are transient treatments for infections. The use of comparative
genomics in the creation of antibiotics is a long-debated topic due to the fact that their value
is significantly lower than medications used in the treatment of chronic diseases [48]. A
further problem is that, despite the fact that comparative genomics can decrease the number
of experimental targets and identify some appealing proteins as prospective therapeutic
targets, the range of potential targets that can be screened by this method is still quite
broad and the cost and time used in the development process is prohibitive. The majority
of these putative targets identified by comparative genomics are unlikely to be validated
through experiments. Therefore, it would be advantageous to integrate network-based
approaches with comparative genomics to further limit the range of experimental targets.
This will use less time and material, and cut costs during the early stages of drug research
and development.

5. Conclusions

Using a unique hierarchical in silico technique, we discovered and described two
potent druggable proteins as prospective therapeutic drug targets against ESBL-producing
MDR UPEC strain NA114. The identified drug targets are distinct and have the potential
to be exploited for designing new antimicrobial agents against UPEC. The computer-
aided drug design method can also be utilized to identify homologous compounds for
these targets. The search for possible therapeutic targets in ESBL-producing MDR UPEC
strain NA114 was directed by comparative and subtractive genomics. Essentiality, non-
homology to the human host, availability in the drug bank, and sub- cellular location were
used to narrow down the list of targets in this study. Our research uncovered prospective
therapeutic targets (ECNA114_0085 and ECNA114_1060) that are critical in the treatment
of E. coli urinary tract infections.
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Abstract: The poultry industry in developing countries still faces a significant threat from fowl
typhoid, a disease caused by Salmonella Gallinarum that has been well contained in more economically
developed countries. In addition to the virulence exhibited by large virulence plasmid (85 kb),
Salmonella Pathogenicity Island 2 in S. Gallinarum plays a key role in mediating disease through its
type III secretion systems (TTSS). The TTSS secrete effector protein across the Salmonella containing
vacuoles and mediate the internalization of bacteria by modulating vesicular passage. In this
study, candidate virulent ssall gene (~1 kb) encoding type III secretion system was successfully
deleted from indigenously isolated S. Gallinarum genome through homology-directed repair using
CRISPR/Cas9 and lambda recombination systems. CRISPR/Cas9-based genome editing of poultry-
derived Salmonella Gallinarum has not been previously reported, which might be linked to a lack of
efficiency in its genetic tools. This is the first study which demonstrates a complete CRISPR/Cas9-
based gene deletion from this bacterial genome. More importantly, a poultry experimental model
was employed to assess the virulence potential of this mutant strain (AssaU_SG18) which was unable
to produce any mortality in the experimentally challenged birds as compared to the wild type strain.
No effect on weight gain was observed whereas bacteria were unable to colonize the intestine and
liver in our challenge model. This in vivo loss of virulence in mutant strain provides an excellent
functionality of this system to be useful in live vaccine development against this resistant and patho
genic bacteria.

Keywords: CRISPR/Cas9; lambda recombineering; genome editing; type three secretion system;
virulent genes; Salmonella Gallinarum; poultry experimental model

1. Introduction

Salmonella enterica sub sp. enterica serovar Gallinarum biovar Gallinarum (S. Gallinarum)
is a crucial pathogen of poultry causing fowl typhoid (FT), an acute septicemic disease
leading to catarrhal enteritis, hepatitis, pericarditis and splenomegaly [1]. With a mortality
rate of 40-90%, the disease causes havoc in terms of decreased weight gain in broilers
and low egg production in layer birds [2]. This disease spreads through both horizontal
and vertical transmission [3]. Currently, live attenuated strain (9R) with a semi-rough
lipo-polysaccharide structure has been used as vaccine to control FT in poultry [4,5].
In the last two decades, various outbreaks of FT have been reported in India, Nigeria,
Korea and Japan [4-7]. In addition, the emerging resistance of S. Gallinarum against
ciprofloxacin, amoxicillin, erythromycin, tetracycline and doxycycline reported in recent
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studies demonstrates an alarming situation in the future for poultry industry [8]. This
urges the undermining of the virulence factors and molecular pathways that contribute to
SG’s pathogenicity. The enormous 85 kb plasmid of Salmonella Gallinarum is crucial for
virulence, and various plasmid-borne virulence genes have been characterized for their
virulence potential [9]. Salmonella pathogenicity island 2 (SPI-2) has been shown to play
a crucial role in disease transmission by Salmonella enterica via type III secretion system
apparatus (TTSS) [10].

The SPI-2 encoded TTSS gets activated and interfere with the maturation of phagosome
once the Salmonella is engulfed. This results in the formation of specified Salmonella Con-
taining vacuole (SCV), leading to intracellular survival and replication of Salmonella [11].

A number of steps precede the SCV formation, including endocytic pathway hence
inhibiting the delivery of hydrolytic enzymes; relocation of SCV to perinuclear area and
development of Salmonella-induced-filaments (Garcia-del Portillo et al., 1993). Due to
bacterial intervention with many cellular processes these events proceeds to the survival,
colonization, and spread of Salmonella. Hence SPI-2-encoded TTSS is crucial to orchestrate
SCV formation and intracellular survival of Salmonella [12].

The genes belonging to SPI-2 including ssaG, ssaV, Ssall and ssrA have been classified as
potential virulent factors for Salmonella infections [13]. These TTSS-associated genes regulate
the trafficking of several virulence-related effector proteins from bacteria to host cells [14].
Translocator proteins are involved in the trafficking of another set of proteins directly into
the host cytoplasm through their needle like injectisome. After translocation, these “effector
proteins” act as the virulence mediator affecting the changes in the host cells [15].

In this study, complete CRISPR/Cas9-based knockout AssaU_SG18 strain was em-
ployed for a poultry experimental infection model to investigate the effect of the SPI-2 TTSS
on the virulence of S. Gallinarum infections. Here, we demonstrate that a functional SPI-2
TTSS is necessary for the development of fowl typhoid and that AssaU_SG18 is incapable
of colonization and death in chickens.

The CRISPR system which was discovered as a bacterial immune system usually consists
of the (CRISPR-associated) Cas protein (typically Cas9) (type IIA), an RNA-dependent en-
donuclease which cleaves the target DNA determined by the CRISPR RNA (crRNA) dictating
the region of double stranded break (DSB) through its spacer sequence (20 nucleotide) and a
trans-activating (tractrRNNA) which forms a complex structure with crRNA to guide the Cas
nuclease [16]. Nowadays this crRNA and tracrRNA can be fused together to transcribe a
functional single chimeric guide RNA (sgRNA) [17], which form a complex with Cas9 protein
directing it to specified DNA locus by base pairing with protospacer adjacent motif (PAM).
PAM motif consists of a few base pairs with their specific sequence and position which vary
with defined CRISPR/Cas9 system [18]. In the type II system of the S.pyogenes, PAM refers
to a -NGG- consensus sequence comprising of two (G:C) base pairs which occur one base
pair downstream of the spacer binding site, within the target DNA [16]. Hence after the
recognition, this complex mediates a double stranded break (DSB), three base pairs upstream
of the PAM sequence. Since, DSB is lethal, cells during their cycle of repair can be exploited to
acquire specific modification via homologous recombination or integrated homology-directed
repair (HDR) via a PCR product, plasmid or oligonucleotide [19].

Phage-derived lambda recombination system has emerged as a useful and alternate
method for the chromosomal genome engineering [20,21]. The method relies upon the
phage recombination proteins which utilize short homology region at 5" end of linearized
DNA fragment to commence the homology directed recombination. The use of a phage-
derived recombination system has already been reported in many pathogenic organisms
such as E.coli, Salmonella and Yersinia species [22-24]. More recently, the lambda red
recombination based genome deletion was also reported in Salomella enterica serovar
Pullorum in which the cigR deletion mutant was further tested for its virulence and
biofilm formation [25]. The lambda red genes (i.e., gam, bet, and exo) from bacteriophage
lambda are vital to support homologous recombination of linearized dsDNA [26]. Gam
retards host endogenous nuclease activities of RecBCD and SbcCD; shielding the dsDNA
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for recombination apparently avoids the degradation of linear dsDNA template in the
cell [27,28]. The Exo acts as an exonuclease which truncates linearized dsDNA in 5’ —3’
direction from both ends, forming 3’ single-stranded tails for dSDNA [29]. Beta swiftly
binds the ssDNA template ends to complementary strand to target DNA [30].

In this study, we have employed a simplified genome engineering strategy using
CRISPR/Cas9 parallel with the conventional lambda red recombineering. This pairing
increases the genome editing efficiency of the overall system with shorter time period
required than previously reported methods [31]. An animal infection model was used to
study the effect of ssall mutant on the pathogenicity of this bacteria. This study demon-
strates the versatility of CRISPR/Cas9 as a robust bioengineering tool for attenuated live
vaccine development by targeting the different virulence-associated genes of pathogenic
and resistant bacteria.

2. Materials and Methods
2.1. Strains, Culture Conditions, Plasmids, and Oligos

All the bacterial cultures along with the plasmids used in this study are mentioned
in the Table 1. E. coli Top 10 cells used for transformation were cultured at 37 °C in
Tryptic Soy Broth (TSB), supplemented with 100ug/mL of ampicillin or 50 pg/mL of
kanamycin as required. S. Gallinarum (wild type) strain and transformants were grown
aerobically at 37 °C in TSB supplemented with 50 pg/mL of kanamycin (kan), 100 pg/mL
of ampicillin (amp) or chloramphenicol (cam) 25 pg/mL as per requirement. All the
DNA oligonucleotide sequences used in this study are listed in Table 2. The linear DNA
fragments designed for DSB repairing were amplified through Q5® High-Fidelity DNA
Polymerase (NEB) after fusion using NEBuilder® HiFi DNA Assembly as described in the
Supplementary Material.

Table 1. Plasmids and bacterial strains used in this study.

Sr. No. Strain/Plasmid Characteristics Reference/Source
1. E.coli Top 10 Tetracycline, hsdR, mcrA Thermofisher Scientific
2. Salmonella Gallinarum Poultry origin Addgene
3. pCas9 pACYC184, Chloramphenicol, DH5alpha Addgene (Plasmid #42876)
Kanamycin, Lambda Red recombinase, .
+ pRed yDHSalpha, RepA101ts This study
5. PET22b (+) pelB, HisoTag®, Ampicillin Addgene (Plasmid # 69744-3)
6. RP-18 pelB, HiSOTag®, Ampicillin, 1.8 kb HAs This study
7. ssalU/G3 pACYC184 Chloramphenicol, gRNA3 This study
8. ssaU/G4 Chloramphenicol, pACYC184, gRNA4 This study
Table 2. Oligonucleotide sequences designed for this study.
Oligonucleotide Sequence (5'-3')
HA1_ssaU_FP aaaatcTCTAGAAGCGGTATCCTGTTGAATTATACC
HA1_ssaU_Rp AATAACGTTTCAGGAATTTTATCTCTTCttttctgtagtctgttctgtttte
HA2_ssaU_Fp gaaaacagaacagactacagaaaaGAAGAGATAAAATTCCTGAAACGTTATT
HA2_ssaU_Rp: ttatgaCTCGAGTGCTGCTTGCTGCGGTTTACCAGA
gRNAS3F_ ssaU aaacTTATTTTTTGAAGTGGAACGg
gRNA3R_ ssaU aaaacCGTTCCACTTCAAAAAATAA
gRNA-4F-ssaU aaacACAGAAAAGAAATTACGTGAg
gRNA-4R- ssaU 2aaacTCACGTAATTTCTTTTCTGT
ssaU _screening_Fp: ACGTCTATGCCGGTAGTGTTGGT
ssaU _screening_Rp: CATTTGTATGGCTGTGGTTACCG
Cas9_R ATAGTGACTGGCGATGCTGTC
Pcas-red-Fp ATTCACTTTTTCTTCACAACCG
Pcas-red-Rp TATCACCAGTGGGTTTACTTTC
lambda-Fp AAGCAGACAGGACATGAGCGGATACATATTTG
lambda-Rp CGCTCATGTCCTGTCTGCTTACATAAACAG
ssau_seq-Fp GTATCAGCTTCTCTCTTCCT
ssau-seq-Rp CACCTTTATCGTCAAGCACT

(Underline indicates restriction recognition sequence; lowercase indicates overhang regions).
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2.2. DNA Editing Template Construction, gRNA Cloning and Induction Method

Homology arms ~1800 bp as DNA editing template were cloned in the pET22b (+)
vector. Homology arms flanking up and downstream regions of the selected ssall gene was
amplified through overlap primers HA1_ssaU_Fp and HA1_ssaU_Rp for upstream while
HA2_ssaU_Fp and HA2_ssaU_Rp for downstream region followed by fusion through NEB
Hifi DNA® assembly kit (see Supplementary Material). This assembly mixture was later
amplified by using primer HA1_ssaU _Fp and HA2_ssaU_Rp and cloned in pET22b (+)
vector named as RP-18. For dsDNA repair template, PCR product of fused homology
arm fragments was used after PCR purification. In order to introduce targeted DSB, RNA
spacer (5-CGTTCCACTTCAAAAAATAA-3') and (5'-TCACGTAATTTCTTTTCTGT-3')
were cloned in pCas9 and named as ssaU/G3, ssaU/G4, respectively. A Golden Gate
assembly protocol was used for cloning of space sequence in plasmid (see Supplemen-
tary Material) [32,33]. As off target effects of gRNA has been reported, which could lead
to secondary DSB or mutations, we used online available software Cas-OFFinder [34]
(Bae et al., 2014) to rule out any secondary target site possibilities. Successful cloning
of spacer sequence in pCas9 was confirmed by using primers Cas9_R as reverse and
gRNA3F_ssaU or gRNA4F_ssaU as forward primers for ssaU/G3 and ssaU /G4, respec-
tively (Figure 1). Spacer cloning was confirmed by Sanger sequencing (Supplementary
Material Figure S1).

pCas9 pCas9

(ssaU/G3) (ssal/G4)

5’ CGTTCCACTTCAAAAAATAA 3 5 TCA TAATTTTTITTCTGT 3

+ cokddblle b 2 retbbtsobeldcss

Figure 1. Confirmation of gRNA cloning in pCas9 through PCR. (a) Graphical representation of
ssau/G3 plasmid showing spacer cloning using golden gate assembly. (b) The plasmid map of
ssaU/G4 along with its spacer sequence. (c¢) PCR confirmation of gRNA cloning in pCas9. Lane
(G1-G3) illustrating positive result with 280 bp amplified fragment, showing cloning of gRNA3 in
ssau/G3 plasmid, while lane (H1-H2) represents the successful cloning of second gRNA named
ssaU/G4 plasmid. Lane (N) represents negative control. Lane (L) shows 100 base pair plus DNA
ladder (Bioron).

Mutants were identified using screening primers designed outside of the frame of
homology arm sequence named ssaU _screening_Fp and ssaU _screening Rp. Mutants
were further confirmed by sanger sequencing.
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In all of the experiments exhibiting recombineering, controls were kept in place to
assess the electroporation of plasmids. At least three replicates were employed to assess
the recombination of the plasmid/dsDNA template for each recombineering experiment
performed. The formula for calculating transformation and electroporation efficiency is
provided in the Supplementary Material. Statistical Analysis including arithmetic means
with SD and p-value using two-way ANOVA was performed using the software tool
Graphpad prism version 8.0.1 GraphPad Software, La Jolla, CA, USA, www.graphpad.com
(accessed on 20 July 2022).

2.3. Mutant Strain Preparation

The red recombineering plasmid (pRed) was electroporated into the S. Gallinarum
cells selected on 50 pg/mL kanamycin and confirmed through colony PCR using Pcas-
red-Fp and Pcas-red-Rp as forward and reverse primers, respectively. Overnight cultures
of the recombineering plasmid transformed S. Gallinarum cells (500 uL) were shifted to
30 mL TSB at 30 °C for ~1.5 h with shaking at 200 rpm. When ODgp nm, of cells reached 0.2,
the cells were induced by 10 mM arabinose for expression of lambda recombineering
components (Exo, Gam, Beta) and further incubated at 30 °C for ~1 h with shaking. These
cells were then used for electrocompetent cells preparation.

2.4. Electroporation

A single colony of the wild type S. Gallinarum was inoculated in 3 mL TSB overnight.
Overnight culture from this single colony was diluted (500 pL) in 50 mL of the TSB and
incubated at 37 °C with shaking at 200 rpm. When ODg of the cells reached 0.2-0.3, the
cells were subjected to chilled ice for ~10 min and later centrifuged at 5000 rpm for 5 min at
4 °C. The supernatant was discarded and cells were washed with 20 mL sterile distilled
water once and twice with sterile 10% glycerol solution at 4 °C. Finally, the cells were
resuspended in 1 mL 10% glycerol solution and 100 uL aliquots were stored at —80 °C.

According to electroporation requirements, aliquots were thawed on ice for 10 min.
Then the cells were mixed with 8 g of the required plasmid/linearized DNA and trans-
ferred to pre-chilled 2 mm electroporation cuvette (Bio-Rad). Cells were then pulsed at
25 KV/cm, 1100 ), and 25 pF with time constant of 5.0 milli-second. Immediately after the
pulse, cells were mixed with the TSB (1 mL) and incubated at 37 °C for ~2 h, which were
then plated on TSA plates containing corresponding antibiotics. Plates were incubated at
37 °C for 24-36 h or until the colonies were evident. Mutants were screened using cPCR.

2.5. Poultry Experimental Model to Evaluate Virulence

To infect broiler birds, wild type S. Gallinarum (WT-SG18) and modified (AssaU_SG18)
were used. A total of 200 disease-free male broiler chickens of the Cobb 500 strain were
used in this study which were procured from a commercial hatchery. The birds were
kept in sterile pens in an environmentally-controlled room with a 20-h light cycle. The
birds were distributed randomly into four groups: SG_WT (S. Gallinarum positive con-
trol), SG_Negative (not infected with any pathogens), complement strain (cSG18) and
AssaU_SG18 mutant group, with five equal sized replicates containing 10 birds each on the
first day. On day 7, cloacal swabs were used to randomly sample birds for the screening
of SG infection. Throughout the duration of the experiment, the birds had unfettered
access to antibiotic-free food and water. At 16 days of age, birds were administered 1 mL
of normal saline containing approximately 1 x 10® colony-forming units (CFU) of each
strain via oral gavage. Birds were fed orally with SG in order to mimic the natural route of
infection. After administration, birds were routinely observed for gross signs of disease.
Throughout the trial, birds were weighed each week to record any changes in weight gain.
Gross examination and post-mortem investigations of both dead and critically ill birds
were conducted 21 days post-infection.
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3. Results
3.1. Lethality of Cas9 Induced Double Stranded Break and Efficiency of Repair Plasmids

We employed multiple techniques for optimizing CRISPR/Cas9-mediated genome
editing in the SG, by targeting the selected ssall gene encoding type three secretion system
apparatus (TTSS), which is located on Salmonella pathogenicity island 2 (SPI-2) comprising
1059 nucleotides. Initially, two plasmid approach was employed in which the modified
pCas9 plasmid [35] containing the constitutively expressing Cas9 nuclease for DSB and
repair template plasmid RP-18 was used.

Co-electroporation of the modified pCas9 ssalU/G3 and RP-18 (DNA editing plasmid)
into SG cells resulted in no clones. However, colonies consistently appeared on the control
plate when electroporated with simple pCas9 plasmid (with no guide RNA) and RP-18, with
transformation efficiency of (8.2 x 10? + 25 cfu/ug n = 3), which rule out the toxic effect
of empty Cas9 nuclease and suggest the lethality of Cas9 nuclease due to cloned gRNA
causing genomic DSB [32]. Clones were not evident even after utilizing a higher amount
(10 pg) of repair template plasmid or decreasing the ssalU/G3 (< 50 ng) concentration.

This suggested that the DSB induced by ssaU/G3 was not resolved by the homology-
directed repair, meanwhile native non-homologous end joining (NHE]) was also not effi-
cient in the SG [36]. We further cloned a second spacer RNA in pCas9 (ssaU/G4) targeting
another region of the ssall gene (Figure 1), however, no colonies were observed after elec-
troporation with the plasmid based homology templates RP-18. A two-step electroporation
was also performed, where RP-18 was electroporated first into SG to allow the cross-over
event to occur before the electroporation of ssaU/G3 or ssaU/G4. However, this strategy
still yielded no clones.

3.2. Coupling CRISPR/Cas9 with Lambda Red Recombineering Results in Successful Gene
Knock Out

To overcome the lower recombination capacity of the bacterial cells after DSB, we
used the lambda red recombineering plasmid pRed available in our lab amplified from
pCas in combination with pCas9 [37]. After the induction with 10 Mm arabinose and
followed by the co-electroporation with ssalU/G3 (300 ng) and linearized dsDNA repair
template (8 nug) clones were apparent on the selection plate. The colonies that appeared
were screened through colony PCR. Surprisingly a maximum of (70 & 2.5% n = 3) clones
showed successful deletion of the said gene. The PCR screens of the ssall gene deletion is
shown in (Figure 2), unraveling the high potential of this unified system for efficient gene
deletion in S. Gallinarum.

Deletion of the ssall gene was further confirmed through Sanger sequencing
(Supplementary Material Figure S2), whereas no mutation was observed in the flanking up-
stream and downstream regions of the deleted gene confirming the precise
genome modification.

3.3. Clearance of ssall Mutant Strain from Experimental Birds

In order to determine the systemic infection, bacteria were isolated from visceral
organs of the birds, primarily the liver and ileum, after 4, 7 and 14 days post-infection. The
WT-5G18 strain recovered from the liver and intestine of infected birds (positive control
group) showed 1.3 x 103,5.0 x 10° and 1.6 x 108 CFU/g after 4, 7 and 14 days, respectively,
post-infection indicating systemic bacteremia. Our results are in agreement with the
previously reported study showing the highest number of viable counts that were isolated
from the liver after 14 days post-infection with S. Gallinarum [38]. In contrary, AssaU_SG18
strain could not be recovered from any of the tissues, even following enrichment with
selenite broth, although it was recovered from the caecum 2 days post-infection. The
post-mortem examination of WT-SG18 group exhibited the typical signs of fowl typhoid
pathology (Figure 3), including hepatosplenomegaly with necrotic foci on liver and spleen,
bronze discoloration of liver and hemorrhages in the anterior small intestine. In contrast, the
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AssaU_SG18 strain showed no signs and symptoms of disease at postmortem examination
throughout the period of experiment (Figure 3).

Step1 Genomic DNA
Electroporation

S.Gallinarum

A recombineering
plasmid

avgeled

Arabinose
Induction

' Step 2
Electroporation

pET22b(+)

; pCas9 (ssau/G3)
Repair plasmid

dsDNA Template
900bp 900bp

A recombineering
plasmid

pCas9(ssau/G3)

Clones
No Clones

Plasmid curing 4\

e T4

3000 bp

Figure 2. Coupling CRISPR/Cas9 machinery with lambda recombineering for efficient gene deletion
from S. Gallinarum genome. (a) Stepwise strategy used for deletion of ssaU gene from SG genome
using lambda recombineering and CRISPR/Cas9 system. Step (1) indicating the electroporation of
pRed. Step (2) co-electroporation of (ssaU/G3) along with RP-18 DNA editing plasmid in SG does not
yield any edited clones while co-electroporation of ssaU/G3 combined with dsDNA editing template
~1800 bp yielded > 50 clones. (b) Colony PCR of clones obtained after co electroporation of ssal/G3
along with double stranded DNA editing template. Lane (q2, q4, q6) indicated gene deletion with a
band length of 1.9 kb. While lane (q1, q3) showed no gene deletion with fragment length of ~2.8 kb.
Lane (N) shows negative control reaction. Lane (P) indicate positive control reaction using SG wild

type genome as DNA template amplifying a product of ~2.8 kb. Lane (L) indicates a 1 Kb DNA
ladder (Thermo fisher Scientific).
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Figure 3. Gross pathological examination of dead experimental birds. Birds infected with WT-5G18
showed (A1) intestinal hemorrhages, (B1) necrotic foci on liver with discoloration, (C1) fever and
inflammation (D1) splenomegaly. In contrast Assau_SG18 infected birds (A2,B2,C2,D2) showed no
gross pathological lesions of intestine, muscles, spleen and liver, respectively.

Histopathological analysis of the liver, spleen and intestine revealed lesions showing
marked necrosis, hemorrhages, congestion and infiltration of heterophils (avian polymor-
phonuclear cells) characteristic of fowl typhoid (Figure 4) [39].

Our results suggest that the avirulent strain AssaU_SG18 was unable to invade from
the intestine to the liver, which is consistent with a previously reported work where the
avirulent ssall mutant of S. Gallinarum was not recovered from tissues of birds, hence
suggesting their rapid clearance after infection [40]. The particular loss of SPI-2 function in
serovar Typhimurium leading to attenuation of typhoidal disease in mice models has been
previously reported [41]. The complement strain (¢SG18) which was constructed using
PTZ19R to achieve continuous expression of ssall showed virulence identical to that of WT-
SG18, further confirming the role of this gene in the pathogenicity of bacteria. Weight gain
and progression of mortality for both WI-SG18, negative control and AssaU_SG18 during
the period of experiment is shown in (Figure 5). The final weight gain of AssaU_SG18
and negative control revealed no significant difference (p-value = 0.8166), whereas the
WT-SG18 group exhibited higher significance (p-value < 0.0001) due to disease progression
and systemic infection leading to abrupt loss in weight gain. The overall mortality data
also showed higher significance (p-value < 0.0001), where no mortality was observed in
the AssaU_SG18 group, while the WT-SG18 group demonstrated an overall mortality of
32 £ 4.4% starting at day 6 (Figure 5B).
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Figure 4. Histopathological findings of birds orally treated with WT-5G18. (a) Histological section of
the liver showing hemorrhage, vacuolar degeneration of hepatocytes (black arrow) and Infiltration of

mononuclear inflammatory cells. (b) Histological section of intestine showing coagulative necrosis

(black arrow). (c) Section of spleen showing hemorrhage, infiltration of mononuclear inflammatory

cells and necrosis (black arrow) (H and E stain).
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Figure 5. (A) Comparison of weight gain between WT-5G18, Assau_SG18 mutant and control group at
5th week of experiment. (B) Progression of mortality in chickens recorded over 15 days post-infection

with SG18 and AssaU_SG18 strains.
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4. Discussion

For the past 20 years, genetic engineering using recombineering has been employed
as a robust tool to modify the bacterial genome [42]. More recently, the CRISPR/Cas9
system has highlighted its potential also as a powerful tool for the genetic manipulations
and hence revolutionizing genome engineering. Therefore, we have demonstrated the
use of such a coupled system to modify the genome of SG which provides a streamlined
approach for knock-out mutant generation. The first approach to genetically manipulating
the SG genome using two plasmids (ssaU/G3 and RP18) did not produce any mutant
clones. We hypothesized that the plasmid-based DNA editing template was less efficient.
The lower efficiency of plasmid-based repair templates has already been reported in the
previous studies [43].

Considering this, we moved on to the lambda red recombineering proteins which have
been proven to be influential in enhancing the recombination capacity of bacteria [44,45].
By using the SG cells expressing lambda protein along with ssaU/G3 and dsDNA tem-
plate. The recombination efficiency in case of gene knockout was 70 £ 2.5% using the
CRISPR/Cas9 and recombineering system together. We were unable to obtain any clone
using only lambda recombination alone and not CRISPR/Cas9 system. The plasmid-based
homologous recombination using CRISPR/Cas9 causes the vector integration event (VIE)
problems (homologous recombination by double crossover), which further needs screening
steps for the selection of the required positive mutant [17,32]. Additionally, the lambda
red recombination alone depended upon the integration of the resistant marker, hence this
coupled methodology provides a straightforward design for S. Gallinarum genome editing
that too with higher efficiency. As this approach does not require construction of HDR
plasmid, it provides a reliable methodology for precise knock-out production.

A complete deletion of the ssall gene from S. Gallinarum resulted in in vivo attenu-
ation; however, further deletion of other virulent genes from the Assau_SG18 strain will
make this strain a suitable candidate for vaccine design. TTSS is required for triggering
apoptosis in the epithelial cells [46]. In both apoptosis (enteric phase) and pyroptosis
(delayed macrophage death), TTSS is instrumental in the translocation of effectors into
the host cell during the early phase of pathogenesis [47], whereas the effector proteins
(SpvB, SseL, SIrP), which are crucial for host cellular dysfunction and deterioration, are ex-
pressed in the later stages of infections [48,49]. Several TTSS components have been found
to be crucial for SpvB-induced actin-depolymerization and cellular cytotoxicity, lending
support to the fact that SpvB is translocated into the host cell via TTSS [50,51]. The role of
SpvuB as potential virulent effector protein has previously been identified in our lab where
SpvB mutant of SG was also unable to produce disease symptoms in the poultry infection
model [52]. Hence, it can be speculated that the TTSS act as a vital machinery to deliver
the effector proteins inside the host cell which give rise to the induction of virulence. Here
we have highlighted the significance of the SPI-2 TTSS in a naturally occurring route of
systemic, typhoid-like Salmonella infection that has economical and veterinary significance
in developing countries. Following this optimized CRISPR/Cas9-based manipulation,
studies are underway in our lab to produce an indigenous vaccine strain by deletion of
a larger pathogenicity island to control this disease which has been a major concern for
Pakistan poultry industry.

5. Conclusions

This study shows the importance of the SPI-2 TTSS in the infection of typhoid-like
salmonellosis that has significant economic and veterinary importance in under developed
countries. The SPI-2 TTSS allows the serovar Gallinarum to cause the disease by facilitat-
ing the bacterial survival within the macrophages and reticuloendothelial system. This
coupled CRISPR/Cas9 and lambda recombineering system can be formulated for the live
vaccine development against indigenous S. Gallinarum by large-scale deletion of Salmonella
pathogenicity islands or relative virulence genes [32].
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /biomedicines10123028 /s1, Figure S1: Confirmation of gRNA
cloning by Sanger sequencing., Figure S2: Confirmation of precise gene knock-out by Sanger se-
quencing, Calculation of transformation and recombination efficiency, Detailed protocol for Genome
engineering of Salmonella Gallinarum.
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Abstract: Antimicrobial resistance is a global health crisis to which pathogenic fungi make a sub-
stantial contribution. The human fungal pathogen C. auris is of particular concern due to its rapid
spread across the world and its evolution of multidrug resistance. Fluconazole failure in C. auris
has been recently attributed to antifungal “tolerance”. Tolerance is a phenomenon whereby a slow-
growing subpopulation of tolerant cells, which are genetically identical to susceptible cells, emerges
during drug treatment. We use microbroth dilution and disk diffusion assays, together with image
analysis, to investigate antifungal tolerance in C. auris to all three classes of antifungal drugs used
to treat invasive candidiasis. We find that (1) C. auris is tolerant to several common fungistatic and
fungicidal drugs, which in some cases can be detected after 24 h, as well as after 48 h, of antifungal
drug exposure; (2) the tolerant phenotype reverts to the susceptible phenotype in C. auris; and
(3) combining azole, polyene, and echinocandin antifungal drugs with the adjuvant chloroquine in
some cases reduces or eliminates tolerance and resistance in patient-derived C. auris isolates. These
results suggest that tolerance contributes to treatment failure in C. auris infections for a broad range
of antifungal drugs, and that antifungal adjuvants may improve treatment outcomes for patients
infected with antifungal-tolerant or antifungal-resistant fungal pathogens.

Keywords: adjuvant; antifungal tolerance/resistance; broth microdilution assay; Candida auris; disk
diffusion assay; diskImageR; human fungal pathogen

1. Introduction

Antimicrobial resistance (AMR) threatens the advances of modern medicine. Anti-
fungal resistance contributes significantly to the AMR problem [1,2], especially among
immunocompromised patients [3,4]. A multitude of biological, sociological, and economic
factors result in hundreds of millions of serious fungal infections and between 1 and
1.5 million fungal infection-related deaths per year globally [5,6]. AMR, among fungi, is of
particular concern due to the limited number of classes of drugs available to treat invasive
fungal infections (i.e., fungistatic azoles as well as fungicidal polyenes and echinocan-
dins) [7]. This threat is exacerbated by the fact that no new class of antifungal drugs has
reached the market in over a decade [8,9]. Climate change is also predicted to increase
the prevalence of fungal infections, as fungi adapt to warmer temperatures to increase
their geographic range and overcome the thermal protection barrier of their warm-blooded
hosts [10].

Candida species of yeast are the most common causes of fungal infections [11]. One
Candida species that is increasingly of concern is Candida auris [12], due to its resistance to
antifungal drugs and healthcare-associated outbreaks [13]. C. auris has now been reported
on all inhabited continents and in over 47 countries [14,15]. Particularly concerning, is that
C. auris is multidrug resistant (i.e., non-susceptible to at least one agent in three or more
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classes of antimicrobials) [16-18], and, in some cases, it has been found to be pandrug-
resistant (i.e., non-susceptible to all agents in all antimicrobial classes) [18,19]. C. auris has
mortality rates of up to 45% among patients with bloodstream infections [20].

“Tolerance” is a phenomenon whereby a slow-growing subpopulation of cells, which
are thought to be genetically identical to susceptible cells, emerges during antifungal drug
treatment [21]. Antifungal tolerance is distinct from antifungal resistance, in that resistance
is the result of heritable genetic changes and resistant cells grow above the minimum
inhibitory concentration (MIC) in a concentration-dependent manner (i.e., MIC increases
in resistance, but it does not increase in tolerance). In contrast, tolerance is a reversible
phenomenon whereby cells grow slowly above MIC (i.e., they exhibit growth at “supra-
MIC”). Tolerance manifests from the phenotypic heterogeneity intrinsic to a given fungal
isolate, such that any cell within an isogenic population can reproduce the fractions of
susceptible and tolerant cells present prior to the initiation of antifungal treatment. Cross
tolerance has been observed in C. albicans, whereby strains tolerant to posaconazole also
exhibit tolerance to other azole drugs [22]. Though the molecular mechanisms underlying
tolerance in Candida species are still largely unknown, preliminary studies have shown
that tolerance is associated with multiple genetic components that differ between isolates,
including Hsp90-faciliated azole tolerance in C. auris [23]. Aneuploidy has also been shown
to alter antifungal tolerance in C. albicans [24,25]. It is unknown if C. auris is tolerant to
non-azole classes of antifungal drugs.

Clinical assays have not been designed to detect antifungal tolerance [26,27]. Quantita-
tively measuring tolerances of infecting isolates may provide prognostic insights concerning
the success of mono- and combination-antifungal therapies [28]. Broth microdilution assays
and disk diffusion assays, coupled with the image analysis software diskimageR, have
been successfully used to quantify antifungal tolerance in research laboratories [29]. Most
clinical diagnostic tests are performed on cultures grown for 24 h and therefore cannot
detect drug-tolerant cells, which are typically visually evident after 48 h of growth [21].
Tolerance, along with host factors, immune status, and pharmacological issues [30], may
explain why some patients do not respond to drug therapy despite being infected with
fungi that have been determined, by traditional antimicrobial susceptibility testing meth-
ods, to be susceptible to a particular drug (i.e., cells that do not grow above MIC at 24 h,
the standard endpoint MIC measurement for Candida species) [21,28]. “Trailing growth”
(the clinical term for tolerance) leads to poor response to fluconazole in C. tropicalis in wax
moth larvae [31] and mouse models [32], and high levels of tolerance are associated with
C. albicans infections in patients treated with fluconazole [33].

Adjuvant drugs have the potential to sustain the vital functions of antimicrobial
drugs [21]. Non-antifungal agents have been shown to enhance the effectiveness of azole
drugs against resistant Candida species and other pathogenic fungi, including Aspergillus fu-
migatus, Cryptococcus neoformans, and the dimorphic fungus Histoplasma capsulatum [34-36].
Specifically, the antimalarial drug chloroquine, in combination with fluconazole, exhibited
enhanced antifungal activity against C. albicans, C. tropicalis, C. glabrata, C. parapsilosis,
and C. krusei (teleomorph is known as Issatchenkia orientalis and Pichia kudriavzevii [11])
isolates in vitro [37]. Whether or not tolerance and resistance to azoles or to other classes of
antifungal drugs can be eliminated in C. auris using adjuvant antifungal therapies, remains
to be investigated. Another study explored the activity of doxycycline, pyrvinium pamoate,
along with chloroquine, as adjuvants in combination with fluconazole in clinical C. albicans
isolates, and found increased antifungal activity [29]. Chloroquine is a member of the
quinoline family and is used to treat diseases including malaria, amebiasis, rheumatoid
arthritis, discoid, and systemic lupus erythematosus [38—40]. Chloroquine causes iron
depletion, leading to a decrease in membrane sterol availability and downregulates the
ERGI11 gene [41]. We hypothesize that the combining chloroquine with common antifungal
drugs will eliminate antifungal tolerance in C. auris.

The main aims of our study are to use broth microdilution and disk diffusion assays,
together with diskImageR, to investigate if tolerance to all three classes of antifungal
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drugs occurs in C. auris, and if this tolerance can be eliminated by adjuvant antifungal
therapy. We find that C. auris is tolerant to several fungistatic and fungicidal drugs:
fluconazole, itraconazole, posaconazole, voriconazole, amphotericin B, and caspofungin.
We demonstrate that antifungal tolerance is detectable at 24 h, as well as at 48 h, and
that tolerance is a reversible phenomenon. Finally, we are reporting for the first time that
in some isolates combining antifungal drugs with the adjuvant chloroquine eliminates
tolerance and resistance in C. auris.

2. Materials and Methods
2.1. Strains, Media, and Growth Conditions

C. auris isolates were obtained from clinical samples from the Alberta Precision Labo-
ratories (APL)—Public Health Laboratory (ProvLab).

All strains and isolates (Table S1) were preserved in 25% glycerol at —80 °C until
further use. The strains and isolates were revived by culturing from frozen stock on YPD
agar plates (yeast extract: Sigma Aldrich, #8013-01-2; bacto peptone: Difco, #9295043)
and incubated at 35 °C for 48 h. Fresh subcultures were made on YPD agar plates and
incubated at 35 °C for 24 h prior to conducting microbroth dilution and disk diffusion
assays (Section 2.3).

2.2. DNA Extractions, PCR, and Sequencing

The initial identification of all C. auris isolates was performed using matrix-assisted
laser desorption ionization—time of flight (MALDI-TOF) mass spectrometry [42,43] by the
APL—ProvLab. The molecular identity of these isolates was confirmed by amplifying and
sequencing the Internal Transcribed Spacer (ITS) region of ribosomal DNA. The primers ITS-
5 (5-GGAAGTAAAAGTCGTAACAAGG-3') and ITS-4 (5'-TCCTCCGCTTATTGATATGC-
3’) were used to amplify the ITS region (Integrated DNA Technologies). Genomic DNA
was extracted using manual phenol-chloroform-isoamyl alcohol method [44]. The concen-
tration of the extracted DNA was measured using a microvolume uDrop Plate (Thermo
Fisher Scientific, Mississauga, ON, Canada, #N12391). The template and the primers were
mixed in concentrations of 7.5 ng/uL and 0.25 uM, respectively, to a final volume of 10 pL.
Sanger sequencing was then performed using a 3730 Genetic Analyzer (Thermo Fisher
Scientific, Mississauga, ON, Canada, #A41046) at the Molecular Biology Services Unit at
the University of Alberta. The resulting sequences were subjected to nucleotide BLAST
analysis [45], which revealed 100% similarly to the standard strains. The C. auris isolates’
ITS sequences were submitted to NCBI with the accession number OP984814-OP984818.

2.3. Broth Microdilution and Disk Diffusion Assays

The MIC for each isolate was first determined via broth microdilution assays follow-
ing CLSI M27 guidelines [46]. All the isolates were tested in 96-well U-bottom microwell
plates (Thermo Fisher Scientific, Mississauga, ON Canada, #163320) against fluconazole
(Sigma-Aldrich, Oakville, ON, Canada, #F8929) (0.12-64 pg/mL), amphotericin B (Sigma-
Aldrich, Canada, #A9528) (0.03-16 pg/mL), itraconazole (Sigma-Aldrich, Oakville, ON,
Canada, #16657) (0.03-16 pug/mL), posaconazole (Sigma-Aldrich, Oakville, ON, Canada,
#SML2287) (0.03-16 pg/mL), voriconazole (Sigma-Aldrich, Oakville, ON Canada, #P20005)
(0.03-16 pg/mL), micafungin (Sigma-Aldrich, Oakville, ON, Canada, #208538) (0.015-8 pg/mL),
caspofungin (Sigma-Aldrich, Oakville, ON, Canada, #179463-17-3) (0.015-8 ug/mL), and
anidulafungin (Sigma-Aldrich, Oakville, ON, Canada, #166663-25-8) (0.03-16 pg/mL).
These antifungals were dissolved in DMSO (fluconazole, itraconazole, voriconazole,
posaconazole, anidulafungin, and amphotericin B) or water (caspofungin and micafungin);
the concentration of the antifungal microwell plates were twice the final concentration
tested with the inoculum added. Freshly cultured Candida species (C. auris, C. parapsilosis
(ATCC 22019), and I. orientalis (ATCC 6258)) at 24 h of incubation at 35 °C were used as
inoculum. Inoculum of 100 pL consisting of 2-5 x 10° cells were used to inoculate the
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antifungal microwell plates. After inoculation, the microwell plates were incubated at
35 °C and evaluated after 24 h and 48 h to determine the MICs.

Disk diffusion assays (DDAs) were carried out as per CLSI M44-A2 guidelines [47]
against fluconazole (25 pg), itraconazole (50 ug), posaconazole (5 pug), voriconazole (1 pg),
amphotericin B (20 pg), and caspofungin (5 pg). MHA medium with 2% dextrose (Sigma
Aldrich, Oakville, ON, Canada, #50-99-7) and 0.5 ng/mL methylene blue dye (Sigma
Aldrich, Oakville, ON, Canada, #03978) was used to perform the disk diffusion assays. After
24 h of growth, 5-10 colonies were picked and liquid suspensions of C. auris were made by
reconstituting colonies in 2 mL of normal saline (Sigma Aldrich, Oakville, ON, Canada,
#58776). The optical density (OD) was measured using a Varioskan LUX microplate reader
(Thermo Fisher Scientific, Mississauga, ON, Canada, #N16044) at 530 nm, and adjusted
to an OD of 0.09-0.13, which corresponded to 1-5 x 10° cells/mL. The adjusted solution
was utilized to swab on the Muller-Hinton agar (MHA) using sterile cotton swabs (Fisher
Scientific, Saint-Laurent, Quebec, Canada, #22-029-683). An antifungal disk was placed on
each plate after inoculating and drying the agar plates. The plates were then incubated for
24 to 48 h at 35 °C. All experiments were performed in triplicate.

2.4. Photography and Image Preprocessing

Photographs of each disk diffusion plate were taken after 24 h and 48 h at the maximum
possible resolution (6000 by 4000 pixels with an aspect ratio of 3:2) using a Canon EOS
Rebel SL3 camera with a Canon EF-5 35 mm f/2.8 Macro IS STM macro lens. The camera
settings were as follows: ISO 800, white balance, picture type “neutral”, time 1/100 s, center
focused against a plain black background from a fixed distance. The photos were taken and
then the size of each photograph was standardized by cropping the edges and bringing all
images to the same resolution.

2.5. Quantifying Tolerance via Supra-MIC Growth and Fraction of Growth

Tolerant subpopulations grow slowly in drug concentrations above MIC [21]. We used
established methods to quantify tolerance, namely, supra-MIC growth from microbroth
dilution assays and the fraction of growth (FoG) in the zone of inhibition (ZOI) from disk
diffusion assays (Section 2.3).

The MIC for each isolate was determined using CLSI supplement M60 guidelines [48].
The MIC readings were recorded at 24 h and 48 h post inoculation. Tentative breakpoints
provided by the Centers for Disease Control and Prevention for C. auris were considered to
differentiate them as susceptible or resistant [49]. I. orientalis and C. parapsilosis were used
as reference strains to ensure that the antifungal MIC range in each experiment was within
CLSI guidelines.

Supra-MIC growth (SMG) was determined by subjecting the antifungal microwell
plates used for measuring MICs to spectrophotometric reading at 630 nm after 24 h and
48 h of incubation at 35 °C. SMG was calculated as an average growth per well above
MIC-normalized to total growth without antifungals [28]:

average growth per well above MIC

SMG = growth without antifungal

e

The software program diskImageR [29] analyses photographs of disk diffusions assays.
diskImageR utilizes the image processing program Image] [50] and the programming
language R [51]. We used disklmageR to measure the tolerance and resistance of C. auris
isolates to fungistatic and fungicidal drugs from photographs of the disk diffusion assay
plates (Section 2.4; Figures S1 and S2). All disk diffusion experiments were repeated in
triplicate using antifungal disks placed in the center of MHA plates incubated at 35 °C for
24 and 48 h (Figure S3). After the photographs were imported by diskImageR into Image],
the size of each photograph was standardized and the “find particles” macro was used to
find the center of the antimicrobial diffusion disk. The radius of the ZOI (RAD) and the
FoG in the ZOI were measured where 20%, 50%, and 80% of growth was inhibited (RADy,
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RADs, and RADgp, and FoGyg, FoGs, and FoGg, respectively). The RAD measures the
degree of susceptibility /resistance, and FoG measures the degree of tolerance. The RAD
for all disk diffusions assay plates were also measured manually (using a ruler), and the
FoGs were also analyzed using Image] [52]. Image] analysis for estimating pixel intensity
to obtain FoG was carried out by importing photographs to Image] software and setting
“on” the measurements such as “mean grey value”, minimum and maximum grey “area”,
and fixing the “area” for ZOI. The “measure” macro was then used to measure the pixel
intensity. For photographs of 48 h DDA plates, the same parameters were restored to
their 24 h counterparts, and the pixel intensity was measured within ZOI. When there
are colonies at border of the ZOI (e.g., Figure S3B), diskImageR considers it as the area
outside of the ZOI, and the measured RAD is smaller than the manually measured RAD;
consequently, the FoGyy measured by diskImageR is also inaccurate. Therefore, in these
cases, the RAD was obtained by manually measuring the RAD and by measuring the
FoG using Image] (Figure S4) [50]. When isolates were highly tolerant, resulting in many
colonies in the ZOI (Figure S5B) or complete confluence in the ZOI (Figure S5D) after 48 h,
diskImageR reported RAD and FoG as “NA” (Not Applicable).

2.6. Experiments to Determine Effectiveness Adjuvant-Antifungal Treatment

The synergies among antifungals (fluconazole, itraconazole, posaconazole, voricona-
zole, amphotericin B, and caspofungin) and adjuvant (chloroquine) against C. auris, C. para-
psilosis, and L. orientalis were evaluated using DDAs (Section 2.3) and broth microdilution
methods with minor modifications. For DDAs, a syringe-filtered chloroquine diphosphate
salt (Sigma-Aldrich, #C6628) solution was added to MHA media after autoclaving to a
final concentration of 1031.8 ug/mL. After inoculation of C. auris and the control strains,
the MHA plates containing chloroquine were incubated in the dark as chloroquine light
sensitive. These plates were read and photographed at 24 h and 48 h. C. auris isolates and
control strains were lawn cultured (i.e., the entire surface of the agar plate was covered by
swabs dipped in the liquid culture) on the MHA plates containing chloroquine with and
without antifungal disks, to respectively determine the effect of antifungal chloroquine and
chloroquine alone on C. auris. Whereas for the broth microdilution method, the concentra-
tion for different antifungal drugs were as mentioned in Section 2.3 and the chloroquine
concentration ranged from 8 to 512 pug/mlL. Synergistic activity of chloroquine with differ-
ent antifungals was tested using the checkerboard method as previously described [37].
Both antifungal drugs (50 nL) and chloroquine (50 pL) were dispensed to sterile 96 well U
bottom microtiter plates and prepared inoculum (100 nL) as per Section 2.3 was inoculated.
Plates were then incubated at 35 °C. MIC and SMG results were read at 24 h and 48 h.

3. Results
3.1. Identification of Resistance in C. auris from Broth Microdilution Assays

To determine if the C. auris isolates were resistant to the antifungal drugs used in
our study, we performed antifungal susceptibility testing at 24 and 48 h using the broth
microdilution method (Section 2.3). The MICs for the C. auris isolates indicated that three
isolates were susceptible to the fungicidal and fungistatic drug tested, whereas C. auris
isolate 2 was not susceptible to fluconazole, and C. auris isolate 5 was not susceptible to
fluconazole, voriconazole, caspofungin, and amphotericin B (Figure 1 and Table S2). The
quality control strains C. parapsilosis and I. orientalis were within the recommended ranges.
No change in MIC was observed at 24 and 48 h except for C. auris isolates 1 and 2 against
amphotericin B.
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Figure 1. Minimum inhibitory concentration (MIC) for clinical C. auris isolates (A-E) growing in anti-
fungal microwell plates to determine susceptibility / resistance to antifungal drugs. Mean MICs of five
clinical C. auris isolates measured after 24 and 48 h for four fungistatic drugs (fluconazole, itracona-
zole, posaconazole, and voriconazole) and two fungicidal drugs (amphotericin B and caspofungin).
Different symbols denote C. auris isolates with the same MIC.

3.2. Identification of Resistance in C. auris from Disk Diffusion Assays

To confirm the resistance of the C. auris isolates determined by the broth microdilution
assays (Section 3.1), we performed the corresponding disk diffusion assays. In agreement
with the microbroth dilution method, resistance was noted in C. auris isolate 2 for flu-
conazole and C. auris isolate 5 for fluconazole and voriconazole (RAD = 0 mm in all three
instances; Figure 2B,E). However, C. auris isolate 5 exhibited a ZOI to amphotericin B
(RAD =7 mm) and caspofungin (RAD = 6 mm) at 24 h (Figure 2E). As expected, and in
agreement with previous work [28], there was an inverse correlation between RAD and
MIC (Pearson test, ¥ = —0.58, p = 0.007).
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3.3. Identification of Tolerance in C. auris from Broth Microdilution Assays

To determine if tolerant subpopulations existed within the non-resistant C. auris
isolates, we carried out an SMG analysis (Section 2.5). A statistically significant increase
in SMG was observed after 48 h for C. auris isolate 1 to fluconazole and itraconazole
(Independent t-test, p = 0.009 and p = 0.001, respectively), C. auris isolates 2 and 4 to
voriconazole (Independent t-test, p = 0.0009 and p = 0.0014, respectively), and C. auris
isolate 2 to caspofungin (Independent t-test, p = 0.006), indicating the presence of tolerance
(Figure 3B,D). There was also a non-significant increase in SMG at 48 h for C. auris isolates
3 and 4 to fluconazole, C. auris isolates 2, 3, and 5 to itraconazole, C. auris isolates 1, 2, 3, 4,
and 5 to posaconazole, C. auris isolates 1, 3, and 5 to voriconazole, and C. auris isolate 1 and
5 to amphotericin B. No tolerance was observed for C. auris isolate 4 to itraconazole and
caspofungin, and C. auris isolates 2, 3, and 4 to amphotericin B (Figure 3F-I). There was a
decrease in SMG for C. auris isolate 1 against amphotericin B. This occurred because the
growth of isolates in wells without antifungals increased over 48 h, which in turn reduced

the SMG (as described in Equation (1)).

1.0 1.0 4 1.0 1.0 #Fluconazole
1 #Voriconazole
% #ltraconazole
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Figure 3. Tolerance from supra-MIC growth (SMG) for clinical C. auris isolates grown in antifungal
microwell plates. (A-E) Mean SMG of tolerant isolates after 24 and 48 h. (F-I) Mean SMG of non-
tolerant isolates after 24 and 48 h. C. auris 5 was resistant to fluconazole and caspofungin hence
tolerance/non-tolerance could not be determined for these isolate—antifungal combinations.

3.4. Identification of Tolerance in C. auris from Disk Diffusion Assays

To confirm the tolerance of the C. auris isolates determined by the broth microdilution
assays (Section 3.3), we performed the corresponding DDAs. All the C. auris isolates
with higher SMG exhibited higher FoGy at 48 h (Figure 2F-]). The FoGyy within the ZOI

ranged between 0.08 and 0.62 and 0.09 and 0.87 at 24 h and 48 h, respectively (Figure 2).

C. auris isolate 2 exhibited the highest FoGyg against caspofungin at 24 h (0.62) and against
posaconazole at 48 h (0.87). Similarly, at 24 h the highest pixel intensity occurred for C. auris
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isolate 3 against posaconazole (195, Figure 4A) and the highest SMG occurred for C. auris
isolate 2 against caspofungin (1.0, Figure 4A). At 48 h, the highest pixel intensity and
SMG were measured for C. auris isolate 2 against voriconazole (197 and 0.90, respectively;
Figure 4B).

A B BC. auris 1 ®Fluconazole

#C. auris 2 ®ltraconazole

1.01 . 1.0+ AC. auris 3 ®Posaconazole
A ¢ 8C.auig SYorconazde
i i 0cC. aur mphotericin
[ 0.8 A 14 0.8 L SR ®Caspofungin
= i < .
& 0.6 2 0.6 "
" ° . ® A e
O 0.44 o mee O 0.4 A Ao E
= s * = =) [
(7] (7] *
0.24 0.24
0.0 T T T T 1 0.0 T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250

Pixel intensity

Figure 4. Correlation analysis for mean supra-MIC growth (SMG) and mean pixel intensity measured
by Image] [51] to determine tolerance. (A) Analysis performed after 24 h of growth (R = 0.3128;
Pearson correlation test, p = 0.0469). (B) Analysis performed after 48 h of growth (R? = 0.2862; Pearson
correlation test, p = 0.0085).

There was no correlation between FoGyy and RAD levels (Pearson test, r = —0.25,
p = 0.28), as expected based on previous work which established that the FoGyy and RAD
measure different drug responses [28,29]. The was significant correlation between SMG
measured by diskImageR and pixel intensity measured by Image[ (Figure 4), which occurred
as both SMG and pixel intensity increase when tolerant subpopulations are present.

Overall, there was no significant difference between diskimageR and manual readings
of the RAD (Independent t-test, p = 0.5634 and p = 0.8453 for readings at 24 h and 48 h,
respectively; Figure S4). There was also no significant difference for FoG,y readings
using disklmageR and Image] at 24 h (Unpaired t-test, p = 0.35). However, there was a
statistically significant difference for FoGyg reading using diskImageR and Image] at 48 h
(Unpaired t-test, p = 0.022). The difference in these FoGy readings resulted from the fact
that diskImageR was unable to distinguish the border of the ZOI among tolerant isolates,
which was obscured by tolerant colonies at 48 h.

Among reference strains, only C. parapsilosis exhibited tolerance to fluconazole and
voriconazole (Figure S6). The FoGy and SMG for fluconazole and voriconazole is presented
in Table S3. No tolerance was observed for the other antifungal drugs considered in this
study against C. parapsilosis. I. orientalis did not exhibit tolerance to any of the antifungal
agents tested.

3.5. Tolerance in C. auris Is a Reversable Phenomenon

Next, we investigated if the antifungal tolerance that we discovered in C. auris was a
reversible phenomenon. To investigate this, we sub-cultured colonies growing inside and
outside of the ZOI and repeated the microbroth dilution and disk diffusion experiments
(Figure S7). There was no difference between the MICs of original colonies and colonies
from inside and outside ZOI at both 24 and 48 h (Table S4). RAD, FoG,y, and SMG,
obtained from C. auris colonies isolated from inside and outside the ZOI, also did not show
any statistically significant differences. These results indicate that the antifungal-tolerant
colonies in our experiments could reversibly generate antifungal-susceptible colonies.

3.6. Elimination of Tolerance and Resistance in C. auris via Adjuvant-Antifungal Treatment

To eliminate the tolerance observed in our clinical C. auris isolates (Sections 3.3 and 3.4),
a previously known adjuvant chloroquine [37] was combined with the antifungal drugs

87



Biomedicines 2023, 11, 898

fluconazole, itraconazole, posaconazole, voriconazole, amphotericin B, and caspofungin.
Chloroquine-antifungal disk diffusion assays and broth microdilution assays were per-
formed on all five clinical C. auris isolates, as well as on the C. parapsilosis and I. orientalis
reference strains (Table S1). Chloroquine alone did not have any antifungal effect on either
C. auris isolates or the reference strains (Figure S9).

Tolerance and resistance were reduced or eliminated in some of our clinical C. auris iso-
lates by combing chloroquine with antifungal drugs. C. auris isolate 1 showed an increase
in RAD for fluconazole, posaconazole, amphotericin B, and caspofungin in presence of
chloroquine compared to the RAD measured with these antifungal drugs alone at 48 h (Fig-
ure 5A-]). Similar results were found for: C. auris isolate 2 for posaconazole, voriconazole,
amphotericin B, and caspofungin; C. auris 3 for fluconazole, posaconazole, voriconazole,
amphotericin B, and caspofungin; C. auris isolate 4 for itraconazaole and amphotericin
B; and C. auris isolate 5 for itraconazole and caspofungin (elimination of resistance for
caspofungin), which all displayed an increase in RAD when these antifungal drugs were
combined with chloroquine. Correspondingly, the FoGyy was reduced in presence of
chloroquine for C. auris isolate 1 when combined with posaconazole, amphotericin B, and
caspofungin (Figure 5K-T). However, no effect was observed when chloroquine was com-
bined with fluconazole, itraconazole, or voriconazole. Similar adjuvant antifungal FoGy
results were obtained for C. auris isolate 2 against posaconazole, voriconazole, ampho-
tericin B, and caspofungin; C. auris isolate 3 against fluconazole, itraconazole, posaconazole,
voriconazole, amphotericin B, and caspofungin; C. auris isolate 4 against amphotericin B;
and C. auris isolate 5 against itraconazole and caspofungin. No effect of chloroquine was
observed for C. auris isolate 4 against fluconazole and posaconazole, nor for C. auris isolate
5 against amphotericin B. The FoGyg for C. auris isolate 2 for voriconazole and caspofungin
and C. auris isolate 5 for caspofungin could not be measured at 48 h without chloroquine as
there was no ZOI. However, we were able to measure the ZOI in some of these isolates in
the presence of chloroquine, indicating an adjuvant effect of chloroquine on tolerance as
well as on resistance. The reference strain I. orientalis (resistant to fluconazole) exhibited a
70l against fluconazole when supplemented with chloroquine (Table S5; Figure S8). How-
ever, C. parapsilosis was not significantly affected by the presence of chloroquine (Table S5;
Figure S8).

Similar effects on antifungal tolerance were obtained in adjuvant antifungal broth
microdilution assays (Figure 6). Tolerance decreased for all chloroquine-antifungal drug
combinations in the following isolates: C. auris isolate 1 (except for itraconazole), C. auris
isolate 2 (except for voriconazole and itraconazole), C. auris isolate 3, C. auris isolate 4
(except for fluconazole), and C. auris isolate 5 (except for posaconazole and amphotericin B)
all exhibited reduced SMG with chloroquine-antifungal drug at 48 h compared to SMG at
24 h with chloroquine—-antifungal drug. As C. auris isolate 2 was resistant to fluconazole,
SMG was not calculated. However, chloroquine did not show any effect on C. auris isolate-2
against itraconazole and voriconazole at 48 h compared to 24 h which is in concordance
with disk diffusion assay. Whereas the SMG for C. auris isolate 5 was reduced against
itraconazole. However, SMG could not be calculated to fluconazole and caspofungin, due
to the growth at highest concentration. Similar to the disk diffusion assays, chloroquine
did not show any effect on C. auris isolate 1 against itraconazole, C. auris isolate 2 against
voriconazole and itraconazole, C. auris isolate 4 against fluconazole, and C. auris isolate-5
against posaconazole and amphotericin B. The MICs of all the C. auris isolates and control
strains remained unchanged in presence of chloroquine.
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4. Discussion

We report for the first time that some clinical C. auris isolates are tolerant to fungistatic
drugs (fluconazole, voriconazole, itraconazole, and posaconazole) and to fungicidal drugs
(amphotericin B and caspofungin). We also found azole tolerance in C. parapsilosis (flu-
conazole and voriconazole), but not in I. orientalis which was intrinsically resistant to
fluconazole. We were able to detect tolerance after 24 h, as well as after 48 h by FoGy, of
antifungal treatment using diskImageR [29] and Image] [52]. These findings suggest that a
distinct subpopulation among C. auris was able to survive and grow slowly in the presence
of different antifungal drugs. Since C. auris is a multidrug-resistant pathogen, the presence
of tolerance further narrows treatment options. Previous reports suggest that tolerant
subpopulations among infecting Candida species are strongly associated with mortality
among candidemia patients [53]. Therefore, clinical diagnostic laboratories should also test
for antifungal tolerance along with standard antifungal susceptibility/resistance tests to
increase the efficacy of antifungal treatment. Furthermore, existing tolerance quantification
methods could be adapted to detect tolerance after 24 h and 48 h to broaden the scope of
standard antimicrobial susceptibility testing in medical diagnostic laboratories. The flu-
conazole tolerance that we observed in C. auris was in agreement with previous studies on
C. albicans [28] and C. auris [23], as well as with related clinical studies on “trailing growth”
(reduced but persistent visible growth of Candida species in fluconazole concentrations
above MIC [32,54,55]).

The tolerance to fungistatic and fungicidal drugs observed in some of the clinical
C. auris isolates in our study appears to be a reversible phenomenon, as previously described
for clinical C. albicans isolates [56]. The tolerant cells growing inside ZOI upon subculture
are indistinguishable from the parental population, suggesting the presence of phenotypic
heterogeneity instead of genetic variation. C. auris isolates cultured from inside and outside
the ZOI did not show any significant changes in the average RAD, MIC, or SMG levels.
This reversible tolerance that we observed in C. auris may result from stochastic phenotype
switching or an induced response activated by the presence of antifungal drugs inside of
the cell. The general mechanism underlying tolerance in C. auris remains to be elucidated in
future work, to be aided, for instance, by mathematical modeling and synthetic biology [57],
tracking single cell growth and gene expression trajectories in microfluidic devices [58,59],
as well as genetic sequence and aneuploidy analyses [60].

The tolerance in some of our C. auris isolates was reduced or eliminated in vitro
by combining azole, polyene, and echinocandin antifungal drugs with the antimalarial
drug chloroquine. Chloroquine reduced tolerance for some C. auris isolate—antifungal
combinations, while chloroquine did not have an adjuvant effect for other combinations.
The mechanism underlying this strain-dependent phenomenon remains to be elucidated.
Combining chloroquine with antifungal drugs had a partial effect on resistance in some
of the C. auris isolates investigated in this study. Specifically, C. auris isolate 5, which was
resistant to caspofungin and voriconazole (RAD = 0 mm), had a small increase in the ZOI
(RAD < 12 mm) in presence of chloroquine. Correspondingly, C. auris isolate 2 had no ZOI
for caspofungin, but had a small ZOI (RAD = 6 mm) in presence of chloroquine. The RADs
for these cases were smaller than those for the sensitive C. auris isolates in our experiments.
Chloroquine did not affect the MICs of the C. auris isolates in our study. Chloroquine also
affected fluconazole resistance in I. orientalis (Table S5), though tolerant subpopulations
in C. parapsilosis were unaffected by chloroquine. Altogether, these results suggest that
combining chloroquine with antifungal drugs may have a partial mitigation effect on
resistance in C. auris. Though the mechanism of action is unknown, it is likely related to
iron depletion caused by chloroquine and its downregulation of the ERG11 gene [35,41].
Iron depletion is known to decrease membrane sterols and increase membrane fluidity,
leading to increased uptake of antifungal drugs into the cell [61]. The downregulation of
ERG11 gene, which synthesizes lanosterol alpha demethylase enzyme, is also known to be
an important rate-limiting enzyme for the synthesis of ergosterol [62].
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Due to the limited number of C. auris isolates that we were able to acquire, the results
presented in this study serve as a proof of concept that C. auris is tolerant to fungistatic and
fungicidal drugs, and that this antifungal tolerance can be mitigated by using chloroquine
as an adjuvant. Further in vitro validation of these results in additional C. auris isolates, as
well as subsequent investigations using in vivo model systems, will be pursued in future
research. Another limitation of our study is that we did not have access to patient details
and antifungal treatment history due to privacy regulations.

Overall, this study advances our understanding of antifungal treatment failure in
C. auris and identifies opportunities for the clinical detection of antifungal tolerance as well
as the development of targeted adjuvant antifungal therapies against tolerant and resistant
invasive candidiasis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomedicines11030898/s1, Table S1: Candida isolates and strains;
Table S2: minimum inhibitory concentrations (MICs) of C. auris isolates; Table S3: mean MIC,
SMG, FoGy, and RAD for reference strains Issatchenkia orientalis and C. parapsilosis measured at 24
and 48 h for different antifungal drugs. Table S4: reversibility of tolerance phenotype in Candida
auris. Table Sb: effect of chloroquine (CLQ) on reference strains Issatchenkia orientalis and Candida
parapsilosis. Figure S1: quantification of antifungal tolerance in a disk diffusion assay using the
image analysis program diskImageR [29]. Figure S2: detecting tolerance in Candida auris from disk
diffusion assays (DDAs) using diskImageR. Figure S3: representative disk diffusion assays (DDA)
images of fluconazole (FLU) tolerance in Candida auris and Candida parapsilosis. Figure S4: comparison
between diskImageR and manual radius of the zone of inhibition (RAD) measurements. Figure S5:
azole tolerance in Candida auris. Figure S6: azole tolerance in Candida parapsilosis reference strain.
Figure S7: reversibility of tolerance in a representative Candida auris isolate 2 against voriconazole.
Figure S8: disk diffusion assays (DDAs) of antifungal adjuvant treatment in Candida auris isolates
and Issatchenkia orientalis and Candida parapsilosis reference strains. Figure S9: Candida auris isolates
and Candida parapsilosis and Issatchenkia orientalis reference strains growing on Mueller-Hinton agar
(MHA) media with chloroquine.
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Abstract: Background: In this study, the effect of pure caffeine was established against Candida
albicans (C. albicans) using different microbiological techniques. Methods: Broth microdilution and
colony forming units (CFUs) assays were used to detect the minimum inhibitory concentration (MIC)
and minimum fungicidal concentration (MFC). The Live/Dead fluorescent dyes were implemented
to determine the yeast viability. Polymethyl methacrylate acrylic resin (PMMA) discs were prepared
to evaluate caffeine’s effects against adherent C. albicans using microplate reader, CFUs, and scanning
electron microscope (SEM). Results: caffeine’s MIC was detected around 30 mg/mL, while the MFC
was considered at 60 mg/mL. In an agar-well diffusion test, the inhibition zones were wider in
caffeine groups. The Live/Dead viability test verified caffeine’s antifungal effects. The optical density
of the adherent C. albicans on PMMA discs were lower at 620 nm or 410 nm in caffeine groups.
CFU count was also reduced by caffeine treatments. SEM revealed the lower adherent C. albicans
count in caffeine groups. The effect of caffeine was dose-dependent at which the 60 mg/mL dose
demonstrated the most prominent effect. Conclusion: The study reinforced caffeine’s antifungal and
antibiofilm properties and suggested it as an additive, or even an alternative, disinfectant solution for
fungal biofilms on denture surfaces.

Keywords: caffeine; Candida albicans; polymethyl methacrylate acrylic resin (PMMA); denture;
stomatitis

1. Introduction

Candida albicans (C. albicans) is the most frequent fungus that asymptomatically colo-
nizes half of the population worldwide. Yet, the opportunistic mode of this pathogen has
been established and associated with several severe infections and a high rate of morbidity
and mortality [1]. The virulence factors of C. albicans are responsible for the advanced
fungal infections in the oral cavity and digestive tract, in addition to mucocutaneous,
systemic, and invasive infections [2].

Biofilm formation is one of the significant virulence factors of C. albicans; the patho-
genesis of C. albicans is established on the irreversible attachment and construction of the
biofilm biomass on the living tissues of the host or on prosthetic devices and implants [3,4].
Adhesion is the initial step of biofilm formation, then morphological changes develop cu-
mulatively by the number of fungus cells and produce extracellular polymeric substances
that impact the final biofilm architecture [1,5]. A single species can form biofilm, yet in vivo,
combined different species generally underly the formation of biofilm. Previous studies
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have observed the biofilm maturation in an animal model at 24 h; however, in vitro, it was
detected from 38 to 72 h [6,7].

Antifungal agents such as nystatin and miconazole are used to treat mild to moderate
candidiasis in the oral cavity for a period of one to two weeks. Oral or intravenous
administration of fluconazole is commonly used in case of severe infections [8]. Recently,
the prolonged use of fluconazole and its fungistatic, not fungicidal, role has contributed
to the growing resistance of C. albicans [9]. Studies have shown that the biofilm formation
might provoke the candida resistance to antifungals agents [10]. The remarkable ability
of C. albicans to develop resistance is a public health burden with the limited arsenal of
treatment options [11,12] and it is crucial to direct our research studies to explore new
antifungal modalities [13]. Notably, the effect of natural compounds on the biofilm activity
of drug-resistant C. albicans was demonstrated in previous studies [14].

Denture stomatitis is an oral disease that arises due to poor denture hygiene and is
generally caused by C. albicans. Chlorhexidine (CHX) has been used as a disinfectant agent
to diminish the adhesion of C. albicans on the denture-based resins [15]. CHX is a biguanide
disinfectant [16] that is frequently used in dentistry as an antiseptic oral rinse, mouthwash.
CHX has shown a high fungicidal effect and can be used as a topical antifungal agent.
However, the proper use of CHX for clinical and dental purposes is important and should
be specifically used [15,17].

Caffeine is a natural classical purine alkaloid belonging to the methylxanthines family
(1,3,7-trimethixanthine). It is produced in more than eighty herbal species and considered
the most common behavior-affecting substance globally [18]. Since the chemical compound
has been isolated, pharmaceutical studies have been applied to explore the function of
caffeine and the effect of caffeine on the immune and nervous systems has been estab-
lished [18,19]. Few research studies have reported the antifungal activities of caffeine and
recommended further investigations to describe the potential inhibitory effect of caffeine
on the growth of C. albicans and biofilm formation [20,21]. The aim of our study was to
evaluate the antifungal activity of caffeine on C. albicans and to assess its antibiofilm activity
on polymethyl methacrylate resin (PMMA) denture discs using different microbiological
methods. The null hypothesis of the present work is that the antifungal effects of caffeine
would not differ from the control.

2. Materials and Methods
2.1. Chemicals and Materials

Caffeine (Cat. # C080100) was provided from Toronto Research Chemicals Inc.
(2 Brisbane Road Toronto, ON, Canada). Live/Dead® yeast viability kit (Cat. # L7009)
was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Sabouraud Dextrose
Agar (SDA) (Cat. # MM-M-024) and Sabouraud Dextrose Broth (Cat. # MM-M-205)
were provided from Molequle-on® (Auckland, New Zealand). Mueller-Hinton Agar (Cat.
# CMO0337) was provided from Oxoid (Basingstoke, UK), and the 96-well plates were
purchased from CELLTREAT (Pepperell, MA, USA). Heat-polymerized acrylic denture
base resin (Major.Base.20, Major Prodotti Dentari, Moncalieri, Italy) was used for resin
specimens’ preparation.

2.2. Antifungal Susceptibility Testing
2.2.1. Broth Microdilution Assay

The antifungal susceptibility testing of caffeine at 15, 30, and 60 mg/mL concentrations
was tested against C. albicans reference strain (ATCC 10231). C. albicans from a glycerol
stock was streaked onto SDA plates 2-5 days before the exterminate and the plates were
incubated at 37 4= 1 °C for two days. Isolated colonies were inoculated in 20 mL broth media
and incubated at 30 &= 1 °C overnight with shaking. The yeast suspension was adjusted
at 0.5 McFarland to produce approximately 1 x 10® CFU/mL. The broth microdilution
method was performed according to the guidelines from the Clinical and Laboratory
Standards Institute (CLSI) M27 protocol for Candida species [22] with slight modification [23].

98



Biomedicines 2022, 10, 2078

In a 96-well plate, multiple concentrations of caffeine solutions were prepared in sterile
phosphate-buffered saline (PBS) by two-fold dilution, 100 puL of each concentration was
prepared in triplicate. Then, 100 pL diluted Candida (2.5 x 103> CFU/mL) in liquid media
was added to each well. CHX (Avalon Pharma, Riyadh, Saudi Arabia) at a concentration of
0.2% was used as a standard antifungal agent also, and positive and negative growth wells
were performed as control samples. The microdilution plates were incubated at 37 + 1 °C,
the optical density (OD) of the plate was determined at 620 nm after one and two days
using a microplate reader (Bio-Rad xMark TM Microplate Spectrophotometer; Hercules,
CA, USA). The minimum inhibitory concentration (MIC) was determined as the lowest
concentration at which no turbidity of the yeast growth was observed [24]. To detect the
Minimal Fungicidal Concentration (MFC), 10 uL from each well was inoculated on SDA
plates and incubated for two days at 37 &= 1 °C and MFC value that was determined at the
lowest concentration that showed equal or less than 2 colony-forming units.

2.2.2. Agar-Well Diffusion

The surface of three SDA plates were inoculated by spreading 100 uL of C. albicans
over the entire surface. After this, a 6 mm hole was punched in the agar under aseptic
conditions using a microtip. A volume of 50 uL from different concentrations of caffeine, as
well as CHX, PBS (control), and distilled water (blank), were added to the wells. Then, the
treated plates were incubated overnight at 37 & 1 °C. After one day, the inhibition zones
of caffeine-inoculated wells were visualized and compared with positive- and negative-
control wells. The diameter of each inhibition zone was measured (mm) and divided by 2
after subtraction of the diameter of the hole.

2.2.3. Determination of Yeast Viability

The yeast viability was evaluated using the LIVE/DEAD® Yeast Viability Kit (Cat.
#L7009) that was purchased from Thermo Fisher Scientific. After one day incubation at
37 £1 °C, the yeast suspension with different caffeine concentrations was centrifuged for
5 min at 10,000x g. After decanting the supernatant, the remaining pellets were resus-
pended in another 1 mL of the wash buffer in 1.5 mL tubes. For the cellular staining, 1 uL of
FUN® 1 cell stain (Component-A) and 5 pL of Calcofluor® White M2R (Component-B) were
added to each yeast suspension sample. Samples were then incubated in the dark for 30 min
at 30 °C. Hereafter, 5 pL from each yeast suspension-stained sample was added on a glass
slide and covered with a coverslip. The slides were inspected over an inverted fluorescent
microscope (Nikon Eclipse Ts2R, Nikon Instruments Inc., Melville, NY, USA). From each
sample, four different fields were visualized. Images were taken at excitation/emission
wavelength of 488/530 nm and 365/435 nm for the FUN® 1 cell stain and Calcofluor®
White M2R, respectively.

2.3. Polymethyl Methacrylate (PMMA) Resin Preparation

A total of 60 specimens of polymethyl methacrylate heat-polymerized acrylic resin
discs with a thickness of 2 mm, a diameter of 10 mm diameter, and polished surfaces
were prepared according to the manufacturer’s guidelines. A digital caliper was used for
specimens’ dimensions confirmation, and approved specimens were stored in distilled
water for two days at 37 £ 1 °C before testing procedures. The PMMA discs composed five
groups (n = 10), as follows: Group 1: control group containing PBS; Group 2: the standard
(CHX); Group 3: caffeine 60 mg/mL (CAF-60); Group 4: caffeine 30 mg/mL (CAF-30); and
Group 5: caffeine 15 mg/mL (CAF-15).

2.4. Antibiofilm Activity Assay

Under aseptic conditions in the laminar flow safety cabinet, each disc was sterilized
with 95% ethanol on each side then subjected to 1 h ultraviolet illumination. The discs were
placed in 12-well plates according the 5 groups with 1 mL of artificial saliva and incubated
for 2 h. The overnight culture of C. albicans was adjusted to 0.5 McFarland, and 1 mL of
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yeast suspension was added to each well with different concentration of caffeine, except
for the control samples. The plates were incubated at 37 £ 1 °C for two days to allow the
biofilm formation phase of C. albicans. Nonadherent cells were removed by washing the
discs twice with PBS and placed in new, sterile, 12-well plastic plates. Finally, the biofilms
were scraped and vortexed for 2 min at 3000 rpm speed to dislodge the adherent cells
from the denture [25,26]. The adherent fungal cells were evaluated by microplate reader
(Bio-Rad xMark TM Microplate Spectrophotometer, Hercules, CA, USA) at 620 and 410 nm.

2.5. Colony Forming Unit Assay

To assess the antibiofilm activity, Colony Forming Unit Assay was also performed. A
volume of 100 pL of each well was inoculated on SDA plates and incubated at 37 1 °C;
the counting of colonies was performed within one day to easily distinguish the colonies
before the overgrow and after two days to allow scoring of any slow grow isolates. After
two days of incubation at 37 + 1 °C, the colonies were then captured and counted using
an Image ] 1.37b image analysis system (National Institutes of Health, Bethesda, MD,
USA). The experiment was independently performed by two microbiologists using three
replicates’ plates to ensure the reproducibility.

2.6. Scanning Electron Microscope

One randomly selected disc per group was used for the scanning electron microscope
(SEM) procedure. The PMMA discs were initially fixed at room temperature in 2.5% glu-
taraldehyde solution. The discs were then dehydrated in ascending ethanol concentrations.
Afterwards, the specimens were gold sputter-coated after mounting on metallic stubs (Quo-
rum, Q150R ES, Lewes, UK). Samples were inspected under SEM instrument (Emcrafts,
Gyeonggi-do, Korea) at 10kV at x2000 magnification.

2.7. Statistical Analysis

Graph Pad Prism V-5 was employed as statistical software (GraphPad Software, Inc.,
La Jolla, CA, USA). All numerical values were presented as arithmetic means (+) their
standard deviations (SD). After testing the normality with the Shapiro-Wilk test, one-way
analysis of variance (ANOVA) followed by Turkey’s post hoc test were used for data with
normal distribution (microdilution analysis). Data without normal distribution (CFU and
Agar-well diffusion) were analyzed using Kruskal-Wallis test and Dunn’s post hoc test.
The statistical significance for all analyses was considered when p < 0.05.

3. Results

Results of the microdilution test showed that caffeine at the 30 mg/mL concentration
showed no visible turbidity of the yeast growth (MIC). Moreover, the results of the optical
density using plate reader are presented in Figure 1. The growth of C. albicans was signif-
icantly (p < 0.01) reduced in CHX and caffeine (60 mg/mL) groups as compared to the
control group following 24 h of incubation with growth media (Figure 1,A,B). The 30 and
15 mg/mL concentrations of caffeine did not demonstrate a statistically significant decrease
in the percentage of C. albicans growth compared to the control group (Figure 1A,B).

In Figure 2, agar plates of the CFU test to enumerate the fungal colonies for further
confirmation showed overgrowth of C. albicans in the control PBS group with no treatments
(Figure 2A). This Candida growth was reduced, as shown in SDA plates from the CHX group
(Figure 2B). Caffeine groups in 60, 30, and 15 mg/mL concentrations demonstrated marked
and dose-dependent decreased C. albicans colony count on the SDA plates (Figure 2C-E).
The CFU counts in CHX and caffeine (60 mg/mL) groups were statistically significantly
(p < 0.05) low as compared to the control group (Figure 2F). Other concentrations of caffeine
(30 and 15 mg/mL) showed a non-statistically significant lower CFU as compared to the
control group (Figure 2F). Hence, caffeine at the 60 mg/mL concentration was considered
as the MFC value as this concentration demonstrated less than 2 CFUs of C. albicans.
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Figure 1. Microdilution test for caffeine (CAF) effects against C. albicans growth showing the per-
centage (%) growth calculated from the measured optical density (OD) of different groups measured
at 620 nm. (A) After 24 h incubation at 37 °C with broth media. (B) After 48 h incubation at 37 °C
with broth media. Data are expressed as mean =+ SD (1 = 6) and statistically analyzed using one-way
ANOVA followed by Tukey’s post hoc test. The significance was considered when ** p < 0.01 as
compared with control.

Figure 2. Antifungal Susceptibility Assay of caffeine (CAF) against C. albicans growth. (A) Fungal cell
overgrowth in control group (PBS) containing no treatments. (B) Complete inhibition of the fungal
cell growth in chlorhexidine (CHX) group. (C-E) Different concentrations of CAF including 60, 30,
and 15 mg/mL, respectively, showing the dose-dependent effects of CAF and the gradual growth
inhibition of fungal cells. (F) CFU count of different SDA plates. Data are expressed as mean £ SD
(n = 3) and statistically analyzed using Kruskal-Wallis test and Dunn’s post hoc test. The significance
was considered when * p < 0.05 as compared with control.
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The agar-well diffusion test on SDA plates demonstrated no growth inhibition zones
in control (PBS), blank (distilled water), and caffeine (15 mg/mL) groups. On the other
hand, CHX, caffeine (30 mg/mL) group, and caffeine (60 mg/mL) showed clear zones of C.
albicans growth inhibition (Figure 3A). The inhibition zones on SDA plates presented as
mm, and were significantly (p < 0.05) higher in CHX and caffeine (60 mg/mL) groups as
compared to the control group (Figure 3B). The 30 mg/mL caffeine concentration showed
a non-statistically significant increase in the growth inhibition zones as compared to the
control group (Figure 3B).

Figure 3. Agar-well diffusion method for caffeine (CAF) effects against C. albicans growth. (A) Different
concentrations of CAF including 15 mg/mL, 30 mg/mL, and 60 mg/mL were tested. The higher
two concentrations of CAF (30 and 60 mg/mL) showed the most prominent inhibition of the fungal
growth as compared with control containing PBS alone, blank containing distilled water, and standard
therapy containing chlorhexidine (CHX). (B) Measurements of zone of inhibition (mm). Data are
expressed as mean £ SD (1 = 3) and statistically analyzed using Kruskal-Wallis test and Dunn’s post
hoc test. The significance was considered when * p < 0.05 as compared with control.

The Live/Dead yeast viability test revealed the prominent effects of caffeine against
C. albicans growth. The fluorescent microscope images showed a low number of fungal
cells stained in light green with FUN-1 (Figure 4A), whereas a high number of cells stained
red with Calcofluor White M2R were present (Figure 4D) in the control group without
treatments. CHX group demonstrated higher dead fungal cells stained in green (Figure 4B)

with markedly lower live red-stained cells (Figure 4E) when compared to the control group.

The higher dose of caffeine (60 mg/mL) showed increased number of dead green-stained
fungal cells (Figure 4C) and reduced count of the red-stained live cells (Figure 4F).
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Figure 4. Live/Dead yeast viability method for caffeine (CAF) effects against C. albicans growth.

The highest concentration of CAF (60 mg/mL) was tested. (A-C) Image showing dead fungal
cells stained in green without treatments (A), with CHX treatment (C), and with CAF (60 mg/mL)
treatment. (D-F) Image showing merged dead/live fungal cells stained in yellow-green or red-
orange, respectively, after no treatments (D), after treatment with CHX (E), and after treatment with
CAF (60 mg/mL) (F). Full plasma membrane integrity and metabolic function of yeast are needed to
convert the yellow-green fluorescent into red-orange color.

Caffeine’s effect was assessed against the adherent C. albicans to the PMMA discs
using the microdilution test (Figure 5). The optical density (OD) measured at 620 nm
or 410 nm revealed a significant (p < 0.01) reduction in adherent C. albicans count in the
CHX group as compared to the control group (Figure 5). Similarly, the higher dose of
caffeine (60 mg/mL) showed a significant (p < 0.05) decrease in adherent C. albicans count
as compared to the control group at both weave lengths, whereas the 30 mg/mL dose
significantly (p < 0.05) reduced the attached fungal count compared to the control group
when measured at 620 nm (Figure 5).
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Figure 5. Microdilution test for caffeine (CAF) effects against the growth of C. albicans adherent to
the PMMA discs showing the optical density (OD) of different groups measured at 620 nm and 410
nm. Data are expressed as mean + SD (n = 10) and statistically analyzed using one-way ANOVA
followed by Tukey’s post hoc test. The significance was considered when * p < 0.05 and ** p < 0.01 as
compared with control at 620 nm or * p < 0.05 and # p < 0.01 as compared with control at 410 nm.

SDA plates of the CFU test are presented in Figure 6. The control group with no
treatments showed the highest adherent C. albicans colony count (Figure 6A), whereas other
plates from CHX (Figure 6B) and caffeine groups (Figure 6C-E) demonstrated a markedly
lower colony count. The adherent C. albicans colony count on the PMMA discs, presented as
CFU/mL, was significantly (p < 0.05) reduced by CHX and caffeine (60 mg/mL) treatments
as compared to the control group (Figure 6F). Other concentrations of caffeine (30 and
15 mg/mL) showed a non-statistically significant reduction of the adherent C. albicans
count as compared to the control group (Figure 6F).
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Figure 6. Colony-forming unit (CFU) method for caffeine (CAF) effects against the growth of C.
albicans adherent to the PMMA discs. (A) Fungal cell growth in control group (PBS) containing
no treatments. (B) Complete inhibition of the fungal cell growth in chlorhexidine (CHX) group.
(C-E) Different descending concentrations of CAF including 60, 30, and 15 mg/mL, respectively,
showing the dose-dependent effects of CAF and the gradual growth inhibition of fungal cells. (F) CFU
count of different SDA plates. Data are expressed as mean £ SD (n = 3) and statistically analyzed
using Kruskal-Wallis test and Dunn’s post hoc test. The significance was considered when * p < 0.05
as compared with control.

Results of the SEM revealed adherent C. albicans cells to the surface of PMMA discs in
the control group (Figure 7A), whereas this number was markedly reduced in the standard
therapy group by CHX (Figure 7B). Images of the SEM also showed a lower count for
the C. albicans cells attached to the surface of PMMA discs in caffeine groups. The effect
of caffeine was dose-dependent, at which the 60 mg/mL dose demonstrated the most
prominent reduction in adherent fungal cell count (Figure 7C), which was equivalent to
the CHX group compared to the control group. Other concentrations of caffeine (30 and
15 mg/mL) also reduced the adherent C. albicans count as compared to the control group
(Figure 7D,E).
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Figure 7. Scanning electron microscope (SEM) images showing the effects of caffeine (CAF) against
the growth of C. albicans adherent to the PMMA discs at X5000. (A) Adherent fungal cells in
control group (PBS) containing no treatments. (B) Limited number of the adherent fungal cells in
chlorhexidine (CHX) group. (C-E) Different descending concentrations of CAF including 60, 30, and
15 mg/mL, respectively, showing the dose-dependent effects of CAF and the gradual reduction of
the adherent fungal cells on the PMMA discs.

4. Discussion

C. albicans can be found in abundance on the surface of acrylic denture resin. Among
the >700 microbial species that colonize the oral cavity, this fungus is considered the most
common contributing factor in the pathogenesis of denture stomatitis [27]. Studies have
reported that denture stomatitis is prevalent in almost 70% of denture wearers, which
requires strict adherence to oral health instruction [28]. Accordingly, it could be anticipated
that the daily consumed beverages might influence denture stomatitis and its caustic
factors. Caffeine is a major component of coffee. It is also an active constituent in cocoa
beverages, tea leaves, soft drinks, and chocolate-related products [29]. An average daily
intake of 2 coffee cups is almost equivalent to 180 mg/d of caffeine [30]. The present
study reinforced, using multiple techniques, that caffeine has a prominent direct antifungal
property against C. albicans. Additionally, our findings demonstrated for the first time the
influence of caffeine alone on C. albicans adherent to the PMMA acrylic denture resin discs,
which was not documented in previous studies. PMMA is a globally utilized material in
modern dentistry and is commonly used to fabricate dental prosthetics (such as dentures),
artificial teeth, and orthodontic appliances. Therefore, PMMA discs represent the most
suitable in vitro model for denture stomatitis [31]. Caffeine had antifungal activities and
decreased C. albicans adhesion to PMMA denture base resin. Therefore, the null hypothesis
was rejected.

In the present study, caffeine antifungal effects, particularly at the 60 mg/mL concen-
tration, were comparable with the standard CHX therapy, indicating its prominent effects.
Caffeine inhibited the growth of C. albicans after 24 and 48 h of incubation. The antimi-
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crobial effects of caffeine are well-documented. On the fungal level, a wound dressing
that delivers caffeine alone or in combination with ascorbic acid showed a clear antifungal
activity against C. albicans using the disc diffusion method [32]. In one study, caffeine
enhanced the antifungal activity of chloroquine through induction of the cell wall perturba-
tion [33]. Caffeine and its salts caused alterations in the structure of C. albicans in the Mittag
study [34]. Sabie and Gadd reported that caffeine and other phosphodiesterase inhibitors
might induce yeast-mycelium transition of C. albicans [35]. Different concentrations of
caffeine triggered gene segregations of C. albicans and suppressed its cell replication [36].
The reported direct antifungal effects of caffeine in the current study were confirmed
by CFU assay and the agar well-diffusion method, where caffeine, particularly the 60
mg/mL concentration, suppressed the number of C. albicans colonies and generated a
fungal growth inhibition zone wider than CHX. Therefore, the highest concentration of
caffeine was chosen to innovatively verify its antifungal effects using the florescent yeast
Live/Dead viability assay. In this test, the reduced count of the viable Candida indicated
that caffeine could disturb the integrity of the fungal plasma membrane as well as induce
alterations in the metabolic function of the yeast.

Multiple mechanistic pathways have been suggested to explain the antimicrobial ef-
fects of caffeine. For instance, caffeine might inhibit microbial DNA synthesis by suppress-
ing thymidine kinase and preventing the inclusion of thymidine or adenine bases, which
might additionally potentiate the effects of other antimicrobial agents [37,38]. Furthermore,
the antimicrobial effects of caffeine might be indirectly augmented by its combination with
other antimicrobial agents that target microbial cell-wall synthesis, which facilitates the
influx of caffeine into microorganisms [39]. The antifungal effects of caffeine might be
attributed to the manipulation of the N-terminal domain and specific protein phosphatase
Z1 (CaPpz1) of C. albicans [40]. Thus, CaPpzl gene deletion improved C. albicans sensitivity
to caffeine, which supports this mode of action [41]. Studies have also suggested the role of
CaTip41, CaSCHY, CaDOA1, and CDR1-yEGFP3 genes in regulating caffeine antifungal
properties [42—45]. Stichternoth et al. reported that Tor1l and Sch9 kinases are essential for
caffeine antifungal effects through suppression of hyphal morphogenesis [46]. Sanglard
explored the calcineurin pathway as an essential tool for tolerance to C. albicans metabolic
inhibitors such as caffeine [47].

One of the novelty aspects of the present work is that we tested the influence of
caffeine alone against the adherent C. albicans on the surface of denture-based PMMA
acrylic resin. One recent study conducted by Alfaifi et al. found that caffeine can suppress
the metabolic activity and biofilm formation of C. albicans in the presence of nicotine on
PMMA acrylic denture resin [20]. Nicotine was used to replicate the smoking condition as a
causative factor for denture stomatitis. In the Alfaifi et al. study, the effect of caffeine alone
against PMMA adherent C. albicans was not evaluated. Moreover, the range of caffeine
concentrations in the Alfaifi et al. study was similar to our assessed caffeine concentrations.
In the present study, caffeine markedly and dose-dependently reduced adherent Candida
count as indicated by reduced OD at both 620 nm and 410 nm wavelengths. Here, we
anticipated that the adherent Candida cell count would be low. Given the fact that the
OD of Candida cell suspension could be recognized at different wavelengths [48,49], we
inspected the OD of the adherent Candida at 620 nm and 410 nm wavelengths. Moreover,
CFU assay results of the adherent Candida revealed the marked effects of caffeine against
Candida biofilm formation at all tested concentrations. Treatment of the PMMA discs
with different concentrations of caffeine lowered the number of surviving adherent C.
albicans, which lowered OD values and CFU count of caffeine groups, particularly the
higher (60 mg/mL) dose. SEM examination confirmed these findings. The SEM images
were comparable to other studies, where C. albicans showed similar adhesion and biofilm
formation without treatment on the PMMA discs. Indeed, the pattern of the reduced
Candida adhesion by caffeine on SEM images resembled previous studies in its structure
and arrangements [50,51].
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The present work considered only the artificial saliva during the adherent Candida
biofilm assay. The impact of salivary composition as well as pH was not studied. Addition-
ally, the surface properties of the PMMA discs were not evaluated. Other surface properties
or modified resin structures might influence the caffeine effects on the adherent Candida
biofilm. The effect of pure caffeine was assessed in this study, which does not exactly mimic
the condition case of daily beverages. Other excipients in the daily beverages should be
also considered. These limitations might be considered in future research. Further studies
are crucial to investigate the antifungal and antibiofilm effect of caffeine on different types
of dentures used by edentulous patients and could be a promising solution to decrease the
number of oral candidiasis cases. Moreover, in terms of denture base properties, the effects
of caffeine with different concentrations on the strength of denture base resins are required.

5. Conclusions

The conscious use of a disinfectant is a fundamental element to prevent oral candidi-
asis infection. Taken together, the findings of the present in vitro study reinforced the
antifungal properties of different caffeine concentrations against C. albicans. The 60 mg/mL
concentration showed the most prominent effects that were comparable with standard
CHX therapy. Caffeine also could reduce the antibiofilm activity of C. albicans and decrease
the adhesion of the fungus on the PMMA acrylic denture base, which supports its potential
use as an alternative disinfectant solution for fungal biofilms on denture surfaces.

Author Contributions: D.M.A.: methodology; validation; investigation; writing—original draft; su-
pervision. HM.A.: conceptualization; formal analysis; writing—original draft; visualization. M.M.G.:
resources; writing—review and editing. M.H.A.: investigation; funding acquisition. A.S.B. and
K.S.A.: resources; writing—review and editing. M.M.M.: writing—review and editing; supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by a grant from the Deanship of Scientific Research, Imam Abdul-
rahman Bin Faisal University, Saudi Arabia (Project no. 2020-035-Dent).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data supporting the findings of this study are available within
the manuscript.

Acknowledgments: The authors are thankful to Omar Omar for his valuable assistance during
the SEM imaging step and to Badr Saqr for his technical assistance during the coating step in the
SEM procedure.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lohse, M.B.; Gulati, M.; Johnson, A.D.; Nobile, C.J. Development and regulation of single- and multi-species Candida albicans
biofilms. Nat. Rev. Microbiol. 2018, 16, 19-31. [CrossRef] [PubMed]

2. Talapko, J.; Juzbas$i¢, M.; Matijevi¢, T.; Pustijanac, E.; Beki¢, S.; Kotris, L; Skrlec, 1. Candida albicans-The Virulence Factors and
Clinical Manifestations of Infection. J. Fungi 2021, 7, 79. [CrossRef] [PubMed]

3. Gulati, M.; Nobile, C.J. Candida albicans biofilms: Development, regulation, and molecular mechanisms. Microbes Infect. 2016, 18,
310-321. [CrossRef]

4. Tsui, C.; Kong, E.F; Jabra-Rizk, M.A. Pathogenesis of Candida albicans biofilm. Pathog. Dis. 2016, 74, ftw018. [CrossRef] [PubMed]

5. Cavalheiro, M.; Teixeira, M.C. Candida Biofilms: Threats, Challenges, and Promising Strategies. Front. Med. 2018, 5, 28. [CrossRef]

6.  Chandra, J.; Mukherjee, P.K. Candida Biofilms: Development, Architecture, and Resistance. Microbiol. Spectr. 2015, 3, 3—4.
[CrossRef]

7. Kucharikova, S.; Neirinck, B.; Sharma, N.; Vleugels, ].; Lagrou, K.; Van Dijck, P. In vivo Candida glabrata biofilm development on
foreign bodies in a rat subcutaneous model. J. Antimicrob. Chemother. 2015, 70, 846-856. [CrossRef]

8.  CDC. Candida Infections of the Mouth, Throat, and Esophagus. Available online: https://www.cdc.gov/fungal/diseases/
candidiasis/thrush/index.html (accessed on 14 May 2022).

9.  Zahra, N; Hossein, Y.M. Antifungal Activity of Caffeine in Combination with Fluconazole Againstcandida Albicans. Infect.

Epidemiol. Microbiol. (Infect. Epidemiol. Med.) 2016, 2, 18-21. [CrossRef]

108



Biomedicines 2022, 10, 2078

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

Alikhani, T.; Daie Ghazvini, R.; Mirzaii, M.; Hashemi, S.]J.; Fazli, M.; Rafat, Z.; Roostaei, D.; Ardi, P.; Kamali Sarvestani, H.;
Zareei, M. Drug Resistance and Biofilm Formation in Candida Species of Vaginal Origin. Iran. . Public Health 2022, 51, 913-918.
[CrossRef]

Revie, N.M.; Iyer, K.R.; Robbins, N.; Cowen, L.E. Antifungal drug resistance: Evolution, mechanisms and impact. Curr. Opin.
Microbiol. 2018, 45, 70-76. [CrossRef]

Cowen, L.E,; Sanglard, D.; Howard, S.J.; Rogers, P.D.; Perlin, D.S. Mechanisms of Antifungal Drug Resistance. Cold Spring Harb.
Perspect. Med. 2014, 5, a019752. [CrossRef] [PubMed]

Fisher, M.C.; Alastruey-Izquierdo, A.; Berman, ].; Bicanic, T.; Bignell, E.M.; Bowyer, P.; Bromley, M.; Briiggemann, R.; Garber, G.;
Cornely, O.A.; et al. Tackling the emerging threat of antifungal resistance to human health. Nat. Rev. Microbiol. 2022, 20, 557-571.
[CrossRef] [PubMed]

Khan, A.; Azam, M.; Allemailem, K.S.; Alrumaihi, F.; Almatroudi, A.; Alhumaydhi, FA.; Ahmad, H.I.; Khan, M.U.; Khan, M.A.
Coadministration of Ginger Extract and Fluconazole Shows a Synergistic Effect in the Treatment of Drug-Resistant Vulvovaginal
Candidiasis. Infect. Drug Resist. 2021, 14, 1585-1599. [CrossRef] [PubMed]

Brookes, Z.L.S.; Bescos, R.; Belfield, L.A.; Ali, K.; Roberts, A. Current uses of chlorhexidine for management of oral disease: A
narrative review. J. Dent. 2020, 103, 103497. [CrossRef]

Poppolo, D.F.; Ouanounou, A. Chlorhexidine in Dentistry: Pharmacology, Uses, and Adverse Effects. Int. Dent. ]. 2022, 72,
269-277. [CrossRef]

Shrestha, A.; Rimal, J.; Rao, A.; Sequeira, P.S.; Doshi, D.; Bhat, G.K. In vitro antifungal effect of mouth rinses containing
chlorhexidine and thymol. . Dent. Sci. 2011, 6, 1-5. [CrossRef]

Al Reef, T.; Ghanem, E. Caffeine: Well-known as psychotropic substance, but little as immunomodulator. Immunobiology 2018,
223, 818-825. [CrossRef]

Acikalin, B.; Sanlier, N. Coffee and its effects on the immune system. Trends Food Sci. Technol. 2021, 114, 625-632. [CrossRef]
Alfaifi, A.A.; Lin, W.S.; Aldhaian, B.A.; Levon, J.A.; Gregory, R.L. Impact of caffeine on metabolic activity and biofilm formation
of Candida albicans on acrylic denture resin in the presence of nicotine. J. Prosthet. Dent. 2020, 123, 875-879. [CrossRef]

Raut, J.S.; Chauhan, N.M.; Shinde, R.B.; Karuppayil, S.M. Inhibition of planktonic and biofilm growth of Candida albicans reveals
novel antifungal activity of caffeine. . Med. Plants Res. 2013, 13, 777-782. [CrossRef]

CLSI. Chapter 3. Antifungal broth dilutions susceptibility testing process for yeasts. In M27: Reference Method for Broth Dilution
Antifungal Susceptibility Testing of Yeasts, 4th ed.; Alexander, B.D., Ed.; Clinical Laboratory Standards Institute: Wayne, PA, USA,
2017.

Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016, 6,
71-79. [CrossRef] [PubMed]

Canton, E.; Espinel-Ingroff, A.; Peman, J. Trends in antifungal susceptibility testing using CLSI reference and commercial methods.
Expert Rev. Anti-Infect. Ther. 2009, 7, 107-119. [CrossRef] [PubMed]

Fouda, S.M.; Gad, M.M,; Ellakany, P.; Al Ghamdi, M.A.; Khan, S.Q.; Akhtar, S.; Al Eraky, D.M.; Al-Harbi, F.A. Effect of Low
Nanodiamond Concentrations and Polymerization Techniques on Physical Properties and Antifungal Activities of Denture Base
Resin. Polymers 2021, 13, 4331. [CrossRef] [PubMed]

Mota, S.; Alves, R.; Carneiro, C.; Silva, S.; Brown, A.J.; Istel, E; Kuchler, K.; Sampaio, P.; Casal, M.; Henriques, M.; et al. Candida
glabrata susceptibility to antifungals and phagocytosis is modulated by acetate. Front. Microbiol. 2015, 6, 919. [CrossRef]

Wu, T,; Shi, W.; Loewy, Z.G.; He, X. Managing denture biofilm related diseases. Dent. Open |. 2015, 2, 80-86. [CrossRef]

Akpan, A.; Morgan, R. Oral candidiasis. Postgrad. Med. ]. 2002, 78, 455-459. [CrossRef]

Daly, J.W. Caffeine analogs: Biomedical impact. Cell Mol. Life Sci. 2007, 64, 2153-2169. [CrossRef]

Temple, J.L.; Bernard, C.; Lipshultz, S.E.; Czachor, ].D.; Westphal, J.A.; Mestre, M.A. The Safety of Ingested Caffeine: A
Comprehensive Review. Front. Psychiatry 2017, 8, 80. [CrossRef]

Lee, M.]; Kim, M.]J.; Oh, S.H.; Kwon, J.S. Novel Dental Poly (Methyl Methacrylate) Containing Phytoncide for Antifungal Effect
and Inhibition of Oral Multispecies Biofilm. Materials 2020, 13, 371. [CrossRef]

Avizheh, L.; Peirouvi, T.; Diba, K.; Fathi-Azarbayjani, A. Electrospun wound dressing as a promising tool for the therapeutic
delivery of ascorbic acid and caffeine. Ther. Deliv. 2019, 10, 757-767. [CrossRef]

Islahudin, F.; Khozoie, C.; Bates, S.; Ting, K.N.; Pleass, R.J.; Avery, S.V. Cell wall perturbation sensitizes fungi to the antimalarial
drug chloroquine. Antimicrob. Agents Chemother. 2013, 57, 3889-3896. [CrossRef] [PubMed]

Mittag, H. Structural alterations in Candida albicans by caffeine and caffeine salts. Mycoses 1994, 37, 337-341. [CrossRef] [PubMed]
Sabie, FT.; Gadd, G.M. Effect of nucleosides and nucleotides and the relationship between cellular adenosine 3':5'-cyclic
monophosphate (cyclic AMP) and germ tube formation in Candida albicans. Mycopathologia 1992, 119, 147-156. [CrossRef]
[PubMed]

Sarachek, A.; Henderson, L.A. Recombinagenicity of caffeine for Candida albicans. Mycopathologia 1990, 110, 63-76. [CrossRef]
Bazzaz, B.S.F,; Fakori, M.; Khameneh, B.; Hosseinzadeh, H. Effects of Omeprazole and Caffeine Alone and in Combination with
Gentamicin and Ciprofloxacin Against Antibiotic Resistant Staphylococcus aureus and Escherichia coli Strains. |. Pharmacopunct.
2019, 22, 49-54. [CrossRef]

109



Biomedicines 2022, 10, 2078

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kang, TM.; Yuan, J.; Nguyen, A.; Becket, E.; Yang, H.; Miller, ].H. The aminoglycoside antibiotic kanamycin damages DNA bases
in Escherichia coli: Caffeine potentiates the DNA-damaging effects of kanamycin while suppressing cell killing by ciprofloxacin
in Escherichia coli and Bacillus anthracis. Antimicrob. Agents Chemother. 2012, 56, 3216-3223. [CrossRef]

Cui, W.Q.; Wang, S.T; Pan, D.; Chang, B.; Sang, L.X. Caffeine and its main targets of colorectal cancer. World J. Gastrointest. Oncol.
2020, 12, 149-172. [CrossRef]

Szabd, K.; Kénya, Z.; Erdédi, F; Farkas, I.; Dombradi, V. Dissection of the regulatory role for the N-terminal domain in Candida
albicans protein phosphatase Z1. PLoS ONE 2019, 14, e0211426. [CrossRef]

Adam, C.; Erdei, E.; Casado, C.; Kovacs, L.; Gonzélez, A.; Majoros, L.; Petrényi, K.; Bagossi, P.; Farkas, I.; Molnar, M.; et al. Protein
phosphatase CaPpz1 is involved in cation homeostasis, cell wall integrity and virulence of Candida albicans. Microbiology (Reading)
2012, 158, 1258-1267. [CrossRef]

Feng, J.; Duan, Y.; Sun, W.; Qin, Y.; Zhuang, Z.; Zhu, D.; Sun, X,; Jiang, L. CaTip41 regulates protein phosphatase 2A activity,
CaRad53 deactivation and the recovery of DNA damage-induced filamentation to yeast form in Candida albicans. FEMS Yeast Res.
2016, 16, fow009. [CrossRef]

Liu, W.; Zhao, J.; Li, X.; Li, Y.; Jiang, L. The protein kinase CaSch9p is required for the cell growth, filamentation and virulence in
the human fungal pathogen Candida albicans. FEMS Yeast Res. 2010, 10, 462—470. [CrossRef] [PubMed]

Kunze, D.; MacCallum, D.; Odds, F.C.; Hube, B. Multiple functions of DOA1 in Candida albicans. Microbiology (Reading) 2007, 153,
1026-1041. [CrossRef] [PubMed]

Hernaez, M.L.; Gil, C.; Pla, J.; Nombela, C. Induced expression of the Candida albicans multidrug resistance gene CDR1 in response
to fluconazole and other antifungals. Yeast 1998, 14, 517-526. [CrossRef]

Stichternoth, C.; Fraund, A.; Setiadi, E.; Giasson, L.; Vecchiarelli, A.; Ernst, ].E. Sch9 kinase integrates hypoxia and CO2 sensing to
suppress hyphal morphogenesis in Candida albicans. Eukaryot. Cell 2011, 10, 502-511. [CrossRef]

Sanglard, D.; Ischer, F.; Marchetti, O.; Entenza, J.; Bille, J. Calcineurin A of Candida albicans: Involvement in antifungal tolerance,
cell morphogenesis and virulence. Mol. Microbiol. 2003, 48, 959-976. [CrossRef]

Maver-Biscanin, M.; Mravak-Stipetic, M.; Jerolimov, V. Effect of low-level laser therapy on Candida albicans growth in patients
with denture stomatitis. Photomed. Laser Surg. 2005, 23, 328-332. [CrossRef]

Kathwate, G.H.; Karuppayil, S.M. Antifungal properties of the anti-hypertensive drug: Aliskiren. Arch. Oral Biol. 2013, 58,
1109-1115. [CrossRef]

Mendonga e Bertolini, M.; Cavalcanti, Y.W.; Bordin, D.; Silva, W.J.; Cury, A.A. Candida albicans biofilms and MMA surface
treatment influence the adhesion of soft denture liners to PMMA resin. Braz. Oral Res. 2014, 28, 61-66. [CrossRef]

Meirowitz, A.; Rahmanov, A.; Shlomo, E.; Zelikman, H.; Dolev, E.; Sterer, N. Effect of Denture Base Fabrication Technique on
Candida albicans Adhesion In Vitro. Materials 2021, 14, 221. [CrossRef]

110



B biomedicines @\Py

Article

Expression of Claudin-9 (CLDND9) in Breast Cancer, the Clinical
Significance in Connection with Its Subcoat Anchorage Proteins
Z0-1 and ZO-3 and Impact on Drug Resistance

Xinguo Zhuang 12, Tracey A. Martin !, Fiona Ruge !, Jianyuan (Jimmy) Zeng !, Xinyu (Amber) Li !, Elyas Khan 3,
Qingping Dou 13, Eleri Davies 4 and Wen G. Jiang 1'*

L School of Medicine, Cardiff University, Cardiff CF14 4XN, UK; zhuangx5@cardiff.ac.uk (X.Z.);
martintal@cardiff.ac.uk (T.A.M.); ruge@cardiff.ac.uk (F.R.); zengj8@cardiff.ac.uk (J.Z.);
lix193@cardiff.ac.uk (X.L.); douql@cardiff.ac.uk or doup@karmanos.org (Q.D.)

Department of Clinical Laboratory, The First Affiliated Hospital of Xiamen University, School of Medicine,
Xiamen University, Xiamen 361003, China

Karmanos Cancer Institute, Department of Oncology, School of Medicine, Wayne State University,

Detroit, MI 48201, USA; elyaskhan882@gmail.com

Wales Breast Centre, University Llandough Hospital, Cardiff and Vales University Health Board,

Cardiff CF64 2XX, UK; eleri.davies8@wales.nhs.uk

Correspondence: jlangw@cardiff.ac.uk

Abstract: (1) Introduction: Claudin-9 (CLDNY) is a member of the claudin protein family, a critical
transmembrane protein family for tight junctions that are implemented in the progression of nu-
merous cancer types. The present study investigated the role that CLDNY, along with the subcoat
proteins, Zonula Occludens (ZOs), plays in clinical breast cancer and subsequent impact on drug
response of patients. (2) Methods: CLDN9 protein and CLDN9 transcript were determined and
correlated with clinical and pathological indicators, together with the status of hormonal receptors.
The levels of CLDN9 transcript were also assessed against the therapeutic responses of the patients
to chemotherapies by using a dataset from the TCGA database. Breast cancer cell models, repre-
senting different molecular subtypes of breast cancer, with differential expression of CLDN9 were
created and used to assess the biological impact and response to chemotherapeutic drugs. (3) Results:
Breast cancer tissues expressed significantly higher levels of the CLDN9, with the high levels being
associated with shorter survival. CLDN9 was significantly correlated with its anchorage proteins
Z0O-1 and ZO-3. Integrated expression of CLDN9, ZO-1 and ZO-3 formed a signature that was
significantly linked to overall survival (OS) (p = 0.013) and relapse-free survival (RFS) (p = 0.024) in
an independent matter. CLDN9 transcript was significantly higher in patients who were resistant to
chemotherapies (p < 0.000001). CLDN9 connection to chemoresistance was particularly prominent
in patients of ER-positive (ER(+)), Her-2-negative((Her-2(—)), ER(+)/Her-2(—) and triple-negative
breast cancers (TNBCs), but not in patients with HER-2-positive tumors. In Her-2-negative MCF7 and
MDA-MB-231 cancer cells, loss of CLDNO significantly increased sensitivity to several chemother-
apeutic drugs including paclitaxel, gemcitabine and methotrexate, which was not seen in Her-2(+)
SKBR3 cells. However, suppressing Her-2 using neratinib, a permanent Her-2 inhibitor, sensitized
cellular response to these chemodrugs in cells with CLDN9 knockdown. (4) Conclusions: CLDN9 is
an important prognostic indicator for patients with breast cancer and also a pivotal factor in assessing
patient responses to chemotherapies. Her-2 is a negating factor for the treatment response prediction
value by CLDN9 and negating Her-2 and CLDN9 may enhance breast cancer cellular response to
chemotherapeutic drugs.

Keywords: claudin; CLDNY; ZO-1; ZO-3; breast cancer; prognosis; chemotherapies; chemoresistance;
cytotoxicity; Her-2; neratinib; estrogen receptor
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1. Introduction

Claudins (CLDNSs) are a family of small transmembrane proteins that are key ele-
ments for tight junctions. This protein family has twenty-four members each sharing a
similar protein structure that has four membrane-spanning domains with both the C- and
N-terminus located in the cytoplasmic region. Intracellularly, the N-terminus anchors
the claudin protein to the cytoskeleton via interaction with proteins such as the Zonula
Occludens (ZOs). Both termini are also involved in mediating cell signaling. Claudins,
by interacting with the same or different claudins on the other cells via the extracellular
domains, form a key part of the control mechanism of paracellular permeability and hence
the function of tight junctions. The role of claudins in pathological conditions particu-
larly in cancers including breast cancer have been explored in recent years. For example,
CLDNT1, CLDN3, CLDN7, CLDN16 and CLDN20 have been found to be downregulated in
breast cancer, and the downregulation of these claudins appearing to be linked to a more
aggressive phenotype and with poor clinical outcome [1-8]. In contrast, CLDN3, CLDN4
and CLDNS5 appear to be overexpressed in breast cancers [9-13]. However, determining
whether claudins play a tumor-suppressive or oncogenic role is dependent on both the
individual claudin and the type of cancer. Perhaps the most well-studied claudin in breast
cancer is CLDN4, which has been found to be highly aberrant and has a role to define a
subgroup of breast cancer [2,14-17]. As well as an indicator for disease progression and
prognosis in various cancers, some claudins have also been shown to be indicators for
cancer cell response to anticancer drugs. For example, CLDN4 overexpression, an indicator
of poor clinical outcome in patients with ovarian cancer, is an indicator of resistance to
cisplatin in this cancer type [18,19], and a similar role for CLDNG6 is seen in cervical adeno-
carcinoma [20]. In breast cancer cells such as MCF-7, CLDN6 expression confers cellular
resistance to drugs such as 5-fluouracil (5-FU) and adriamycin [21]. From a clinical point
of view, high CLDN2 in colorectal cancer appears to be linked to poor outcome in those
receiving 5-FU treatment [22] and CLDN1 and CLDN?7 appear to form a claudin signature
to predict the clinical response to chemotherapies in colorectal cancer [23]. The CLDN2 link
may be via the paracellular passage of drugs in lung cancer cell models [24,25]. In breast
cancer and particularly in triple-negative breast cancer (TNBC), CLDN1 is a good indicator
for cancer cell response to paclitaxel, doxorubicin and 5-FU [26]. However, in colorectal
cancer, CLDN1 often becomes upregulated following chemotherapies, and overexpression
of CLDNI1 confers cells’ resistance to oxaliplatin [27].

Compared with other members, CLDND is one of less well-studied claudins. CLDN9
protein is encoded by the CLDNY gene located on chromosome 16p13.3 and is 217 amino
acids in size (22.8 kDa). It was first reported as a gene product similar to a gene in rats called
Rat Ventral Protein.1 (RVP.1) [28,29]. Mouse studies revealed that this gene is required
for the preservation of sensory cells in ears and the gene deficiency is associated with
deafness [30,31].

CLDN9 is known to be a key binding protein for pathogens. It is a coreceptor to
hepatitis C virus [32,33], and is also a receptor for the Clostridium perfringens enterotoxin
(CpE) in the gut [34]. In gastric cancer, strong CLDN9 protein staining in the tissues of
diffuse type is associated with high mortality [35], a finding seemingly replicable in a cell
line of gastric cancer [36]. CLDNY is generally well expressed in the pituitary gland and
pituitary oncocytomas and it was seen to be highly linked to the invasive subtype of the
tumors [37,38]. In cervical cancers, CLDN9, amongst other claudins, is seen to associate
with lymphatic invasion [39] and is one of the few genes in endometrial cancer to predict a
survival of the patients [40,41]. CLDN9 was found to be linked with metastasis of in vivo
lung cancer models and with cell migration and invasiveness in vitro [42].

Studies on CLDND in breast cancer is rather rare. It has been reported to be low
or negative along with CDLN6, CLDN12 and CLDN13 in breast tissues [43]. We have
previously studied the role of claudins and tight junction molecules including CLDN19,
CLDN20, and ZOs in breast cancer [6,7,44]. In the present study, we identified CLDNO as
potentially an important factor in assessing the clinical outcome of the patients and also
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patient response to drug treatment, and that this connection appears to be hormone receptor-
dependent. We further developed cell models expressing differential CLDN9 expression
levels and different hormonal receptor status, to confirm that in Her-2-positive breast cancer
cells (SKBR3), knockdown of CLDN9 rendered the cells more sensitive to chemodrugs
when Her-2 inhibitor is present. Collectively, CLDND is a prognostic indicator for breast
cancer and a predictor for patient therapeutic response in Her-2-negative breast cancers.

2. Materials and Methods
2.1. Cell Lines

The following human breast cancer cell lines, MCF7, MDA-MB-231 and SKBR3, were
purchased from ATCC (American Type of Cell culture) (purchased via LGC Standards,
Teddinton, England, UK) and cultured in Dubecco’s Modified Eagle Medium (DMEM) with
10% foetal calf serum (FCS) (Sigma-Aldrich, Dorset, UK) and 1 x antimicrobial solutions
(Sigma-Aldrich, Dorset, England, UK).

2.2. Mammary Tissue Cohort

Breast cancer tissue and background normal tissues (1 = 127, and n = 33) were collected
immediately after surgical removal of breast cancer at the University Hospital of Wales,
as reported previously [45]. None of the patients received chemotherapy prior to surgery.
Written informed consent was required and obtained from patients, with a follow-up study
with a median follow-up period of 120 months conducted after the surgery. Pathologi-
cal, clinical and follow-up information were obtained from clinical records and used for
subgroup analyses. Of the all the patients, nine patients died of reasons unrelated to
breast cancer and were excluded from the subgroup analysis. Sample tissue was sectioned
using a cryostat (Leica CM1950) (Leica Biosystems Ltd., Newcastle, England, UK). The
samples were collected under ethical approval (Bro Taf Health Authority; ethics approval
numbers 01/4303 and 01/4046). Part of the frozen tissue sections were used for routine
histological evaluation while the remaining sections were blended and homogenized before
being subject to Tri Reagent RNA (Meck Sigma Aldrich, Dorset, UK) extraction for further
genetic analysis.

2.3. Key Research Materials

A mouse monoclonal antibody to GAPDH(SC-32233), a goat polyclonal antibody
to CLDN9(SC-17672) and a mouse monoclonal antibody to CLDN9(SC-398836) were, re-
spectively, purchased from Santa-Cruz Biotechnologies Inc. (Santa Cruz, CA, USA). A
mouse monoclonal antibody to ZO-1(33-9100) was, respectively, purchased from Thermo
Fisher Scientific Inc. (Thermo Fisher Scientific, Loughborough, UK). siRNA targeting hu-
man CLDN9 was obtained from Santa-Cruz Biotechnologies Inc. Chemo-drugs, including
gemcitabine (GEM), docetaxel (DOC), cisplatin (CIS), methotrexate (MTX) and docetaxel
were purchased from Sigma-Aldrich (Dorset, UK). A broad-spectrum permanent Her-2
inhibitor, neratinib, was obtained from PUMA Biotechnologies Inc. (Los Angeles, CA,
USA). These drugs were dissolved in DMSO, further diluted with DMEM to a desired
concentration and stored at —20 °C until use. Other chemicals were purchased from Merck
unless otherwise stated.

2.4. Creation of CLDN9 Knockdown Cell Models

Breast cancer cell lines MCF7, MDA-MB-231 and SKBR3 were used to create sub-
lines with CLDN9 knockdown. Transient knockdown using siRNA (SC-43050) from Santa
Cruz Biotechnology Inc., Dallas, TX, USA, was used on the cells. The sequence of siRNA
for CLDN9 were as follows: Sense: GAGCAUUUGUAACUGGAAALtt. Antisense: UU-
UCCAGUUACAAAUGCUCHtt. Transfection of cancer cells was carried out using trans-
fection kits (SC-36868 and SC-29528) purchased from Santa Cruz Biotechnology Inc., by
following the manufacturer’s instructions. The effect of knockdown was verified using
PCR, qPCR and Western blotting analyses.
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2.5. Analysis of Gene Transcript by PCR and QPCR

Quantitative and qualitative gene transcript analyses were undertaken using real-time
quantitative RT-PCR and QPCR by employing the Amplifluor Molecular Beacon system.
Reactions were prepared in a MicroAmp fast Optical 96-well plate (Greiner Bio-One Ltd.,
Gloucestershire, UK) using primers specific to the molecule of interest. In addition to
unknown samples, reactions were prepared for a known standard that was run alongside
the unknown samples. Once all samples and unknowns were added to the plate, the
plate was sealed with optical seals (PrimerDesign, Southampton, UK) and the sample
was subjected to a StepOne Plus qPCR system (Thermo Fisher Scientific, Waltham, MA,
USA). Relative copy numbers of the samples were calculated as part of the systematic
analysis, in accordance with the standard curve, and were subsequently exported to Excel
2019 (Microsoft Inc., Redmond, WT, USA) for further analysis. Qualitative PCR prod-
uct was separated using 1% agarose and image obtained from a UV imager. Sequences
used in the study were as follows: QPCR for CLDN9: 5’ GTGCCCTCTGTGTCATTG'3 and
5’ ACTGAACCTGACCGTACATCCACACACGTGGTACACT'3, ZO-1: 5CCACATACAGA
TACGAGTCCTC'3 and 5’ ACTGAACCTGACCGTACAGTAACTGCGTGAATATTGCT'3;
Z0-2: ’CAAAAGAGGATTTGGAATTG'3 and 5’ ACTGAACCTGACCGTACAGAGCACA
TCAGAAATGACAA’3; ZO-3: 5CTGACATGGAGGAGCTGA'3 and 5'ACTGAACC
TGACCGTACAGCTTAGCTTCCCTTCTGACT'3), GAPDH (5’ AAGGTCATCCATGACAA
CTT’3 and 5’ ACTGAACCTGACCGTACAGCCATCCACAGTCTTCTG'3) and CK19 (5'AGC
CACTACTACACGACCAT'3 and 5 ACTGAACCTGACCGTACATCGATCTGCAGGACAA
TC'3).

2.6. Western Blotting

Proteins were extracted from cultured cells with RIPA buffer and quantified using a
BioRad protein quantitation kit (Bio-Rad Laboratories, Hertfordshire, UK). The samples
were treated with 2 x Laemmle sample buffer, boiled for 5 min at 100 °C and then loaded
to 12% SDS PAGE gel for electrophoresis. The protein transfer from the gel onto the PVDF
membrane that had been preactivated with methanol was subsequently accomplished using
a semidry transfer technique. A 10% milk powder solution was utilized for membrane
blocking. The blots were incubated with the respective primary antibody to CLDN9 and
GAPDH, and then exposed to the secondary antibody that was HRP-conjugated before
being visualized with EZ-ECL solution (Geneflow Ltd., Litchfield, UK).

2.7. Cellular Response to Chemotherapy Drugs

Breast cancer cells, with or without CLDN9 knockdown, were seeded into 96-well
plates and treated with serially diluted drugs before they were incubated in the incubator.
The concentrations of the drugs were, respectively, chosen based on their known IC5 and
previous studies. After 72 h, the cells were fixed with 4% formalin, stained with 0.5% crystal
violet and extracted with 10% acetic acid after washing. The absorbance was measured at
595 nm using a spectrophotometer to detect their respective cell densities. The percentage
drug toxicity was calculated as follows:

Percentage drug toxicity = [(Absorbance in untreated well — Absorbance in drug treated well)/
Absorbance in untreated well] x 100

The scatterplots of percentage toxicity versus drug concentration were plotted, with
the best fit curve used to calculate the respective ICsy value.

2.8. Immunohistochemical Staining of CLDN9 Protein

CLDN? staining was carried out using a breast cancer tissue microarray BR1503f
(US Biomax, Inc., Derwood, MD, USA), which had 75 cases of breast cancer tissues (in
total, 128 samples were utilized for the analysis). After dewaxing and rehydration, the
tissue microarray was subjected to antigen retrieval followed by thorough washing in
PBS. After blocking nonspecific binding with 10% horse serum, the primary anti-CLDN9
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antibody was added and incubated overnight at 4 °C (final concentration: 2 ug/mL).
Following extensive washing in PBS, the secondary antibody and tertiary reagents were
added, with biotinylated secondary antibody first followed by avidin-biotin amplification
with a commercial kit (Vectastain Elite Universal ABC kit, Vector Laboratories Ltd., Pe-
terborough, UK). After further washing with PBS, the slides were further incubated with
3,3'-diaminobenzidine (DAB) solution to allow for chromogenic detection. Finally, the
tissue sections were counterstained with hematoxylin, washed thoroughly in tap water and
then subjected to dehydration through a graded series of ethanol, prior to being cleared
in xylene and mounted in DPX mounting solution (Sigma-Aldrich, Dorset, UK). Staining
was visualized using a Leica DM1000 LED microscope (Leica Biosystems Ltd., Newcastle,
England, UK). Negative controls were prepared by omitting the primary antibody and
only using the secondary universal antibody from the Vectastain Elite ABC kit. The stain-
ing pattern and intensity were evaluated by two independent researchers, as previously
reported [46].

2.9. Immunofluorescence (IFC)

Pretreatment was carried out with an 8-well chamber slide with the medium in the
incubator overnight. 10 x 10% cells were seeded into each well of the chamber slide. After
36 h of incubation, the medium was discarded, and the cells were fixed with 4% formalin.
After washing with PBS, the cells were permeabilized with 0.1% Triton x 100 (diluted
with PBS) for 5 min. Nonspecific binding was blocked with 8% horse serum (dilute with
PBS) for 2 h, and the slide then incubated with primary antibody at a concentration of
1:100 overnight at 4 °C. The slides were subsequently incubated with secondary antibod-
ies tagged with either fluorescein isothiocyanate (FITC, 1:500) or tetramethylrhodamine
isothiocyanate (TRITC, 1:500) (Sigma-Aldrich, Dorset, UK), together with 6-Diamidino-
2-phenylindole (DAPI, 1:1000) (Merck Millipore, Watford, UK). The slides were washed
and mounted with FluoSave (Calbiochem, Nottingham, England, UK) in preparation for
photographing. Images were captured using an Olympus microscope and photographed
with a Hamamatsu digital camera.

2.10. Patients” Response to Chemotherapies and Evaluation

We used a comprehensive public database that contains breast cancer patients with
their therapeutic options recorded [47]. The database took the approach of ROC (receiver
operating characteristic curve), allowing for classification of patients’ sensitivity to a therapy.
Here, the AUC (area under the curve) values and the statistical value for sensitivity to
treatment were recorded. Additionally, the levels of the respective gene expression of
the gene of interest were also displayed together with their statistical power (using a
Mann-Whitney U test).

2.11. Statistical Methods

Statistical analyses were carried out using SPSS (version 27.0). Groupwise comparisons
were conducted using a Kruskal-Wallis test and ANOVA where applicable. Pairwise
comparisons were performed using a Mann-Whitney U test, as indicated in the text.
Kaplan-Meier method and log rank test were used to run survival analysis. Univariate and
multivariate analyses were conducted using Cox regression model. Classification analysis
was achieved using the receiver operating characteristic (ROC) method.

3. Results
3.1. Transcript Levels of CLDN9 in Breast Cancer Tissues

Breast cancer tissues expressed significantly elevated levels of CLDN9 transcript
(p = 0.035) (Table 1). Patients who died of breast cancer and who developed breast cancer-
related incidence had a raised level of the CLDNO transcript, although these were marginally
statistically significant. It was interesting to note that levels of CLDNO transcript were
significantly correlated with transcripts of ZO-1 and ZO-3, but not ZO-2 (Table 2).
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Table 1. CLDN9 in mammary tissues and breast cancer tissues.

CLDN9 (Median

Category Subgroup n (Q1-03) p Value *
. Normal 33 15 (4-764)
Tissue type 0.035
Tumour 127 77 (4-4342)
1 24 1500 (158-21,800)
Grade 2 43 41 (3-5418) 0.025
3 58 31 (4-1442) 0.0036
1 70 125 (6-6170)
. 2 40 57 (3-1467) 0.18
TNM staging
3 226 (32-32,600) 0.59
4 89 (20-5529) 0.76
Disease free 90 80 (7-6505)
Clinical outcome Died of BrCa 16 729 (11-16,375) 0.071
All BrCa Incidence 28 125 (4-1467) 0.05
Negative 75 32 (4-700) 0.09
ER status .
Positive 38 924 (4-18,520)
Her2(-) 57 81 (3-5165)
Her2 0.75
Her2(+) 55 75 (7-1970)

* Mann-Whitney U test.

Table 2. Correlation levels of the CLDNO transcripts with that of ZO-1, ZO-2 and ZO-3 (Spearman

ranked method).

Spearman’s Correlation with CLDN9

Z0O-1 Correlation Coefficient 0.297 **
Significance (2-tailed) 0.001

Z0O-2 Correlation Coefficient —0.084
Significance (2-tailed) 0.374

Z0O-3 Correlation Coefficient 0.252 *
Significance (2-tailed) 0.011

* indicating significance p < 0.05; ** indicating significance p < 0.001.

3.2. CLDNO Protein Expression in Mammary Tissues

We evaluated the protein distribution in representative samples of mammary tissues
and breast cancer tissues (Figure 1 and Table 3). As shown in Figure 1, normal mammary
tissues indicated the presence of CLDN9 protein in areas representing tight junctions
(Figure 1, arrows in green). In tumor tissues, the staining appeared to be more diffuse
and seem in cytoplasmic regions rather than in the junctional regions (Figure 1, open
red arrows), a pattern similar to that found with the ZO family proteins, as previous
reported [48]. The analysis of the CLDNO staining (Table 3) also indicated the pattern
changing between normal tissues and tumor tissues.
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Normal mammary tissue Breast cancer (grade-1) Breast cancer (grade-2) Breast cancer (grade-3)

'y mn : 1-,_ @

= Intercellular staining = Cytoplasmic staining

Figure 1. Immunohistochemical detection of the CLDN9 protein in normal mammary tissue (left
panel) and breast cancer tissues of different grade (right three panels). In normal tissues, CLDN9 was
seen in the residual mammary epithelial cells at the apical regions (green arrows) and to a degree in
cytoplasmic regions (open red arrows). In breast cancer, however, the staining was seen in a diffused
pattern and was primarily in the cytoplasmic region of the cells (open red arrows).

Table 3. Analysis of the CLDND staining in the breast cancer TMA (BR1503f).

Intensity
Negative Moderate Membrane Nucleus S.Stat.lfsitlcal
to Weak to Strong lgniticance
(0-1 (2-3) Positive Negative Positive Negative Chi Value p Value
Normal
(n=3) 0 3 3 0 0 3
Tumor
(n = 128) 74 54 19 109 23 105 19.85 0.0013
Gradel
(n = 4) 2 2 1 3 2 2
Grade2 29 28 8 49 13 44 1.849 0.8696
(n=757)
Grade3 16 12 2 26 2 26 7.264 0.2018
(n=28)
T1
(= 4) 4 0 0 4 0 4
T2
35 34 11 58 11 58 5.191 0.393
(n=69)
T3
(n = 25) 15 10 5 20 7 18 4.885 0.4301
T4
(n=15) 9 6 1 14 2 13 3.216 0.6667
HER-2-
(n = 81) 52 29 12 69 13 68
HER-2+ 1 2 0 3 0 3 2.272 0.8104
(n=3)
HER2++ 3 6 2 7 0 9 5.273 0.3834
(n=9)
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Table 3. Cont.

Intensity
Negative Moderate Membrane Nucleus S'Stat'lfsitlcal
to Weak to Strong 'gnincance
(0-1) (2-3) Positive Negative Positive Negative Chi Value p Value
HER2+++ 15 14 5 24 7 2 2431 0.7869
(n=29)
ER-
(1= 59) 33 26 10 49 13 46
ER+ 10 8 3 15 1 17 2519 0.7736
(n=18)
ER++
(1= 20) 12 8 4 16 1 19 3.168 0.674
ER+++ 16 9 2 23 5 20 1.662 0.8937
(n=25)

3.3. CLDN9 and Patient Clinical Outcome

Patients with high levels of CLDN9 had a shorter, yet statistically nonsignificant overall
survival (OS) than those with low levels (p = 0.054) (Figure 2). A weaker link was seen with
relapse-free survival (RFS) (p = 0.157). Owing to the nature that ZO proteins are critical
anchorage proteins for CLDND in the cells and that CLDN9 was significantly correlated
with ZO-1 and ZO-3, we further integrated the expression pattern of CLDN9, ZO-1 and ZO-
3 and analyzed against patient outcome. As can be seen in Figure 2, the expression signature
of integrated CLDN9, ZO-1 and ZO-3 had a marked value in significantly predicting both
OS (p = 0.013, hazard ratio (HR) = 0.1472) and RFS (p = 0.024, HR = 1.1148). Integrated
expression also showed a high significant independent value in multivariate analysis
(Table 4). The CLDN9/ZO expression does provide an excellent prediction value for OS
(p = 0.004) and for RFS (p = 0.010).

Cum Survival

“— Low level CLDN9
) S

|
—

.

High level CLON9

0S p=0.054

000

Cum Survival

RFS

50.00 100.00

Months

boe o+

—

}

150.00

e

200.00

Low level CLDN9

High level CLDN9

p=0.157

50.00 10000

Months

150.00

200,00

Cum Survival

Cum Survival

08

02

os

[

04

02

00

i -
hi '

R

. Low level CLDN9/ZOs

High level CLDN9/Z0s

oS p=0.013

000 50.00 100.00

Months
T

‘o
e

150.00

200.00

_ Low level CLDN9/Z0Os

High level CLDN9/20s

RFS p=0.024

0.90 50.00 100.00

Months

150.00

20000

Figure 2. CLDNO (left panel) and integrated expression of CLDN9/Z0-1/Z0-3 (right panel) in eval-
uating the overall survival (OS) and relapse-free survival (RFS) using Kaplan-Meier survival analysis.
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Cumulative survival

Cumulative survival

Table 4. Multivariate analysis of the CLDN9/ZO expression signature against clinical outcome.

Factors 05 RS
Hazard Ratio p Value * Hazard Ratio p Value *
CLDN9/ZO0 signature 2.033 0.004 1.239 0.010
NPI ** 3.028 0.089 2.068 0.045
Grade 1.287 0.432 1.275 0.530
TNM staging 1.034 0.902 1.412 0.033
ER status 2.022 0.266 3.896 0.008
Her-2 status 3.016 0.083 7.697 0.008

* Cox regression method. ** NPI: Nottingham Prognostic Index.

3.4. CLDN9 and Hormone Status Outcome

CLDN9 was found to be expressed at different levels depending on receptor status
(Figure 3). This inspired us to further investigate if the expression signature had value in
the subgroups with different receptor status. As shown in Figure 3, analysis in subgroups
did not markedly improve the prediction in overall survival in subgroups with different
hormone receptor status, suggesting that this signature may operate well irrespective of

the receptor status of breast cancer.
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Figure 3. CLDN9/ZO expression signature and the overall survival (OS) in subgroups of patients

with different receptor status.

3.5. CLDN9 and Patient Response to Drug Treatment

From previous reports that claudins are important markers in predicting patient
response to therapies, we conducted an analysis on the available TCGA dataset (accessed

119

Leom



Biomedicines 2023, 11, 3136

via ROCplot.com) and explored the possible link between CLDN9 and patient response
to drugs.

3.5.1. High Expression of CLDN9 and Patient Resistance to Chemotherapies

CLDNO transcript levels have a significant impact on breast cancers and patient
responses. Shown in Figure 4A,B are analyses based on the ROC model in the pathological
response (A) and 5-year RFS response (B). It was clear that by both assessment methods,
CLDN®9 is highly significant in distinguishing patients’ responses. When the levels of
CLDN9Y were analyzed in the responders (sensitive) and non-responders (resisted) to
chemotherapies, the non-responders (resisted) had significantly higher levels of CLDN9
transcript than the responders (Figure 4C).
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Figure 4. High levels of CLDN9 transcript are linked to patient drug resistance. (A,B): ROC analysis
of patient pathological (A) and 5-year relapse-free survival (RFS) (B) to chemotherapies. There is a
significant connection between CLDNO9 transcript and patients” responses. (C) CLDN9 transcript
levels in the respective group. Patients who resisted (non-responders) chemotherapies had signifi-
cantly higher levels of CLDN9 compared with those who responded to treatment in both pathological
assessment and RFS assessment. Data from the TCGA dataset (ROCplot.com, accessed on 23 June
2023). * by Mann-Whitney U test.

3.5.2. Expression of CLDN9 and Patient Resistance to Chemotherapies in Relation to
Hormone Receptor Status and Molecular Subtypes

When receptor status was considered, it was found that patient response to chemother-
apies in ER positive and ER negative tumors showed the same trend that patients who
resisted chemotherapies had significantly high levels of CLDNO transcript compared to
the sensitive group (p < 0.001 in both groups) (Figure 5 and Table 5). The same link
between CLDN9 expression and drug resistance was seen in Her-2-negative tumors
(p = 0.0000000027). However, it was noteworthy that in Her-2-positive tumors, there was
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no significant difference between responders and non-responders, leading us to investigate
further using in vitro methods (Figure 5 and Table 5).
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Figure 5. CLDNO transcript expression and patient response to chemotherapies in relation to hor-
mone receptor status (5-year RFS survival) (data from the TCGA dataset ROCplot.com, accessed 23
June 2023). High levels of CLDNO9 transcript in ER-positive and negative both linked to resistance
(top panel), as well as Her-2 negative tumors (bottom left). However, Her-2 positive tumors had
little connection with drug responses (all drugs). * Mann-Whitney U test. Shown are median and the

interquartile range of the CLDNO transcript.

Table 5. CLDN9 expression in breast tumors with different receptor statuses and with different
molecular subgroups. Data derived from ROCplot (accessed on 23 June 2023).

Non-Responders Responders
5-Year RFS Response p*
n Median Min-Max n Median Min-Max
ER(-) 111 182 10-564 115 99 6922 0.000034
ER status
ER(+) 109 252 26-750 141 163 6-1315 59 x 1077
Her2 (—) 173 250 10-750 183 141 6-1362 7.1 x 10711
Her?2 status
Her2 (+) 47 162 25-432 73 133 5-622 0.12
ER(+)/Her2(—) 88 262 26-750 103 163 12-1352 0.000000009
ER(+)/Her2(+) 21 200 75-432 38 168 5-429 0.14
ER(—)/Her2(+) 26 140 25-343 35 122 7-622 0.13
TNBC 84 218 10-564 80 96 6439 0.000075
Luminal-A 20 202 59-304 58 126 15-501 0.0068
Luminal-B 90 262 26-750 83 199 5-1352 0.00005

* By Mann-Whitney U test.
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We subsequently explored the relationship between CLDN9 expression in molecular
subtypes. As shown in Table 5, high levels in tumors where Her-2 was negative are
linked to resistance. This includes ER(+)/Her-2(—) tumors (p = 0.000000009), Luminal-A
(p =0.0068) and Luminal-B (p = 0.00005) tumors where both are Her-2-negative. What
is more interesting is that in triple-negative breast cancers that are both ER- and Her-2
negative, this connection was also highly significant (p = 0.000075). Conversely, in the
two subgroups that were Her-2 positive, namely ER(+)/Her-2(+) and ER(—)/Her-2(+), the
relationship was not significant (p = 0.14 and p = 0.13, respectively) (Table 5). Collectively,
the clinical information indicates that the presence of Her-2 in breast cancer decreases the
responsiveness of the cells to chemotherapies.

3.5.3. CLDNY Is Not Connected to Endocrine or Anti-Her-2 Therapies

It is very interesting to note that levels of CLDN9 do not appear to be linked to
patients’ response to endocrine therapies (AUC = 0.503, p = 0.45, by 5-year RFS), or anti-
Her-2 therapies (AUC = 0.513, p = 0.44, by 5-ear RFS).

3.6. Creation of CLDN9 Knockdown Breast Cancer Cell Model

To corroborate the clinical findings, we established cell models of breast cancer
cells with CLDN9 knockdown, based on analyzing the baseline expression levels of
CLDNDO in three breast cancer cell lines. The breast cancer cell lines MDA-MB-231 (HER-
2—/ER—/PR—), MCF7 (HER-2—/ER+/PR+) and SKBR3 (HER-2+/ER— /PR—), represent-
ing the main molecular subtypes of breast cancers as portraited earlier, were employed to
generate the CLDN9 knockdown cell models. As shown in Figure 6, the CLDN9 expression
in each cell line exhibited a significant reduction following transfections with anti-CLDN9
siRNA, as evidenced with PCR, gPCR and Western blotting analyses.
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Figure 6. Creation of cell models with reduced expression of CLDNO9. (A): The baseline expression
levels of CLDNO in the respective cell lines as shown with quantitative PCR (B-D): The CLDN9
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transcript expression in in the respective cell line controls and CLDN9 knockdown cells as confirmed
using PCR (right panel) and quantitative PCR (left panel). (E): Knockdown of CLDNY protein in the
respective cell lines as shown using protein blotting. * p < 0.05, *** p < 0.001 vs. control cells.

3.7. CLDNQ9 Expression and Cell’s Response to Chemodrugs

The aim of this part of the study was to ascertain the correlation between CLDN9
expression levels and chemoresistance across various subtypes of breast cancer cells. We
evaluated the ICs) values of methotrexate, docetaxel, cisplatin and gemcitabine in the
three representative cell lines, encompassing both normal CLDN9 expression levels and
those with CLDN9 knockdown. Figure 7 illustrates examples of drug responses within
normal CLDN9-expressing cells and CLDN9 knockdown in the breast cancer cell models.
Utilizing the cell models established in this study, we validated the responsiveness of these
cell lines to chemotherapy agents. As shown in Table 6, knockdown CLDN9 in the Her-2-
negative MCF7 and MDA-MB-231 cells sensitized the cells in their response to gemcitabine,
docetaxel, methotrexate and, to some degree, cisplatin. However, in the Her-2(+) SKBR3
cells, knockdown CLDN9 only had marginal effects on the cells’ response to these drugs
(Table 6).
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Figure 7. Implication of CLDN9 on breast cells’ response to chemotherapeutic agents over broad
concentration ranges. (A) MDA-MB-231 cells (gemcitabine 8 uM); (B) MCF7 cells (gemcitabine
200 uM); (C,D): SKBR3 cells (gemcitabine 10 uM and cisplatin 100 uM). CT: control; KD: knockdown.

Table 6. IC5) of chemotherapy drugs in breast cancer cell lines with modified CLDN9 expression.

22’1“8{,’3;\11\3[_%5 0.287 31.134 4723 2.7834

MCF7CLDN9-KD 7.334 17.876 12.414 1510.961

SKBR3CLDN9-KD 0.086 12.493 706.855
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As indicated in Table 5, in patients bearing Her-2 breast cancer, CLDN9 appeared to
have lost its value in predicting patient response to chemotherapies. In order to test if
this connection can be replicated in vitro, we employed a Her-2-positive cell, SKBR3, and
applied a permanent Her-2 inhibitor, neratinib, with or without chemotherapeutic drugs.
As shown in Figure 8, both neratinib and chemotherapy drugs (except cisplatin) exert
cytotoxicity on SKBR3 control cells. However, with CLDN9 knockdown in SKBR3 cells,
cells became more sensitive to neratinib and chemodrugs. Additionally, the combination of
neratinib and chemodrugs appeared to render more toxicity than using either the Her-2
inhibitor alone or the chemodrug alone. This effect was not seen with MCF7 (Figure 9)
nor with MDA-MB-231 (Figure 10) cells, both of which are Her-2-negative in that the
control cells and CLDN9kd cells responded similarly to neratinib, chemodrugs and their
combinations, as seen in MCF-7 (Figure 9) and MDA MB-231 (Figure 10).
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Figure 8. Inhibition of Her-2 and SKBR3 cell’s response to chemotherapeutic drugs in relation with
CLDN9 expression. SKBR3 wild-type cells were tested on its wild type (Her-2-positive and CLDN9-
positive) and its submodel, CLDN9 knockdown (CLDN9-KD). Neratinib (NER) had a significant
inhibitory effects on the growth of both models. However, following blocking of Her-2 with neratinib,
the CLDN9-KD SKBR3 cells became more sensitive to Gemcitabine (A), Methotrexate (B), Docetaxel
(C), Cisplatin (D) (NER plus the respective drugs in SKBR3/CLDN9-KD cells). ** p < 0.01, *** p < 0.001
vs. control cells.
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Figure 9. Inhibition of Her-2 and MCF7 cells’ response to chemotherapeutic drugs in relation with
CLDN9 expression. MCF7 cells were tested on its wild type (Her-2 negative and CLDNO9 positive)
and its submodel, CLDN9 knockdown (CLDN9-KD). Neratinib (NER) had some inhibitory effects on
the growth of both models. However, blocking Her-2 with neratinib did not influence cells response
to Gemcitabine (A), Methotrexate (B), Docetaxel (C), Cisplatin (D) in both cell models. ns > 0.05,
**p <0.01, ** p < 0.001 vs. control cells.
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Figure 10. Inhibition of Her-2 and MDA-MB-231 cells” response to chemotherapeutic drugs in
relation with CLDNO9 expression. MDA-MB-231 cells were tested on its wild type (Her-2-negative
and CLDN9-positive) and its submodel, CLDN9 knockdown (CLDN9-KD). Neratinib (NER) had
some inhibitory effects on the growth of both models. However, blocking Her-2 with neratinib did
not influence cell responses to Gemcitabine (A), Methotrexate (B), Docetaxel (C), Cisplatin (D) in
both cell models. ns > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control cells.

3.8. The Relationship between CLDN9 and ZO-1 and ZO-3, Respectively

To further ascertain the intrinsic relationship between CLDN9 and ZO-1, we utilized
immunofluorescence staining to explore expression and localization of the ZO proteins
in CLDN9 knockdowns, MCF-7, MDA-MB-231 and SKBR3 cell models. We found that
CLDN9 protein was colocalized with ZO-1 proteins in the control cells (Figure 11, top
panel representative images from MCF-7 cells). Following CLDN9 knockdown, most cells
showed reduced levels of CLDN9 protein staining. In the CLDN9 knockdown cells, ZO-1
either remained in the tight junction areas (Figure 11 middle panel) or relocated to regions
beyond tight junctions (Figure 11, middle and bottom panels) These data preliminarily
demonstrated a correlation and colocalization between CLDN9 and ZO-1 protein in control
cells that had expression of CLDN9 protein. When CLDNY is lost or reduced, ZO-1
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localization to tight junctions is weakened, owing to its interaction with other tight junction
proteins.

CLDN9 Z01 DAPI Superimposed

MCF7/Control

MCF7/CLDN9kd

--

Figure 11. The correlation between CLDN9 and ZO protein in terms of colocalization and expression
levels in the MCF-7 cell models. CLDN9 (green) and ZO-1 (red), as shown using IFC in wild-
type (top panel) and CLDN9 knockdown (bottom two panels). In control wild type cells, CLDN9

(green) and ZO-1 (red) were seen in the tight junction areas (indicated by white arrows) and had a
colocalization pattern (top right imposed image). Following CLDN9 knockdown, there were changes
in the localization of ZO-1 in that it partly remained in the tight junctions owing to its interaction
with other tight junction proteins (middle panel). In contrast, after losing a majority of the CLDN9
proteins, the remaining CLDN-9 was localized in regions unrelated to tight junction (yellow arrows
in the middle panel and bottom panel).

4. Discussion

In this study, we report, for the first time, that claudin-9 (CLDNDY) is expressed in
mammary tissues and that the increased expression in breast cancer, particularly when
co-expressed with its anchorage protein ZO1 and ZO3, forms a significant predictor for
the survival of patients. This study further demonstrates that the expression pattern of
CLDN9 has an important impact on patient response to chemotherapies, in that high
levels of CLDNY indicated chemoresistance, except in Her-2-positive tumors in which
CLDNOY’s predictive power to drug response is lost. Using in vitro cell models, we further
demonstrated that knockdown of CLDN9 in Her-2-negative breast cancer cells gave rise to
cells that were more sensitive to chemotherapy drugs, a finding not seen in Her-2-positive
SKBR3 cells. Additionally, blocking Her-2 with a permanent Her-2 inhibitor, neratinib,
and CLDN9 knockdown in SKBR3 cells sensitized the cells to drugs, a finding not seen in
Her-2-negative MCF7 and MDA-MB-231 cells.

CLDN®9 has been known to be a transmembrane protein located in the tight junction
area of many cell types. However, its role in cancers has been little studied and certainly
not in breast cancer. In a continued effort to establish the role of tight junction and tight
junctional proteins in breast cancer, we determined CLDN9 expression in breast cancer.
First, we confirmed that both CLDN9Y transcript and the CLDNO protein are seen in human
mammary tissues and breast cancer tissues. At transcript levels, breast tissues express
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significantly high levels and there is a clear indication that high levels of CLDN9 are
associated with poor clinical outcome of the patients; however, this connection is not seen
with Her-2-positive breast cancers. At the tight junction, CLDNO9 is known to be anchored
to the cytoskeleton by interacting with the subcoat proteins, Zonula Occludens (ZOs), and
together they may play roles in orchestration [49]. Here, we also show that expression of
CLDND is significantly correlated with ZO-1 and ZO-3 and the integrated co-expression
of CLDN-9, ZO-1 and ZO-3 markedly improve the prognostic value in breast cancer. This
therefore establishes CLDN9 in combination with ZO-1 and ZO-3 as a significant prognostic
indicator for patient survival in breast cancer. Here, our limited data show that CLDN9
can be detected at locations of tight junctions particularly in normal mammary tissues.
However, the pattern appears to change in breast cancer tissues, in that more cytoplasmic
staining appears to be present. CLDN9 and ZO protein colocalization was partly confirmed
in our cell models, in which CLDN9 and ZO-1 proteins were colocalized to the tight
junctions in controls cells. However, following CLDN9 knockdown, the ZO-1 localization
to the tight junction was partly affected, owing to the fact that it is an anchorage protein
for rather large number of tight junction transmembrane proteins. Another intriguing
observation was the expression pattern of the CLDN9 mRNA and proteins in relation to
tumor grade. There appears to be high levels of CLDN9 gene transcript in grade 1 tumors,
compared with grade 2 and grade 3 tumors (Table 1). Yet, when assessed at protein levels
using the immunohistochemical method (on a different cohort), there does not appear to be
a significant difference between different grades (Table 3) and instead the difference seems
to reside in the cellular location of the proteins, namely membranous versus cytoplasmic.
This inconsistency between transcript and protein may be due to the variance in the
transcript and relative smaller size of the cohort. Indeed, there does not appear to be
a significant difference between different grades in a large TCGA transcript database,
suggesting that CLDN9 gene transcript levels may not significantly associated with tumor
grade. A larger cohort would be desirable to validate in future studies. Collectively, this
needs to be further confirmed, and the membrane and cytoplasmic CLDN9 proteins need
further investigation with regard to their possibly different roles.

The other highly interesting finding is the highly significant connection between
CLDN9 and drug response in breast cancer. High levels of CLDN9 transcripts clearly
indicate resistance to chemotherapies in all breast cancer subtypes, including triple-negative
breast cancers (TNBC), other than Her-2-positive breast cancers. Where Her-2-positive is
detected, there is no difference in the levels of CLDN9 between those who resisted and
those who responded to chemotherapies. This is very interesting and suggests that the
presence of Her-2 receptor kinase may offer a yet unidentified mechanism by which it
overcomes CLDN9-mediated drug resistance. This possibility is partially confirmed in
our experiment in that when Her-2 is inhibited by way of therapeutic Her-2 inhibitor and
CLDN? is reduced by genetic knockdown, we were able to sensitize the otherwise resistant
Her-2-positive breast cancer to chemodrugs. Additionally, the Her-2 inhibitor and CLDN9
inhibition may have additive value in sensitizing cancer cells. This finding thus has clinical
implications. In Her-2-negative breast cancers including TNBC breast cancer, high CLDN9
expression generally indicates a likelihood of patient resistance to chemotherapy, which
may be reflected in the poor clinical outcome of the patients. However, in patients with
Her-2-positive breast cancers, if there are concurrently low levels of CLDNY, a combination
of Her-2 inhibitor and chemotherapies may offer benefits to the patient; a clinical study
would be highly valuable to confirm this.

The cellular mechanism by which CLDN9 confers drug resistance remains to be elu-
cidated. CLDN®Y is not alone in this regard. Previous studies have shown that CLDN2,
CLDNG6 and CLDNY are involved in patient response to chemotherapies in cancers includ-
ing breast cancer and colorectal cancer, yet with no clear mechanism identified. CLDN
proteins are well known components of tight junctions, the structure and function of which
controls apical and paracellular permeability to molecules including certain drugs. One
could argue that high levels of CLDNs in endothelial cells may result in tightly controlled
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paracellular permeability, resistance drugs to penetrate the endothelium, and preventing
them reaching cancer cells from the circulation. This may be an important mechanism in
clinical settings. Whilst this is a possibility, it is not entirely supported by the present and
indeed others’ findings, as all the findings were confirmed directly on cancer cells minus
the presence of endothelial cells. There are likely other mechanisms unrelated to tight
junction that may operate here, including the possibility of the junctional role for CLDN9 in
cancer cells themselves. Tight junctions in cancer may also govern paracellular permeability
and hence intratumor drug penetration; thus, CLDN9 proteins at the tight junctions in
cancer cells may participate this restriction of intratumor availability in drugs. However, it
is worth noting that most small compound drugs, such as the ones tested in the present
study, require specific drug transporters on cell membrane, for example, SLC28A1 and
SLC29A1 for gemcitabine. This again suggests other possible mechanism(s) here, including
possibility of interplay between claudins and membrane drug transporters in cancer cells
such as the solute carrier family (SLC). Indeed, it has been shown that CLDN12 can be
affected in coordination with SLC9A3, and, in particular, in brain endothelial cells [50-52].
There have been indications that certain SLC members, namely SLC22A5, may be regulated
by a common subcoat protein with claudins, such as ZO1 [53]. Thus, the shared intracellu-
lar regulatory pathway between CLDN proteins and SLC protein may also influence the
response. The high correlation between CLDN9 and ZO1/Z0O3 and the integrated pattern
between CLDNO and the two ZOs may provide some indirect evidence here. The brief
finding that CLDNY is also seen in the cytoplasmic regions of breast cancer may contribute
to this suggestion. However, many tight junction proteins when “switched off” relocate
to the cytoplasm and away from the membrane area. Presently, it is unclear what role
the cytoplasmic CLDNOY protein performs in cell functions; this will be very interesting to
explore in the future.

5. Conclusions

CLDNQ9 is expressed in mammary tissues and in breast cancer tissues. High levels of
CLDN?Y in breast cancer present as a potentially significant prognostic indicator for patients
with breast cancer who are Her-2-negative. CLDN9 expression is also a pivotal factor in
assessing patient responses to chemotherapies. Her-2 is a negating factor for the treatment
response prediction value of CLDN9 and negating Her-2 and CLDN9 may enhance breast
cancer cell response to chemotherapeutic drugs.
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Abstract: The management of advanced or recurrent endometrial cancers presents a challenge due
to the development of resistance to treatments. The knowledge regarding the role of the tumor
microenvironment (TME) in determining the disease’s progression and treatment outcome has
evolved in recent years. As a TME component, cancer-associated fibroblasts (CAFs) are essential in
developing drug-induced resistance in various solid tumors, including endometrial cancers. Hence,
an unmet need exists to test the role of endometrial CAF in overcoming the roadblock of resistance in
endometrial cancers. We present a novel tumor-TME two-cell ex vivo model to test CAF’s role in
resisting the anti-tumor drug, paclitaxel. Endometrial CAFs, both NCAFs (tumor-adjacent normal-
tissue-derived CAFs) and TCAFs (tumor-tissue-derived CAFs) were validated by their expression
markers. Both TCAFs and NCAFs expressed positive markers of CAF, including SMA, FAP, and
S100A4, in varying degrees depending on the patients, while they consistently lacked the negative
marker of CAF, EpCAM, as tested via flow cytometry and ICC. CAFs expressed TE-7 and immune
marker, PD-L1, via ICC. CAFs better resisted the growth inhibitory effect of paclitaxel on endometrial
tumor cells in 2D and 3D formats compared to the resistance of the tumoricidal effect of paclitaxel in
the absence of CAFs. TCAF resisted the growth inhibitory effect of paclitaxel on endometrial AN3CA
and RL-95-2 cells in an HyCC 3D format. Since NCAF similarly resisted the growth inhibitor action
of paclitaxel, we tested NCAF and TCAF from the same patient to demonstrate the protective action
of NCAF and TCAF in resisting the tumoricidal effect of paclitaxel in AN3CA in both 2D and 3D
matrigel formats. Using this hybrid co-culture CAF and tumor cells, we established a patient-specific,
laboratory-friendly, cost-effective, and time-sensitive model system to test drug resistance. The model
will help test the role of CAFs in developing drug resistance and contribute to understanding tumor
cell-CAF dialogue in gynecological cancers and beyond.

Keywords: ex vivo resistance platform; tumor-TME cellular model; CAF-mediated resistance;
laboratory friendly

1. Introduction

In advanced staged endometrial cancers, the critical challenge, such as in most solid
tumors, remains the management of the disease due to the development of resistance to
therapy and relapse despite surgery, hormone therapy, and chemotherapy. Resistance to
ongoing therapy is attributed to intrinsic refractoriness and resistant tumor cells” emergence
during treatment within a short time frame [1]. More than 25% of patients with endometrial
cancers are diagnosed at a stage > 1, with an invasive primary tumor, and subsequently,
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the conditions progresses as a metastatic disease [2]. The most commonly practiced treat-
ment strategies for endometrial cancers involve surgery, followed by a combination of
chemotherapy (paclitaxel, carboplatin/cisplatin, and doxorubicin/liposomal doxorubicin),
radiation therapy alone or combined with hormonal therapy (American Cancer Society
guidelines). According to the NCCN guidelines, the FDA-approved targeted therapies in-
clude multi-TK]I, lenvatinib, and anti-angiogenic bevacizumab, with the recent inclusion of
immunotherapy, pembrolizumab with lenvatinib, or dostarlimab for high TMB, MSI-high
dMMR tumors.

The tumor microenvironment (TME) has emerged as an essential critical factor in
tumor progression in solid tumors, including gynecological tumors [3]. Once inducted
by tumor cells, CAFs engage with both tumor cells and all other components of the TME
towards the progression of the disease and the worst outcome. As the most abundant
stromal cells within TME, CAFs have a specific role in developing drug resistance in various
solid tumors [4,5].

A tumor—CAF liaison exploits the host’s stroma in favor of tumor progression in which
CAF-tumor cell cross-talk in concert with the rest of the components of the TME as abettors
of resistance to treatment, which is the béte noire of therapy [6]. We briefly overviewed
the origin, activation, markers, and overall functions of CAF, with a particular reference
to how different functions of CAF in an established tumor are functionally connected to
the development of resistance to cancer therapy in solid tumors acting as the roadblock to
therapy [7]. The current literature established the undeniable role of CAF in conversation
with tumor cells and the rest of the components of TME in mediating the development of
treatment resistance and a poorer outcome caused by the disease [8]. Recently, we have
studied the role of CAFs in the development of resistance to the anti-angiogenic drug in
ovarian cancers [9].

CAF-initiated corrupted signaling exists as part of a bi-directional conversation of
CAFs with tumor cells [10]. We reviewed one example of mechanistic interactions between
tumor cells and CAFs via the Wnt pathway, which acts as Un Colpevole Comune (a common
culprit) in these cancers [11]. Given this fact, there is an urgent need to gain knowledge
about CAF-tumor cell conversation, which will empower us to improve the outcome of
the disease through CAF-inclusive therapy. To engage in CAF-tumor dialogue, we need
to know about CAF-tumor conversation in a patient-specific manner. Hence, there is an
unmet need to design a model for testing the role of endometrial CAFs in overcoming
roadblocks of resistance to therapy to manage the disease. Here, we present a novel tumor—
TME two-cell patient-specific ex vivo model to test CAFs’ role in resisting anti-tumor drugs
in a patient-specific manner. Using this hybrid model of co-culture (HyCC) of endometrial
CAFs and tumors, we established a patient-specific, laboratory-friendly, cost-effective, and
time-sensitive testing system, N-of-1, to test the role of CAFs in mediating the development
of resistance to paclitaxel.

2. Materials and Methods
2.1. Patient Consent and Tissue Collection

The institutional and/or licensing committee approved all experimental protocols.
Informed consent(s) (IRB approved: Protocol Number Study: 2017.053-100399_ExVivo001)
was obtained from 53 patients. Resected, unfixed tumor tissue(s) and tumor-adjacent nor-
mal tissue(s) were collected from the pathology department. Tissues were collected during
surgery in designated collection media as per the guidelines and relevant regulations and
provided by the pathologist, depending upon the availability of the tissue on a case-by-case
basis. Samples were collected in DMEM/F-12 + Glutamax 500 mL (base) supplemented
with HyClone Penicillin-Streptomycin 100 x 100 mL (1%).

2.2. Cell Lines and Reagents

Human uterine fibroblasts (HUF; Primary Uterine Fibroblasts, Cat #PCS-460-010) and
endometrial cells (RL-95-2 and AN3CA) were procured from ATCC and were cultured
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according to standard cell culture procedures. Antibodies for immunocytochemistry (ICC)
were bought from Cell Marque, NOVUS, Abcam, Agilent-Dako, and Cell Signaling. All
cells were used within 7-8 passages and tested negative for mycoplasma. The antibodies
for WB were procured from Cell Signaling, USA.

2.3. Expression of CAF Markers via Flow Cytometry

Cells were trypsin released and rinsed in FACS buffer (1% FBS in phenol red-free
RPMI). The cell number was adjusted to 1 x 10° cells per sample and resuspended in
FACS buffer along with corresponding cell surface antibodies (FAP R&D systems, PD-L1
Miltenyi) and incubated at 4 °C for 20 min. Cells were rinsed twice with FACS buffer,
then fixed for 30 min, rinsed, and resuspended in permeabilization buffer (Fix/Perm kit
Miltenyi), and the corresponding intracellular antibodies (SAM and S100A4) were added
for 30 min. Cells were again rinsed and resuspended in FACS buffer and analyzed on an
Accuri C6 cytometer. FCS Express (DeNovo software) was used for analysis (Figure 1).
Flow cytometry was performed using SMA-FITC, FAP-PE, S100A4-PerCP, and EpCAM-
APC. Cells were stained for 15 min with cell surface antibodies or corresponding isotype
control antibodies (Miltenyi). TCAFs and NCAFs from all patients with established CAFs
at every passage of the primary culture were tested for the expression of markers to
confirm specificity.
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Figure 1. Characterization of enzyme digestion independently cultured CAF via flow cytometry:
Flow cytometric (A-E) evaluation of marker proteins for CAF was conducted. Expression of positive
and negative controls of CAF are tested in internal controls of HUF (A) and two endometrial cell lines,
AN3CA and RL-95-2 (B). Both NCAFs and TCAF were characterized by flow cytometric expression of
EpCAM, FAP, SMA, and S100A4 in three representative patients with endometrial cancers (C-E). The
grey line represents no stain, the black line represents iso-type controls, and the red line represents

the protein expression of choice.

136



Biomedicines 2023, 11, 1326

2.4. Characterization of CAF via ICC

We characterized the CAFs by testing the subcellular expression of EpCAM, CK 8,18,
SMAalpha, S100A4, TE-7, and PD-L1 (Figure 2). ICC was performed with relevant positive
controls and negative controls and was evaluated by a pathologist. We used (1) endometrial
tumor cells, RL-95-2 and AN3CA, as the positive control for epithelial cells; (2) HUF cells as
the positive control for fibroblast cells; (3) endothelial cells, HUVEC as the negative control
for EpCAM, CK 8,18, SMAalpha, S100A4, and TE-7 and as the positive control for CD31;
(4) NCI-H441 cells as the positive control for PD-L1; (5) MCF7 cells were used as the
negative control for PD-L1. The list of antibodies used is presented elsewhere [12].
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Figure 2. Characterization of enzyme digestion independently cultured CAF via ICC: Multi-nuclear
CAF (H&E; number in the inset refers to the number of nuclei) were negative for the expression of
epithelial markers, EpCAM, and CK 8,18 (A). The number “4” in sub-figure A denoted the number of
nuclei in the CAF. The expression of the proteins in RL-95-2 was used as the positive control, and
expression in HUF was used as the negative control (insets). Expression of positive CAF markers,
SMA, S100A4, TE-7, and immune marker PD-L1 are presented (B). The expression of the proteins in
RL-95-2 was used as negative controls, and expressions in HUF and NCI-H441 were used as positive

controls (insets).
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2.5. Establishment of Patient-Specific Ex Vivo Tumor-TME Two-Cell Model of Hybrid
Co-Culture (HyCC)

We designed a novel matrigel-based two-cell HyCC model comprising patient-derived
primary pre-characterized CAFs and tumor cells. Figure 3 presents a diagrammatic rep-
resentation of the detailed plan of the HyCC in our study. We used DiO and Dil, two
family members of lipophilic fluorescent stains used to label cell membranes and other hy-
drophobic structures, as long-term tracer dyes. DiO stain is a green, fluorescent, lipophilic
carbocyanine dye that is widely used as a lipophilic tracer. Dil is a lipophilic orange-red
fluorescent dye that diffusely stains the entire cell, and it is spectrally similar to tetram-
ethylrhodamine. The HyCC consisted of a preparatory phase and an experiment phase.
The preparatory phase of the HyCC was composed of (1) the validation of positive and
negative CAF markers via flow cytometry, ICC, and qRT-PCR (depending on the number
of CAFs available in the same passage from which the HyCC set up); (2) the staining of
verified TCAFs and NCAFs and endometrial tumor cells, AN3CA and RL-95-2 by DiO and
Dil stain, respectively; (3) the testing of fluorescence signals in cells via flowcytometry and
immuno-fluorescence; (4) the comparison of 2D and 3D growth patterns of unstained and
stained cells; (5) the comparative testing of the effect of paclitaxel on 2D and 3D growth
patterns between unstained and stained cells. The experiment phase was composed of
(1) the overnight plating of DiO-CAFs on plates to obtain an 80-95% confluent monolayer of
CAF; (2) the plating of Dil-stained tumor cells on DiO-CAFs with and without paclitaxel in
2D and 3D formats. Media were changed every 48 h. Double-fluorescence signals from the
live cells in cultures were recorded, along with bright field photo-micrographs at different
time points using dry objectives in Olympus BX43 Microscope using cellSens 1.18 LIFE
SCIENCE IMAGING SOFTWARE (OLYMPUS CORPORATION). Semi-quantification was
performed based on the fluorescence intensities of Dil tumor cells on DiO-TCAFs/NCAFs
from 5-6 random microscopic fields of independent experiments (performed in quadrupli-
cates). Statistical significance was determined by calculating Student’s ¢-test at p < 0.05.
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Figure 3. Schematic plan of the Hybrid Co-Culture (HyCC): The novel matrigel 2-cell HyCC of CAFs
stained with DiO- and Dil-stained AN3CA cells was presented as compared to the standard matrigel
cell culture for 3D clonogenic growth of cancer cells. The model was used to test the effect of the
cytotoxic drug paclitaxel on tumor cells.
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2.6. Testing Resistance of CAFs to Paclitaxel Using Hybrid Co-Culture of Tumor-TME
Two-Cell Model

First, we tested the growth of AN3CA and RL-95-2 in HyCC on TCAF in 2D and 3D
formats. Then, we tested the effect of CAF on resisting the tumoricidal effect of paclitaxel
in (1) AN3CA in HyCC on TCAF in the 3D format, (2) RL-95-2 in HyCC on TCAF in
the 3D format, (3) AN3CA in HyCC on NCAF in the 3D format, (4) RL-95-2 in HyCC
on NCAF in the 3D format and (5) AN3CA in HyCC on both NCAF and TCAF from
the same patient’s samples in both 2D and 3D formats. Media were changed every 48 h.
Double-fluorescence signals from the live cells in cultures were recorded, along with bright
field photo-micrographs at different time points using dry objectives in Olympus BX43
Microscope using cellSens 1.18 LIFE SCIENCE IMAGING SOFTWARE (OLYMPUS COR-
PORATION). Semi-quantification was performed based on the fluorescence intensities of
Dil tumor cells on DiO-TCAFs/NCAFs from 5-6 random microscopic fields of independent
experiments (performed in quadruplicates). Significance was determined by calculating
Student’s t-test at p < 0.05.

3. Results
3.1. Ex Vivo Primary Culture- and Marker-Based Verification of CAF

The institutional and/or licensing committee approved all experimental protocols.
Informed consent(s) (IRB approved Protocol Number Study: 2017.053-100399_ExVivo001)
was obtained from 53 consecutive patients with endometrial tumors at any stage/grade of
the disease undergoing surgery with or without a pre-treatment/history of any previous
carcinoma. Primary cultures of CAFs were created from the resected samples of tumors
and tumor-adjacent normal samples from patients with endometrial cancers, as per the
guidelines and relevant regulations provided by the pathologist who performed grossing.

Validation of TCAF and NCAF in the ex vivo primary culture of the patient’s samples
was performed. Characterization of the cultured TCAF (from the resected samples of tumor
samples) and NCAF (from the resected tumor-adjacent normal samples) via flow cytometry
(Figure 1A-E) and ICC (Figure 2A,B) was performed. Both TCAFs and NCAFs expressed
positive markers of CAF, including SMA, FAP, and S100A4, to a varying degree, depending
on the patients, but they were consistently negative for negative markers of CAF, EpCAM
(a positive marker of epithelial tumor cells). The expression of SI00A4 was qualitative in a
patient-specific manner, with it being absent in some patients, as represented in Figure 1.
The expression of positive and negative controls of CAF were tested in internal controls,
HUF (A), and two endometrial cell lines, AN3CA and RL-95-2 (B).

CAFs have the morphology characteristic of fibroblasts with a single nucleus, although
we sometimes observed multinucleated CAFs, as represented in Figure 2A’s upper panel.
CAFs were negative for the ICC expression of epithelial markers, EpCAM and CK 8,18
(Figure 2A’s lower panel). The ICC expression of EpCAM and CK 8,18 in RL-95-2 was used
as the positive control, and the ICC expression in HUF was used as the negative control
(insets). The CAFs ICC expressed positive fibroblast markers, SMA, S100A4, TE-7, and
immune marker, PD-L1 (Figure 2B). The ICC expression of SMA, S100A4, TE-7, and PD-L1
proteins in RL-95-2 was used as the negative controls, and expressions in HUF (for SMA,
S100A4, and TE-7) and NCI-H441 (for PD-L1) were used as the positive controls (insets).

3.2. Patient-Specific Ex Vivo Tumor—TME Two-Cell Model of Hybrid Co-Culture (HyCC)

We first tested the growth pattern of endometrial tumor cells in 2D and 3D formats of
HyCC on TCAFs, as diagrammatically presented in Figure 3. The photomicrographs in
Figure 4A,B show that the growth of AN3CA and RL-95-2 was significantly more extensive
on day 7 compared to day 0, which was semi-quantified by the fluorescence intensity of
the Dil-stained area in both 2D and 3D formats. The DiO-CAFs’ fluorescence intensities, on
the other hand, in the 3D format, were either increased or not significantly changed after
7 days. In contrast, the fluorescence intensity of DiO-CAF was found to be reduced in the
2D format. Figure 3 compares the standard model of the matrigel 3D clonogenic growth of
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cancer cells with the HyCC presented in the “Cell-In-A-Well View”, which was designed to
test the functional role of CAFs on the effect of the cytotoxic drug paclitaxel on tumor cells.
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Figure 4. Growth of endometrial cells AN3CA and RL-95-2 for TCAF on TCAF in HyCC in 2D and
3D formats: Dil-stained AN3CA (A) and RL-95-2 (B) were plated on DiO-stained TCAF, and their 2D
and 3D matrigel growth was recorded. The media were changed every 48 h. Photomicrographs were
taken on day 0 (within 24 h for the 3D format as pictures are difficult to focus at zero hours in 3D)
and on day 7. The fluorescence intensity of tumor cells on TCAF was semi-quantified from 5 random
microscopic fields of independent experiments (performed in quadruplicates). Solid bars represent
the fluorescence intensities of cells at day zero, and filled (sphere) bars represent the fluorescence
intensities of cells at day 7. * Significance was determines by calculating Student’s ¢-test at p < 0.05.

140



Biomedicines 2023, 11, 1326

3.3. Testing the Effect of CAFs in Resisting Paclitaxel Using Ex Vivo Platform-Based Co-Culture of
Tumor-TME Two-Cell Model

To test the effect of CAFs on the growth inhibitory effect of paclitaxel on endome-
trial cells, first, we tested the HyCC growth pattern of these cells in 2D and 3D formats
(Figure 4A,B). Dil-stained AN3CA (A) and RL-95-2 (B) were plated on DiO-stained TCAF,
and their 2D and 3D matrigel growth was recorded. Media were changed every 48 h.
Photomicrographs were taken on day 0 (within 24 h for the 3D format as pictures are
difficult to focus at zero hours in 3D) and on day 7. The fluorescence intensity of tumor
cells on TCAF was semi-quantified from five random microscopic fields of independent
experiments (performed in quadruplicates). Both AN3CA and RL-95-2 growth was signifi-
cantly increased after 7 days of culturing. However, the clonogenic 3D growth of AN3CA
is characteristically different in terms of morphology from that of RL-95-2 cells.

Once we established regular growth patterns of the cells via HyCC, we tested the
effect of CAFs on the growth-inhibitory action of paclitaxel. The treatment with paclitaxel
decreased the growth of both AN3CA and RL-95-2 in real time (2D), as well as in the 3D
format, as shown in Figure 5A. This growth inhibitory property of paclitaxel was used as
the baseline to measure the role of CAF in resisting the effect of paclitaxel on tumor cells.
Having ascertained the growth pattern of Dil tumor cells of DiO-CAFs in HyCC and tested
the growth inhibitory effect of paclitaxel on tumor cells, we sought to test the capacity of
CAFs to resist the growth inhibitory effect of paclitaxel on tumor cells. Figure 5(Bi,Bii)
shows that TCAF resisted the growth inhibitory effect of paclitaxel on both tumor cells
on day 7. The treatment of cells with paclitaxel in the absence of TCAF (AN3CA-only
and RL-95-2-only columns of Bi and Bii, respectively) demonstrated the profound loss
of growth, as shown in the photomicrographs and bar diagrams in the inset. Once we
demonstrated the role of TCAFs in resisting the growth-inhibitory effect of paclitaxel, we
wanted to test whether NCAFs from another patient would exhibit a similar effect on
TCAFs. Figure 6(Ai, Aii) shows that NCAFs’ capability to resist the growth-inhibitory effect
of paclitaxel was comparable to that of TCAFs. Interestingly, we observed no change in
the DiO-CAFs, both TCAFs and NCAFs, before and after paclitaxel in the 3D format and
the 2D format. We observed that both TCAFs and NCAFs from different patients similarly
resisted the growth-inhibitory effect of paclitaxel on endometrial tumor cells. Considering
the differences in the pathological characteristics of the tumors from which TCAFs and
NCAFs were derived, it is possible that the similar resisting effects (to paclitaxel) observed
in both patients were inherent to the characteristics of the TME in those two patients. Hence,
from the experiments, it was unclear whether NCAFs and TCAFs behaved similarly due
to the underlying pathological differences in the TMEs of the two patients. Therefore, we
then tested TCAFs and NCAFs derived from the same patient to demonstrate that both
TCAFs and NCAFs resisted the growth-inhibitory effect of paclitaxel in AN3CA cells in
both 2D and 3D formats (Figure 7(Ai,Aii)). The insets show the growth inhibitory effect
of paclitaxel alone on the tumor cells in the absence of CAFs. We also observed that the
DiO-CAFs’ fluorescence intensities in the 3D format were either increased parallel to the
growth of tumor cells or did not significantly change after 7 days of HyCC. In contrast, the
DiO-CAFs; fluorescence intensities were found to be reduced in the 2D format on every
occasion (Figures 4 and 5).
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Figure 5. Effects of paclitaxel on the growth of endometrial tumor cells cultured with or without TCAF:
Growth inhibitory effect of paclitaxel in real-time 2D growth and 3D on-matrigel growth of AN3CA and
RL-95-2 is presented (A). Effect of paclitaxel on the same cells co-cultured on the TCAFs (B). TCAF resisted
the growth inhibitory effect of paclitaxel on AN3CA (Bi) and RL-95-2 (Bii) in an HyCC 3D format. The
media were changed every 48 h. The fluorescence intensity of tumor cells on TCAF was semi-quantified
from 5 random microscopic fields of independent experiments (performed in quadruplicates). Solid bars
represent the fluorescence intensities of cells at day zero, and filled (sphere) bars represent the fluorescence
intensities of cells at day 7. * Significance was found by calculating Student’s t-test at p < 0.05.
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Figure 6. Effects of paclitaxel on the growth of endometrial tumor cells cultured on NCAF: Effect
of paclitaxel on the endometrial cells co-cultured on the NCAFs (A). NCAFs resisted the growth
inhibitory effect of paclitaxel on AN3CA (Ai) and RL-95-2 (Aii) in an HyCC 3D format. The media
was changed every 48 h. The fluorescence intensity of tumor cells on TCAF was semi-quantified
from 5 random microscopic fields of independent experiments (performed in quadruplicates). Solid
bars represent the fluorescence intensities of cells at day zero, and filled (sphere) bars represent the
fluorescence intensities of cells at day 7.
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Figure 7. Effects of paclitaxel on the growth of endometrial tumor cells cultured on NCAF and
TCAF of the same patient: Protective Action of NCAF-P4 and TCAF-P5 of the same patient in
resisting the tumoricidal effect of paclitaxel in AN3CA in 2D (Ai) and 3D matrigel (Aii) formats
are presented. Insets (Ai,Aii) show the growth inhibitory effect of paclitaxel in Dil-stained regular
ANBCA cells, which were not plated on CAFs (without HyCC). The media were changed every 48 h.
The fluorescence intensity of tumor cells on TCAF was semi-quantified from 5 random microscopic
fields of independent experiments (performed in quadruplicates).

4. Discussion

Cancer progression has long been understood to be fundamentally determined and
characterized by dynamic changes in signaling between the stroma and embedded tumor
cells [13]. CAFs, which are often found in primary and metastatic solid tumors, including
endometrial cancers, are highly versatile, plastic, and resilient cells that are essentially
involved in cancer progression and treatment failure. As the most involved contributing
members of TME by volume, CAFs have an undeniable role in the progression of ad-
vanced disease [4,5,14,15] and in the development of treatment resistance in several solid
tumors [16-19]. In the past several years, a number of preclinical and translational studies
revealed several functions of CAFs in mediating critical tumor phenotypes to cause a poor
outcome for patients with the disease [20]. The functions mentioned above of CAFs are just
beginning to reveal an array of direct/indirect interactions with tumor cells and the rest of
the components of TME, tumor-associated immune cells, and tumor-associated endothelial
cells [21-23].

From the point of view of the entirety of the tumor, the role of CAF has been math-
ematically determined. Benjamin Wolfl et al. mathematically framed the tumor-TME
interaction as a model of an evolutionary game [24] to conceptualize and analyze biological
interactions where the tumor cells’ fitness is not only influenced by their own genomic
traits but also by the traits of cells within the TME, including CAFs. Their model implied
that the progression of cancer is an interactive evolutionary competition between these
different cell types, which is an interaction that can be explained through Lotka—Volterra
competition equations and their extension term, the term “Deadlock game” and the term
“Leader game”, in the context of the presence or absence of drugs and/or cancer-associated
fibroblasts. Building on the concept, Kaznatcheev et al. [25] demonstrated that cancer-
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associated fibroblasts qualitatively switch the type of game from “Leader to Deadlock”
being played by the in vitro population using their non-small-cell lung cancer model. In
their system, they viewed an untreated tumor as being similar to DMSO + CAF, and thus,
played the Leader game. A treatment with Alectinib (Alectinib + CAF) or eliminating CAFs
(through a stromal-directed therapy) switched the game into a “Deadlock game.” Our data
conceptually support their model. Our study experimentally explains their extension terms
of “Deadlock game” and “Leader game”. Our model provides an experimental testing
platform of the “Deadlock game” mode with a chemotherapy drug in culture, from which
it switches to the ‘Leader game’ mode in the presence of CAF (paclitaxel-treated cells plated
on CAFs in HyCC). Their report validates our ex vivo two-cell HyCC-based model of drug
resistance, which can be used to test clinically viable drug combinations and outcome data
in the future.

In lieu of a deterministic role of CAF influencing the disease outcome [4,26], several
studies provided evidence that supports CAF-inclusive therapy for the clinical manage-
ment of the disease [27]. Indeed, 37 CAF-directed/inclusive clinical trials have been
currently instituted and are ongoing at the NIH (https://clinicaltrials.gov/ct2/home
accessed on 12 December 2022). The majority of these clinical trials are instituted in ad-
vanced /metastatic solid tumors (ClinicalTrials.gov Identifier: NCT05547321), including pan-
creatic ductal adenocarcinoma (PDAC), hepatocellular carcinomas, and malignant tumors
of the breast, colon, prostate, lung, and ovary, explaining the interest of the scientific
community in the clinical relevance of CAF in these organ types, especially in PDAC
(ClinicalTrials.gov Identifier: NCT05262855). Although CAF-directed clinical trials are just
beginning to reveal the clinical relevance of CAFs, the role of CAFs in endometrial cancers,
among other gynecological cancers, is surprisingly limited. We have recently reported the
first study to prove the clinical relevance of CAF in endometrial cancers [12]. As more of
these studies in the future will strengthen our knowledge of CAF signaling in endometrial
cancers, we will need to develop a personalized approach to test the role of CAF in devel-
oping resistance to drug/combination(s). Here, we designed a new model system to test
the function of patient-derived endometrial CAFs in resisting the growth-inhibitory effect
of a chemotherapy drug, paclitaxel. Paclitaxel is routinely used along with platinum agents
to treat advanced endometrial cancers, and the administration of paclitaxel (weekly) as a
single agent to patients with recurrent or metastatic disease is the most commonly practiced
approach in clinics [28,29] (https:/ /www.cancer.org/ accessed on 12 December 2022).

We observed a discrepancy in DiO-CAFs’ fluorescence intensities between the 2D
and 3D formats after 7 days of HyCC. As expected, the fluorescence intensities of DiO-
CAFs in 3D formats were increased with time in contrast to the fluorescence intensities of
DiO-CAFs in 3D formats. The primary components of matrigel are four major basement
membrane ECM proteins, including laminin and collagen IV. We used BD Matrigel™
Basement Membrane, which contains laminin, collagen IV, TGF-beta, an epidermal growth
factor, an insulin-like growth factor, and a fibroblast growth factor. Since 3D culturing
involved using the growth media with matrigel, it is theoretically possible that the CAFs
growth pattern was additionally supported by matrigel, with special reference to TGF-beta
and fibroblast growth factor. We also noted a characteristic morphological formation of
CAFs, both TCAFs and NACFs, when the cultures were in 3D matrigel. Our novel model
will provide a unique option to test the resistance to a drug or a combination in a primary
CAF derived from the post-surgical tissues of either particular patient planning to undergo
prospective adjuvant therapy or post-surgery surveillance.

The power of our model is that, though it was developed and tested using endometrial
CAFs, it can be adapted to any organ type of cancer(s) for testing the development of
resistance to adjuvant therapy drugs/combination(s) post-surgery. Recently, we studied
the role of patient-derived primary ovarian CAFs in resisting the anti-angiogenic effect of
lenvatinib on HUVEC cells [9]. Our ex vivo two-cell HyCC-based model of drug resistance
provides a cost-effective and laboratory-friendly way to establish CAF, and then test the
functions of fibroblasts in each patient with advanced and recurrent endometrial cancers
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and other solid tumors. Our enzymatic digestion-independent method of establishment of
CAF needs a simple method of culturing, followed by CAF characterization via standard
flow cytometry, ICC, and qRT-PCR. The HyCC model is a vital fluorescent dye-based 3D
matrigel assay that can be performed in any standard laboratory, including a community-
based cancer center such as the Avera Cancer Institute. Thus, the model can serve as a
patient-specific real-time testing modality for the function of fibroblasts in patients with
advanced and recurrent endometrial cancers. The single most significant limitation of
the model is that the number of CAFs derived from the available patient tissue limits the
experimental setup. Hence, the testing power of the model is tissue-limited and can only
be applied to test the development of resistance to adjuvant therapy. We have tried to use
2-3 biopsy tissue cores to test the amount of the volume of the starting tissue sample, with
no success. Additionally, in our study, some tumor tissue samples did not yield CAFs.
It is possible that the status of CAF is a determinist factor here, as most of these tissues
were obtained from patients with grade 1/stage I diseases. Additionally, as the starting
material is a post-surgical resected tumor tissue sample, the model will not be applicable
to neoplasms of inaccessible organ types, such as in some central nervous system tumors,
unless a tumor can be obtained following surgical resection.

As the results of current CAF-directed clinical trials will be incorporated into the
current literature, we will begin to become more confident about a CAF-inclusive treat-
ment plan to manage the advanced form of the disease, especially in the context of the
development of treatment resistance in solid tumors. Our model system can provide a
unique opportunity for the personalized system to test the development of resistance to the
same drugs/combinations received by patients as an adjuvant treatment in clinics. During
the entire course of the development and management of a tumor, from the preneoplastic
stage to the terminal stage of metastasis and resistance, CAFs play an undeniably complex
and multifaceted role. Acknowledging the challenges of CAF biology, the contribution of
CAF cannot be ignored as a mechanistic determinant of resistance and clinical outcome of
a treatment modality, chemotherapy, radiotherapy, targeted therapy, and immunotherapy.
The study of CAF biology is on the cusp of the next wave of discovery that will facilitate the
tailored targeting of the cancer types in combination with targeting tumor cells to optimize
the clinical benefit and disease management.

5. Patent

The study presented in the MS is part of a patent application (United States Patent
and Trademark Office); application number 16/875,910.
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Abstract: Multiple myeloma is a hematologic neoplasm caused by an uncontrolled clonal proliferation
of neoplastic plasma cells (nPCs) in the bone marrow. The development and survival of this disease is
tightly related to the bone marrow environment. Proliferation and viability of nPCs depend on their
interaction with the stromal cells and the extracellular matrix components, which also influences the
appearance of drug resistance. Recapitulating these interactions in an in vitro culture requires 3D
environments that incorporate the biomolecules of interest. In this work, we studied the proliferation
and viability of three multiple myeloma cell lines in a microgel consisting of biostable microspheres
with fibronectin (FN) on their surfaces. We also showed that the interaction of the RPMI8226 cell line
with FN induced cell arrest in the G0/G1 cell cycle phase. RPMI8226 cells developed a significant
resistance to dexamethasone, which was reduced when they were treated with dexamethasone and
bortezomib in combination.

Keywords: multiple myeloma; microgel; fibronectin; dexamethasone; bortezomib

1. Introduction

Multiple myeloma (MM) accounts for approximately 10% of all hematological ma-
lignancies and 2% of all cancers [1,2]. It is characterized by the proliferation of neoplastic
plasma cells (nPCs) in the bone marrow [2]. The development of a realistic 3D culture
system is growing in relevance due to the important role played by the extracellular ma-
trix (ECM) components and the stromal cells in their interactions with nPCs, promoting
their survival and generating drug resistance [3-6]. Although new therapies have been
developed, MM still remains an incurable disease due to the nPCs’ protection against
chemotherapy or receptor-targeting drugs [7-9].

Tissue engineering has contributed to the development of 3D culture systems us-
ing inert materials, which acquire a bioactive capacity when functionalized with ECM
biomolecules [10,11], promoting cell-material interaction and generating a similar response
to that expected in vivo. The cellular and noncellular components of the tumor niche is the
tumor microenvironment (TME), described by the International Cancer Microenvironment
Society as an ecosystem composed of tumor cells, resident and infiltrating non-tumor cells,
and molecules present in proximity to these cells. The ECM constitutes not only a structural
scaffold but also plays a key role in the spread of cancers, as cell migration into and out of
the TME greatly depends on the cell adhesion to ECM components. Tumor development is
highly dependent on the physiological state of the tumor-specific microenvironment that
will provide pro and antitumor signals [10-12].
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In the case of multiple myeloma, it is demonstrated that the 3D support allows a closer
emulation of the bone marrow environment than the conventional 2D cultures [12,13].
We have recently proposed the use of microgels for this purpose. The culture medium
consists of an agglomerate of biomimetic microspheres and tumor cells suspended in a
liquid culture medium [13,14]. Microspheres have frequently been used as drug delivery
systems in the development of cancer models, and there are also references to their use as a
three-dimensional support in the culture of solid tumors [15-18].

Recent and ongoing research has shown that properly recreating cell-cell and cell-
ECM interactions is critical to developing reliable tumor models in vitro. We hypothesize
that in the development of an in vitro disease model for multiple myeloma, the presence of
ECM components presented by biomaterial in a cell-accessible manner is essential, while at
the same time, the culture medium needs to allow the motility of cells that normally are
grown in suspension. In this sense, our proposed biomimetic microgel would fulfill both
requirements. In the future, it will be necessary to incorporate co-culture with adherent
stromal cells, for which previous literature shows different strategies [6].

The correlation between tumor cell adhesion to fibronectin and the generation of drug
resistance is well established [19]. In this work, we study the biological response to an
environment formed by a microgel that exposes FN on the surface of microspheres and
thus at distances from cells that are on the order of cellular dimensions. As the exhibition
of adhesion motifs in FN is pivotal in cell-ECM interactions, mimicking the in vivo FN
conformation when developing an artificial environment becomes of primary interest.
Although cell activity produces EN fibrillogenesis in vivo modeling the ECM environment,
certain biomaterials have been shown to induce FN spreading and networking on their
surfaces previous to cell seeding. This feature is important in MM, since plasma cells are
not expected to remodel the FN present on the surface of the supporting biomaterial used
for cell culture. Physical absorption of FN onto poly(ethyl acrylate) has been demonstrated
to preserve EN fibrillar networks and bioactivity by promoting their fibrillogenesis [20-23].

In cell-FN interaction, adhesion occurs through B1-integrins «431 (VLA-4) and «5431
(VLA-5) (16). This adhesion induces a nuclear accumulation of p27kip1 proteins via down-
regulation of Jab1 [7,24], preventing the serine 10 phosphorylation of p27Kipl, as well as
the p27kip1 nuclear exportation. The resulting increase in the p27kip1 protein level inhibits
cyclin A- and cyclin E-dependent CDK2 kinase activity [7,24,25], generating a GO/G1 cell
cycle arrest and thus an intrinsic drug resistance to dexamethasone (DEX) in the RPMI8226
MM cell line [7], known as cell adhesion-mediated drug resistance (CAM-DR) [9,25].

Patients are currently treated in clinical practice with MM corticosteroids and pro-
teasome inhibitors. The corticosteroid DEX induces apoptosis through the activation of
intrinsic apoptotic pathways [26,27], downregulation of antiapoptotic genes, and upregu-
lation of pro-apoptotic genes [26,28]. The recently introduced reversible inhibitor of the
26S proteasome complex bortezomib (BRZ) [29] induces the cleavage of survival proteins
such as Mcl1 and triggers apoptosis [30,31]. In the RPMI8226 cell line, it has been found
that BRZ overcomes the FN CAM-DR effect through the downregulation of VLA-4, and in
combination with DEX, reduces the CAM-DR effect [29]. The drug dosage can be studied
in MM patients by comparing the effect of a low-dose versus high-dose DEX [32,33]. Mi-
crogels, agglomerates of functionalized microspheres in a liquid culture medium, have also
been proposed as a 3D environment for MM cell cultures [13,14].

This work aims to develop a 3D culture system based on a microgel made up of
poly(ethyl acrylate) copolymers functionalized with ECM biomolecules, such as FN, and
capable of mimicking both the bone marrow microenvironment by interacting with the
tumor cells and the CAM-DR effect generated by the biomolecules. After validation, the
system can be tested in vitro with primary cells from patients.
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2. Materials and Methods
2.1. Polymerization and Microspheres Production

The microgel was made of a random ethyl acrylate (EA) and ethyl methacrylate (EMA)
copolymer (Sigma-Aldrich, St. Louis, MO, USA), poly (EA-co-EMA) synthetized by a block
polymerization protocol by mixing 50% EA and 50% EMA with 30% acetone w/w as a
solvent. Initiation of the reaction was induced by 0.5% benzoin (Sigma-Aldrich) and a 24-h
incubation of the solution in an ultraviolet (UV) irradiation chamber. After polymerization,
the polymer was dissolved in acetone and reprecipitated four times with deionized water
to remove the monomer residue and any remaining low molecular weight substances. The
material was then dissolved in chloroform (3g/100 mL, Scharlab, S.L., Barcelona, Spain)
and mixed with 5% w/w magnetic ferrite nanoparticles (EMG 1300M, Ferrotec, Santa Clara,
CA, USA), facilitating the manipulation of the microspheres and their magnetic separation
from cells or any aqueous medium.

The microspheres were produced by an oil-in-water emulsion technique, where the
continuous phase was a 0.5% polyvinyl alcohol aqueous solution (PVA, Sigma-Aldrich),
and the dispersed phase was a 3% w/v magnetic copolymer solution in chloroform. The
emulsion was carried out in a volumetric flask by stirring 200 mL of the continuous phase
at 2000 rpm for 15 min, adding 20 mL of the oil phase afterwards with the help of a funnel,
and agitating for 10 min. Then, 150 mL of ultrapure water (UPW) was added to promote
chloroform evaporation and stirred for 24 h. To complete chloroform evaporation overnight,
the solution was later transferred to a beaker and stirred at 700 rpm. In order to remove the
remaining PVA, the solution was transferred to 50 mL tubes by a series of four washings
with UPW. After air drying the solution at room temperature, a field-emission scanning
electron microscope (FESEM, ULTRA 55 model, ZEISS, Oberkochen, Germany) was used
to observe the microspheres’ sizes and surfaces. The dispersion of the microspheres in
culture conditions after manual stirring was confirmed in a stereo zoom microscope (MZ
APO model, Leica Microsystems, Wetzlar, Germany). To determine microsphere sizes,
3 different emulsions were analyzed per condition (750, 1500, and 2000 rpm). At least
100 microspheres were measured for each emulsion, coming from 3 independent FESEM
pictures. Image analysis was performed using the Image] software (National Institutes of
Health, Bethesda, MD, USA).

2.2. Sterilization and Functionalization

A sterilization protocol was carried out, before using the microspheres for cell cul-
ture assays, by UV irradiation for 30 min and then incubating overnight in PBS with 3%
penicillin/streptomycin. The day after, the microspheres were washed twice with PBS, UV-
irradiated for 30 min, incubated overnight with PBS with 1% penicillin/streptomycin, and
washed again with PBS. Once sterilized and before cell seeding, the microspheres were coated
with 20 pg/mL of human plasma FN (Sigma-Aldrich) by physical adsorption for 1 h and
washed twice with RPMI 1640 culture medium without FBS in order to functionalize them.

2.3. Characterization

The microspheres were characterized by a micro-BCA assay using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA USA). Acrylate microspheres without
FN were used as a baseline. This assay was carried out in quadruplicate and read on
a Victor3 Plate Reader (PerkinElmer, Waltham, MA, USA). Finally, the assessment was
performed by calculating an average of the samples at 570 and 550 nm.

2.4. Cell Culture

The RPMI8226 MM cell line, kindly provided by Dr. Beatriz Martin (Josep Car-
reras Leukaemia Research Institute), was grown in an orbital shaker at 300 rpm in RPMI
1640 medium (Gibco, Thermo Fisher) and supplemented with 15% fetal bovine serum
(FBS, Gibco), 1% L-glutamine (Sigma-Aldrich), and 1% penicillin/streptomycin (Gibco,
10.000 U/mL). The U226-B1 and MM.1S cell lines, purchased from the American Type
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Culture Collection (ATCC, Rockville, MD, USA), were grown as described above but sup-
plemented with 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin the culture
medium. Cell culture assays were performed under different conditions: cell suspension
culture without microspheres (SUSP), cell suspension with uncoated microgel (M), and cell
suspension with microgel coated with FN (MEN). Different microspheres/liquid-medium
volume ratios were employed for the design of the 3D culture system in a final volume
of 500 pL of microgels of 17.2% v/v microspheres (M17), 13.8% v/v (M13), 10.3% v/v
(M10), and 6.8% v/v (M6). As it was a cell culture in suspension, a partial renewal of the
liquid medium by adding 400 pL of fresh medium was performed every day by mixing
for 15 minutes to facilitate the distribution of nutrients, precipitating cells and microgel by
stopping the mixing after 1 h, and finally, carefully removing 400 pL of culture medium.
Cell seeding was performed in triplicate on P24 plates. Both microgel and cell suspension
were added consecutively in the proper ratios to obtain the desired microsphere volume
fraction. In order to avoid the adhesion of the RPMI8226 cells to the other proteins present
in the FBS (which can be adsorbed onto the microspheres’” surfaces) in the FIN experiments,
the cells were prior seeded in a culture medium without FBS for 1 h without mixing, and
1 h later, the appropriate amount of FBS was added to the wells.

To perform flow cytometry assay and before cell staining, the cells and the magnetic
acrylate microspheres were magnetically sorted out to prevent cytometer clogging.

2.5. Proliferation Assay

The influence on cell proliferation of the ratio of the volume occupied by the micro-
spheres to that of the liquid culture medium was assessed using a Quant-iT Picogreen
dsDNA Kit (Invitrogen, Thermo Fisher). For this, 5 x 10% cells were grown at days 2, 5, and
7, including three replicas per condition. A lysis-buffered solution to digest the samples was
prepared for 100 mL; amounts of 0.648 g of sodium phosphate monobasic (Panreac), 0.653 g
of sodium phosphate dibasic (Panreac Quimica SLU, Barcelona, Spain), and 1 mL of EDTA
(Gibco, 0.5 M) were dissolved in UPW at pH 6.5. Papain at 3.875 U/mL (Sigma-Aldrich)
and 1.5 mg/mL of L-cysteine were added to the lysis buffer on the day of the experiment.
For each sample, including the acrylate microspheres without cells as a baseline condition,
500 uL of lysis buffer was added and stirred at 60 for 18 h. Finally, DNA was stained with
the PicoGreen reagent as indicated by the manufacturer and subsequently analyzed on
an opaque Optiplate96F plate (PerkinElmer) using a Victor3 plate reader (PerkinElmer) at
485/535 nm.

2.6. Cell Cycle Assay and CAM-DR Effect on RPMI 8226 Cell Line

A flow cytometry cell cycle assay was performed using the DNA-PREP kit (Beckman
Coulter, San Diego, CA, USA) to study the influence of adhesion of the RPMI8226 cells to
FN on cell arrest. A total of 1.5 x 10° cells were grown on days 2, 3, and 5, including three
replicates per condition that were merged in a single tube and analyzed in the cytometer.
Once available, the cells were washed twice with PBS at 300 g for 5 min in the centrifuge.
Cells were processed with the DNA-PREP kit following the manufacturer’s instructions,
which include a permeabilization step and staining with propidium iodide. The samples
were acquired in a Navios flow cytometer and data were analyzed on the Kaluza Version
2.1 software (Beckman Coulter).

FN-induced CAM-DR was studied in the presence of BRZ and high-dose DEX. Three
conditions were studied after growing 1.5 x 10° cells to expose them to: (i) 5 nM of
BRZ for 48 h [34,35], (ii) 10° uM of DEX [14] at 8.75 mg/mL (fortecortin, Merck KGaA,
Darmstadt, Germany) for 72 h, and iii) a DEX+BRZ combination, with only DEX for the
first 24 h and both drugs for the last 48 h. A viability assay was carried out using annexin-V
(Miltenyi Biotec, Bergisch Gladbach, Germany) and 7-amino-actinomycin D (7-AAD, Becton
Dickinson, San Jose, CA, USA). Briefly, cells were washed twice with PBS, centrifuged at
300 g for 5 min, and resuspended in 300 pL of binding buffer solution (Miltenyi Biotec).
Cells were stained with 10 uL of annexin-V conjugated with fluorescein isothiocyanate and
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5 uL of CD138 monoclonal antibody conjugated with BD Horizon V500 (Becton Dickinson,
San Jose, CA, USA), then incubated for 20 min at room temperature in the dark. Before
staining with 7-AAD, the cells were washed with 1-2 mL of binding buffer solution and
resuspended in 200 uL of binding buffer solution. Finally, the cells were stained with
10 pL of 7-AAD, incubated for 15 min at room temperature in the dark, and acquired in a
FACSCanto-II flow cytometer (Becton Dickinson, San Jose, CA, USA). Data analysis was
undertaken using Kaluza software.

2.7. Statistical Analysis

Statistically significant differences between groups were determined by applying
one-way ANOVA analysis (Bonferroni test) on the IBM SPSS Statistics Version 20.0 software
at a significance of <0.05.

3. Results
3.1. Acrylate Microsphere Production and Characterization

Microgel microparticles were produced by an oil-in-water emulsion technique capable
of controlling microdroplet size by varying the agitation speed. A representative FESEM
image is shown in Figure 1a, while Figure 1b shows the dispersion of the microspheres in the
liquid medium. The copolymer microsphere coagulation occurred due to the evaporation
of the solvent throughout the continuous liquid phase. Three different tests were carried
out at 750, 1,500, and 2,000 rpm agitation speeds. Figure 1 shows that as the stirring speed
increased, the microsphere size decreased, obtaining an sizes of 27 = 13 um at 750 rpm
(Figure 1c), 10 & 4 um at 1,500 rpm (Figure 1d), and 9 £ 4 pm at 2000 rpm (Figure le). The
cell culture tests were performed using the conditions that provided a similar microsphere
size to nPCs (9-20 um) [36]. A 2000 rpm rotation speed was used, since the differences in the
particle sizes with respect to 1500 rpm were small, but higher speeds favored chloroform
evaporation, thus obtaining higher efficiency at the end of the process (data not shown).

Microspheres functionalized with EN by physical absorption were characterized by a
micro-BCA assay to quantify the amount of FN present on them, for which coating was
performed in triplicate. The mass fraction of FN was found to be 0.4 £ 0.07 ug per mg
of microspheres.

The suspension of microspheres and cells was maintained under gentle orbital ag-
itation. The characteristics of the environment of the cells cultured in this system were
simulated by finite element analysis in a recent work [37].

3.2. Proliferation Assay

The effect on cell proliferation of the volume occupied by the microspheres was tested
at the beginning with the RPMI8226 cell line (Figure 2a). PicoGreen tests were performed
on days 2, 5, and 7. On day 2, the differences between the microsphere volume ratios
were not significant, nor were they statistically significant, even when the mean value
was higher than in the SUSP-RPMI control. However, on day 5, all the conditions with
microgel present were found to have significant differences vs SUSP-RPMI, especially the
M13-RPMI, with a difference of 2.52 x 10° & 2.49 x 10* cells, with respect to the SUSP-
RPMI condition. On day 7, the number of cells reached a value close to 1.5 x 10° cell/well
(containing 500 pL of culture medium), which is the recommended limit for this cell line.
The culture seemed to be saturated, and no significant differences were found between
the samples. A viability assay was performed to confirm that there was no interference of
the cell death with the PicoGreen analysis, obtaining around 88.9 & 1.9% of cell viability
under all conditions (Figure 2b). Based on these results, the M13 condition was used for the
subsequent assays, and we determined whether this behavior was replicated in different
multiple myeloma cell lines. Significant differences were found in both cell lines on days 5
and 7, with a difference on day 7 of 1.66 x 10° + 1.6 x 10* cells of M13-U266 vs SUSP-U266
and 2.37 x 10° £ 3.74 x 10* cells of M13-MM.1S vs SUSP-MM.1S (Figure 2c). Due to the
higher proliferation of RPMI8226 than U266-B1 and MM.1S, both cell lines did not reach
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the previous saturation level, while cell viability was around 90.2 4 2.4% in U266 and
89.9 £ 2.3% in MM.1S (Figure 2d).
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Figure 1. Physical microsphere characterization: (a) FESEM image of the microspheres (bar: 20 um),
(b) image of microgel dispersion in a P24 well, (c) size distribution at 750 rpm, (d) 1500 rpm, and
(e) 2000 rpm.
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Figure 2. Evaluation of cell proliferation (a) and viability (b) on the RPMI8226 cell line at different
volume ratios of uncoated microgels. Assessment of cell proliferation (c) and viability (d) on U266 and
MM.1S cell lines at M13 volume ratio. SUSP: suspension culture without microspheres; M: suspension
culture with different volume ratios of uncoated microspheres; M6: 6.89% v/v of microspheres;
M10: 10.34% v /v of microspheres; M13: 13.8% v/v of microspheres; M17: 17.2% v/v of microspheres.
Graphics depict mean + standard deviation. Level of statistical significance: (**) p-value < 0.01,
(***) p-value < 0.001.

3.3. Cell Cycle Analysis on the RPMI 8226 Cell Line

The adhesion of nPCs to FN was studied by a cell cycle assay on days 2, 3, and 5. As
shown in Figure 3A, on day 2, the MFN-RPMI condition exhibited a higher arrest in the
G0/G1 phase than the others, the differences being 18% and 23% with respect to the SUSP-
RPMI and the M13-RPMI, respectively. On day 3, differences reduced to approximately 10%
and 16% with respect to the SUSP-RPMI and the M13-RPMI, respectively. On day 5, there
were differences of 7% and 10% regarding the SUSP-RPMI and M13-RPMI, respectively.
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Figure 3. (a) Proportion of cells in the GO/G1 phase. (b) Results of drug resistance and the synergistic
activity effect of both drugs on the RPMI8226 cell line viability. SUSP: suspension culture without
microspheres. M13: suspension culture with 13.8% v/v of microspheres with uncoated microspheres.
MEN: suspension culture with 13.8% v/v of microspheres coated with fibronectin. Graphic depicts
mean =+ standard deviation. Level of statistical significance: (***) p-value < 0.001.

3.4. Drug Resistance on RPMI8226 Cell Line

To assess the CAM-DR effect of FN against high-dose DEX and BRZ, a flow cytometry
viability assay was performed by preparing an untreated control for each condition that was
used to normalize the viability results obtained by the effect of the drug (data not shown).
After exposure to BRZ, only very similar results were observed in all the conditions, with a
mortality of 35.5% in SUSP-RPMI, 35.2% in M13-RPMI, and 36% in MFN-RPMI (Figure 3b).
In the only presence of DEX, the FN condition presented significant differences to SUSP-
RPMI and M13-RPMI, showing a mortality of 54.6%, compared to 72% for SUSP-RPMI and
73.9% for M13-RPML. In the presence of both drugs, there were very few differences between
the SUSP-RPMI and M13-RPMI conditions, compared to those previously observed with
only DEX, with a mortality of 78.8% SUSP-RPMI and 79.3% M13-RPMI. However, mortality
increased by 12.2% in the FN condition with respect to that with only DEX, with a mortality
of 66.8%.

4. Discussion

The development of 3D culture systems that can mimic and reproduce the tumor
microenvironment and generate a similar cellular response to that produced in vivo is
a common research goal at present [38,39]. However, to establish an in vitro model that
provides conclusions about the effect of a certain factor on the generation of drug resis-
tance is a real challenge. (In this work, we explored nPC adhesion to FN, but this can
be easily extrapolated to interactions with other extracellular matrix components.) The
environment in which the disease develops is highly complex, with several differentiated
microenvironments and multiple cell-cell and cell-ECM component interactions with
soluble factors [3,4]. When establishing a model aiming to isolate one of the factors that
contributes to the development of the pathology, there is a risk of reaching erroneous
conclusions due to the lack of other elements that affect the equation, in particular, the 3D
configuration and cell mobility [38,40]. In this work, we therefore describe a model that
aims to present the biomolecules to the tumor cells in a more realistic way than simply
allowing the biomolecule to adsorb on the bottom of the culture well. The model described
here has three fundamental characteristics: (1) it enables the mobility of tumor cells in a lig-
uid medium, practically without restriction, as the microspheres that float along with them
are equally mobile; (2) the proximity among the cells and the biomolecules under study, are
at distances of the order of cell sizes with the chosen volume fraction of the microspheres;
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(3) the use of a synthetic support that induces a protein conformation that helps it display
its adhesion domains, allowing interaction with cells or growth factors. Its versatility
in this regard is enormous, and previous literature shows multiple examples of surface
functionalization that can be applied to microspheres to study specific biomolecules [41].

We developed a 3D culture environment using polyacrylate microspheres with an
average size close to nPCs. This microgel configuration favors cell-cell interaction and inter-
microsphere cell mobility, which in turn, allows the cells to interact with the biomolecules
on the microgel surface. One of the pitfalls of this type of system with similar cell-microgel
size is the generation of background interference due to the presence of the microgel during
sample processing or the possibility of clogging the flow cytometer during measurement.
However, due to the microspheres” magnetic properties, the cells can be separated from the
material, making the platform easy to manipulate when performing cytometry cell assays.

The effect of microspheres on nPC proliferation depends on the volume occupied by
the biomaterial and the liquid medium available for cell suspension. The results obtained
suggest that in nPC culture conditions in the presence of a microgel, higher cell proliferation
was observed in different multiple myeloma cell lines (Figure 2a,c), in good agreement
with other studies [13]. This can be attributed to the configuration of the 3D culture
platform, where the microspheres suspended in the liquid medium act as a scaffold. The
volume excluded by the microspheres might have an increased cell-cell contact effect.
On the other hand, microsphere mobility avoids the restrictions imposed when cells are
cultured in scaffold pores or in a conventional hydrogel where the cells are confined,
providing increased freedom for the expansion and proliferation of cells. Since the in vivo
characteristics of tumoral cells include an elevated proliferation rate, we used the M13
condition, which provided higher proliferation than the other conditions (Figure 2a), to
obtain an in vitro model as close as possible to the in vivo model. On day 7 of culture, we
found that the different microgel conditions tended to produce similar numbers of cells
(Figure 2a). This was due to the culture’s high cell proliferation and volumetric limitations,
in which the saturated culture presented a cell density of around 2 x 10° cells/mL, when
the supplier’s recommendation was not to exceed 1 x 10° cells/mL.

The presence of FN in the microspheres was confirmed by micro-BCA. RPMI8226
adhesion to FN, as well as its CAM-DR effect, had previously been studied in conventional
2D cultures, with EN adhering to the bottom of the well, resulting in nPC arrest in the
G0/G1 phase of the cell cycle [7,24]. Prior to the CAM-DR assays, we therefore performed
a cell cycle assay on days 2, 3, and 5 to confirm cell-FN interaction. On day 2 of culture,
the MFN-RPMI condition had an increased cell percentage in the G0/G1 phase, compared
to the other conditions (Figure 3a). This difference gradually decreased over time as the
rest of the cells not attached to FN continued to proliferate and reduce the percentage
of those arrested in the G0/G1 phase. After confirming that the culture in the microgel
allowed the cells to interact with the functionalized biomolecule on the microspheres’
surfaces, the microgel was tested for interference with the drug assays by evaluating the
CAM-DR effect of FN against high-dose DEX and BRZ, two of the drugs used against MM
in clinical practice. The effect of FN was previously reported in the RPMI8226 MM cell
line. As expected, FN did not trigger any type of resistance to BRZ, as all the conditions
had the same percentages of mortality (Figure 3B). However, in the case of DEX, there were
significant differences between the FN and the other condition because the arrest in phase
G0/G1 was found to be associated with the generation of resistance to DEX [7]. Finally, we
carried out an assay by combining the actions of both drugs for 72 h, incorporating only
DEX for the first 24 h and DEX + BRZ in the last 48 h. The results obtained suggest that
the action of BRZ is in some way masked by the high dose of DEX, with no differences in
mortality between the SUSP-RPMI and M13-RPMI conditions and the only DEX condition.
However, due to the downregulation of VLA-4 produced by BRZ [29], it was found that the
MEN-RPMI condition, which showed an initial resistance to DEX, overcame this CAM-DR
effect and presented higher mortality than the FN condition with only DEX, confirming
that the resistance was generated by the CAM-DR effect of FN.
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Abstract: Cancer is one of the main causes of human death globally and novel chemotherapeutics
are desperately required. As a simple selenium oxide, selenite is a very promising chemotherapeutic
because of pronounced its dose-dependent tumor-specific cytotoxicity. We previously published a
first-in-man systematic phase I clinical trial in patients with cancer (from IV to end-stage) (the SECAR
trial) showing that selenite is safe and tolerable with an unexpectable high maximum tolerated dose
(MTD) and short half-life. In the present study, we analyzed the selenium species in plasma samples,
from the patients participating in the SECAR trial and from various time points and dose cohorts using
LC-ICP-MS. In conclusion, selenite, selenosugars, and 1-2 unidentified peaks that did not correspond
to any standard, herein denoted ui-selenium, were detected in the plasma. However, trimethylated
selenium (trimethylselenonoium) was not detected. The unidentified ui-selenium was eluting close
to the selenium-containing amino acids (selenomethionine and selenocysteine) but was not part
of a protein fraction. Our data demonstrate that the major metabolite detected was selenosugar.
Furthermore, the identification of selenite even long after the administration is remarkable and
unexpected. The kinetic analysis did not support that dosing per the body surface area would reduce
interindividual variability of the systemic exposure in terms of trough concentrations.

Keywords: selenotherapy; selenosugar; cancer; selenite; selenium

1. Introduction

Selenium is an antioxidant at nutritional levels; many publications report growth-
inhibitory and cytotoxic effects of redox-active selenium compounds in from moderate
to high concentrations against cancer [1-3]. Selenite, the most widely studied selenium
species, is an inorganic selenium salt that is highly reactive and metabolized already in
the gastric mucosa cells due to a reaction with reduced glutathione [3]. Furthermore,
selenite is an excellent substrate for mammalian Thioredoxin reductase (TrxR) with Km,
Vmax, and Kcat numbers close to the natural substrate Thioredoxin (Trx). Under anaerobic
conditions, the reaction between selenite and TrxR stops after the consumption of three
molecules of NADPH, showing that selenite is reduced to the highly reactive selenide.
As soon as oxygen is admitted to the system, a linear reaction is reassumed. Selenide
efficiently redox cycles with oxygen, producing reactive oxygen species (ROS) until the
system is exhausted of thiols and/or NADPH [3,4]. The non-stoichiometric production of
ROS and the resulting oxidative stress is a major mechanism of the growth inhibitory and
antineoplastic effects of selenite, thus founding the basis for the application of selenite as a
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chemotherapeutic agent against cancer [3,5]. For instance, many publications show that
tumor cells are more sensitive compared to normal cells [6-8]. Additionally, selenite is more
efficiently assimilated and accumulated in highly drug-resistant neoplastic cells [1,4]. The
higher sensitivity together with the more efficient uptake by tumor cells is explained by the
resistant phenotype expressed by cancer cells of which a characteristic feature is a higher
level of thiols intracellularly, increased reducing the extracellular environment, and efficient
mechanisms to withhold a reducing extracellular milieu. Of particular interest are the MRP
family of proteins and the Cystine/Glutamate (Xct) antiporter, both known to convey drug
resistance [3,7]. We have previously shown that these factors potently increase selenite
uptake using extracellular reduction mediated by cysteine that is constantly supplied in
the extracellular space through the Xct-antiporter and MRPs [9].

Selenide is crucial for the specific incorporation of selenocysteine into selenoproteins.
Furthermore, selenide may undergo methylation to methylselenol and dimethyldiselenide,
which is volatile and causes the well-known signs of selenium overload, garlic odor in
breath, and trimethylselenonium that is excreted in urine. The leading urinary excretory
metabolite, however, is the selenosugar, Se-methylseleno-N-acetylgalactosamine (SeGal) [3].

Due to the high reactivity with thiols, selenite may not be detected in the plasma
after oral administration. To study the pharmacology of selenite and monitor any effect,
intravenous administration is required. Previously, selenite has not been identified in
plasma. In contrast, we reported that selenite could be detected in plasma using LC-ICP-
MS after intravenous infusions [10].

In an early clinical study on high doses per oral sodium selenite as an adjunct to
radiotherapy in prostate cancer, one conclusion was that pharmacokinetic studies are
important to find optimal treatment schedules [11]. In 2015, we published the first-in-
man phase I clinical trial in patients with end-stage malignancies. The tolerance was
unexpectedly high with a maximal tolerable dose of 10.2 mg/m? body surface. However,
the half-life was short (18.5 h) and there were no signs of selenosis. Antineoplastic effects
have been reported to peak after 48 h of exposure explaining why the observed effects were
relatively sparse [12].

To study the metabolism of high-dose selenite in cancer patients, we analyzed the
plasma samples from various time points and dose cohorts using LC-ICP-MS and studied
the kinetic parameters. The purpose of the present study was thus to explore which
metabolites appeared after a high dose of intravenous selenite infusion and how long the
active drug selenite could be traced in the plasma samples. In addition, the relationships
between systemic exposures and tumor growth inhibition were explored.

2. Materials and Methods
2.1. Clinical Samples

The clinical samples were obtained from the previously published SECAR study
(Table 1) [12]. Three patients were included in each cohort except the highest which
included 6 patients. In total, 10 cohorts were needed before the maximum tolerable dose
could be defined. The starting dose was 0.5 mg/m? body surface and, for the first 4 cohorts,
the dose was escalated by 0.5 mg/m? body surface. The plasma samples were extracted
before the start of selenite treatment. After finishing the fourth cohort without any dose-
limiting toxicity an amendment to the Ethical Committee and the Medical Product Agency
was approved (see Institutional Review Board Statement) allowing dose escalations of
50% between cohorts and the inclusion of other malignancies except lung carcinoma. The
protocol for the first four cohorts included two periods of 10 days of infusion separated
by a week of rest. However, from the fifth cohort onwards, the third and fourth treatment
weeks and the treatment-free week were omitted and thus the patients received only 10
treatments. Dosing was not performed during weekends. Both groups were followed
by chemotherapy of the same formulation that the patients before inclusion developed
resistance to. The evaluation of the systemic exposure to the parent compound selenite and
seleno-metabolites following the first 2 weeks of dosing at dose levels of from 1.0 up to
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15.3 mg/m? is reported here. The tumor status according to RECIST was measured using a
CT-scan just before and after the selenite treatment. The elapsed time between CT-scans
was approximately 7 weeks in the first 13 patients and 4 weeks for the remaining patients.

Table 1. Characteristics of patients. Total dose calculated according to body surface area. ASAT
(aspartate-aminotransferase) with normal value (76<). Plasma-creatinine with normal value (100<).
Abbreviations: Met: metastatic disease and L: locally advanced disease.

. D°§e/ Total ..
Age Tumor Histology (mg;mz) Dose (mg) Stage ASAT (ukat/L) P-Creatinine (uM)

62 Squamous cell carcinoma lung 1 1.7 L 0.42 61
73 Adenocarcinoma, lung 1 2.1 Met 0.46 106
76 Squamous cell carcinoma, lung 1 1.8 Met 0.29 52
58 Non-small cell lung cancer 1.5 2.5 Met 1.49 65
58 Squamous cell, lung cancer 15 3.1 Met 0.51 38
37 Adenocarcinoma, lung 1.5 3 Met 0.40 65
67 Small-cell lung cancer 2 4.6 Met 0.57 84
62 Large cell lung cancer 2 3.4 Met 0.30 51
75 Adenocarcinoma, lung 3 4.8 L 0.38 87
45 Adenocarcinoma, lung 3 5 Met 0.22 67
59 Adenocarcinoma, lung 3 6.1 Met 0.60 81
65 Squamous cell carcinoma, lung 4.5 9.8 L 1.10 65
60 Adenocarcinoma, lung 4.5 74 Met 0.81 54
65 Adenocarcinoma, lung 4.5 6.2 Met 0.32 37
46 Colon carcinoma 6.8 115 Met 0.66 54
61 Colon carcinoma 10.2 22.5 Met 1.21 85
62 Non-small cell lung cancer 10.2 17.6 Met 0.37 61
53 Colon carcinoma 15.3 29 Met 1.85 58
65 Malignant mesothelioma 15.3 32.6 L 0.25 70
41 Adenocarcinoma, lung 12.8 23.9 Met 0.45 58

2.2. Sampling Schedule

The dosing regimen was modified during the study such that doses of 3 mg/m? and
higher were only administered during two consecutive 7-day cycles, each consisting of
5 consecutive days of daily selenite infusions. Hence, to evaluate the dose-systemic expo-
sure relationship across the entire dose range of the study, three sampling occasions were
selected that were considered comparable between all applied dosing regimens; baseline
(before the 1st dose was administered), trough value at predose Day 5 (Week 1, 96 h after
start), and trough value at predose Day 12 (Week 2, 264 h after the start).

2.3. Seleno-Metabolite Analysis

The plasma samples (200 uL) were transferred to Vivaspin centrifugal filter units
(Sartorius) with semi-permeable membranes of molecular weight cut-off 3000 Da, cen-
trifuged at 14,000 x g for 30 min, and the filtrate was then transferred to LC vials and
analyzed using LC-ICPMS. Isocratic chromatography was performed on a Gemini C18
column (250 x 2 mm), with 5 pm (Phenomenex) in a mobile phase consisting of 200 mM
ammonium acetate in 5% methanol, pH (6.7) with a flow rate of 0.2 mL/min, and an
injection volume of 10 uL. The LC-system (Agilent 1100 System) was hyphenated to a
Sciex ELAN DRCe ICPMS system (Perkin Elmer) and the isotopes 77Se, 80Se, and 82Se
were monitored. The quantitation was performed using post-column isotope dilution
analysis. An enriched 7/Se solution in the mobile phase was continuously introduced and
the post-column with a syringe pump connected to the eluent flow of the LC and the three
Se isotopes were monitored. The isotope ratios were calculated, mass flow chromatograms
were obtained after the application of the isotope dilution equation to each data point, and
peak areas were calculated using the OriginPro software. The linearity was established
for selenite and selenosugar and the precision was better than 9% in the plasma samples.
Based on a certified selenite standard, the accuracy was 99.5% and LOQ was 1.3 ug/L. All
the details are previously described [10].
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3. Results
3.1. Baseline Levels of Seleno-Metabolites in Plasma

Only selenite and total selenium were consistently quantifiable at baseline with a LOQ
of 1.3 ug/L. The baseline plasma concentrations of selenite, selenosugar, total selenium,
and ui-selenium are listed in Table 2.

Table 2. Mean trough concentrations of selenite and seleno-metabolites in plasma at baseline and
24 h after dose following four consecutive daily intravenous infusions of selenite during Week 1 and
Week 2. Mean, SD, and range are tabulated across the entire dose range of the study.

Time Mean Conc. N sD

Analyte (week) (ug/L) Relative SD Range
Baseline 2.34 20 1.31 0.57 <LOQ-6.00
Selenite 1 359 20 56 1.56 2.40-209
2 234 19 29.6 1.27 2.20-111
Baseline - 0 - - All < LOQ
Selenosugar 1 18.5 19 15 0.81 <LOQ-51.5
2 20.6 19 17.8 0.86 2.0-67
Baseline 68.4 21 25.1 0.37 32-140
Total selenium 1 488 20 399 0.82 119-1425
2 516 19 430 0.83 125-1774
Baseline - 0 - - All < LOQ
ui-selenium 1 3.77 15 2.04 0.54 <LOQ-7.5
2 4.05 14 2.03 0.45 <LOQ-8.2

3.2. Dose-Plasma Concentration of Seleno-Metabolites

The samples at Week 1 or Week 2 contained selenite, selenosugar, and in some cases
small amounts of one-two unidentified selenium compounds (ui-selenium). These uniden-
tified compounds were eluting close to the selenium-containing amino acids (selenome-
thionine and selenocysteine) but were not co-eluting with any available standard. As
the samples were exposed to ultrafiltration before analysis, the unknown species were
not proteins.

Selenosugar and ui-selenium became quantifiable in the trough plasma samples
upon infusion of selenite for 4 consecutive days (Table 2). In both Week 1 and 2, the
statistically significant relationships were seen between the amount of selenite administered
per occasion to each patient and the trough plasma concentrations for selenite (Pearson’s
correlation coefficient r = 0.80, p < 0.001, Week 2), ui-selenium (r = 0.85, p < 0.001, Week 2),
total selenium (r = 0.93, p < 0.001, Week 2), and selenosugar (r = 0.94, p < 0.001, week 2)
(Figure 1). Consistent with this result, the normalization of the plasma concentration of
these compounds with respect to the dose decreased the variability in terms of the relative
SD for selenite, total selenium, and selenosugar (Tables 2 and 3 and Figure 2), but less so for
ui-selenium. In addition, there was only a minor fluctuation between Week 1 and Week 2 in
the dose-normalized plasma concentrations indicating that a pharmacokinetic steady-state
had been reached within 5 days after the start of treatment (Figure 2).
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Figure 1. Cont.
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Figure 1. Plasma concentration-dose relationship for selenite and seleno-metabolites at 24 h after
dose (i.e., trough value) following four consecutive daily intravenous infusions of selenite during
Week 1 (circles) and Week 2 (triangles). (A) selenite, (B) selenosugar, (C) ui-selenium, (D), total

selenium.
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Figure 2. Mean trough concentrations per subject of selenite, selenosugar, ui-selenium and total
selenium in plasma (from upper to lower panels), and before (A) and after (B) dose normalization. The
samples were extracted at baseline and 24 h after dose (i.e., trough value) following four consecutive
daily intravenous infusions of selenite during Week 1 and Week 2. Single observations are marked
with a circle (Week 1) and triangle (Week 2).
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Table 3. Dose normalized mean trough concentrations of selenite and seleno-metabolites in plasma
before the 5th and 10th treatments, 24 h after respective previous infusion. Normalization was
performed with respect to the amount administered on each dosing occasion per individual. Dose
normalized mean, SD, and range are tabulated across the entire dose range of the study.

Analyte (‘Eiexgle() Mean( Sg;ch)/Dose N SD Relative SD Range
Seleni 1 3.03 20 3.58 1.18 0.35-16.4
elenite 2 2.45 19 1.65 0.68 0.44-6.48
1 2.25 19 1.00 0.44 <LOQ-5.09
Selenosugar 2 263 19 1.05 0.40 0.66-5.28
. 1 63.5 20 26.7 0.42 19.3-132
otal selenium 2 71.6 19 20.3 0.28 36.7-122
selen 1 0.44 15 0.26 0.60 <LOQ-1.017
u-selenium 2 0.56 14 0.23 0.41 <LOQ-1.082

3.3. Systemic Exposure of Selenite in Relation to Patient-Specific Variables

The dose levels were chosen and escalation increments were performed in relation
to body surface area. However, there was no apparent relationship between the plasma
concentrations normalized to the amount of selenite administered per occasion and body
surface area or body weight for selenite, selenosugar, total selenium, or ui-selenium (Figure 3).
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Figure 3. Dose normalized mean trough concentrations of selenite, selenosugar, total selenium, and
ui-selenium in plasma (from upper to lower panels) at 24 h after dose following four consecutive daily
intravenous infusions of selenite during Week 1 (circles) and Week 2 (triangles) versus individual
body weight (A), body surface area (B), and plasma creatinine (C). Normalization was performed
with respect to the amount of selenite administered per patient on each dosing occasion.
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3.4. Selenite Concentration and Tumor-Growth Inhibition

A question of clinical interest is if higher plasma concentrations of selenite might
increase the responses of carcinomas. An indication of a relationship between higher
plasma concentration and less cancer growth and even shrinkage was found, depending
on the cut-off level of growth inhibition according to RECIST evaluation before and after
the selenite treatment (Figure 4). The tumor population was divided into two groups
(low-RECIST and high-RECIST) with a cut-off value of 1 mm tumor growth (RECIST). The
cut-off limit, 1 mm, was chosen since it might be considered to be clinically relevant.
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Figure 4. Relationship between RECIST and systemic exposure to selenite. Left panel: Low RECIST-
group (RECIST < 1 mm), Pearson two-sided correlation coefficient, r = —0.5467, p = 0.1609. Right
panel: High RECIST group (RECIST > 1 mm), r = —0.6239, p = 0.05391. The shadowing in grey
represents the confidence interval.

4. Discussion

Cancer is one of the main causes of human death globally and, despite great progress
in the prognosis of some malignancies, the prognosis remains very poor for highly resistant
visceral malignancies. Hence, novel chemotherapeutics are desperately required. Redox-
active selenium compounds, including selenite, have remarkable tumor-specific cytotoxic
properties [12]. This effect is particularly pronounced in cells that have developed resistance
to cytostatic drugs. Resistant tumor cells accumulate selenium due to the facilitated uptake
by transporters conferring drug resistance, including the Xct-antiporter and the MRP-
superfamily of proteins [9]. Selenium has, despite this, a great body of preclinical data not
yet introduced to the routine care of cancer patients due to the lack of human clinical trials.
In 2015, we published a first-in-man systematic phase I clinical trial (the SECAR study)
in patients with cancer (from IV to end-stage) showing that sodium selenite is safe and
tolerable if 10.2 mg.m2 MTD or less is administered [12]. The metabolic faith of selenite in
humans after repeated high-dose iv infusions has so far been unknown. The available data
originate at large from animal studies and not from human subjects.

After the reduction in selenite enzymatically by redox enzymes or chemically by low
molecular or protein-bound thiols, the anionic highly reactive species selenide is formed [4].
Selenide is readily absorbed by cells and the extracellular reduction in selenite facilitates the
selenium uptake. The reduced extracellular environment surrounding highly resistant cells,
as a characteristic of the resistant phenotype, may by this mechanism explain the selective
and marked tumor-specific cytotoxicity of selenite [9]. Selenide is assumed to be not only
the common intermediate for all Se nutritional sources but also the checkpoint metabolite
for Se utilization or excretion and, not least, methylation reactions. Se absorbed by the
body within the normal nutritional Se intake range is suggested to be mostly excreted in
urine as selenosugar, 1-methylseleno-N-acetyl-d-galactosamine, in mammals. Selenosugar
was the main metabolite in our study, although high supranutritional levels were used.
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An excessive amount of selenium is methylated to mono-di and trimethylated forms and
the leading methylated urinary species is trimethylselenonium [13]. Trimethylselenonium
increases with excessive selenium intake or body burden, suggesting that trimethylse-
lenonium may serve as a urinary biomarker for both excessive selenium intake and body
burden as well as a toxic dose of selenium [13]. However, most studies concerning the
formation of trimethylselenonium have been performed using oral regimens. In addition,
excess selenium intake may lead to the synthesis of several methylated species including
volatile species, e.g., Dimethyldiselenide. The methylated volatile species will cause a
distinct garlic odor in the breath. In the SECAR trial, the research nurses noted a garlic
odor in the breath of a few patients. This observation indicates that volatile forms were
synthesized and that one excretion pathway was from the breath in addition to urine.
Despite high levels of selenite administered, trimethylselenonium was not detected in any
of the cohorts investigated.

Selenoprotein P (SELENOP) is a proven biomarker of Se status [14]. Following cleav-
age of the signal peptide, SELENOP is mostly produced in the liver and released into
the plasma. SELENOP performs two distinct tasks: it has GPX-like activity to reduce
phospholipid hydroperoxide and Se transport activity to deliver Se to cells. In addition to
maintaining selenoenzymes in various tissues, SELENOP is essential for Se metabolism and
antioxidative defense [15]. We already hypothesized that SELENOP may reflect selenium
levels in therapeutic dosages of selenite for clinical applications. For this purpose, blood
samples from the same patients in the SECAR clinical trial phase I were used. The total Se
was quantified using spectroscopy and SELENOP was validated using ELISA. SELENOP
was increased in high-dosage selenite infusions. Thus, we concluded that circulating SE-
LENORP is a suitable biomarker for therapeutic applications of selenite in upper intake
levels [16]. Following our previous result of SELENOP, therefore, we can hypothesize that
exceeding levels of selenite have been invested for SELENOP production.

Our data do not support that dosing per body surface area would reduce the interindivid-
ual variability of systemic exposure in terms of trough concentrations, since the normalization
of the parent compound or its seleno-metabolites to the amount of selenite administered per
dosing occasion did not show any relationship with the body surface area. However, one
can discern statistically significant correlations between the plasma creatinine concentration
and dose-normalized total selenium (r = 0.52, p < 0.05, Week 1; r = 0.53, p < 0.05, Week 2),
ui-selenium (r = 0.61, p < 0.05, Week 1; r = 0.60, p < 0.05, Week 2), and selenosugar (r = 0.58,
p < 0.01, Week 1; not significant Week 2). This might support that renal excretion is a con-
tributing path to the elimination of selenium-containing compounds [17].

The lack of a strong correlation between higher plasma concentrations of selenite and
cancer growth inhibition might have different explanations. The study was not designed,
or dimensioned, to prove any efficacy. The carcinomas were clinically very advanced and
heterogenous with both fast- and slow-growing tumors of different histology. Furthermore,
this was a phase I trial in which the toxicity, safety, and kinetics were the primary and
secondary endpoints, whereas the pharmacodynamic response was only included as an
exploratory endpoint.

Even if the production of free oxygen radicals (ROS) is the primary mechanism for
cancer cell killing, selenite also changes the redox balance of cells, which has an impact
on many cellular functions such as proliferation, apoptosis, and the expression and func-
tion of membrane pumps [3]. It has also been demonstrated that high-dose selenite can
inhibit the expression of cancer-stimulating genes and decrease the expression of differ-
ent membrane receptors such as androgen receptors in prostate carcinoma [18] and exert
immune-activation effects [1] even though the effect on soluble PDL-1 is unclear [19]. Con-
cerning ROS production in vitro, the studies demonstrate that higher concentrations of
selenite increase the effect [3] and it is reasonable to suspect that the same is also true in the
clinical situation.

The concentration of selenite has been proven to be critical for effect and the dose
may vary depending on the cell type [4]. Low concentrations might even stimulate tumor
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growth as demonstrated by several studies. Selenium is an essential part of cell culture
media for serum-free conditions [4]. Most cancer cells are sensitive to from moderate to high
concentrations in the span of 5-15 uM [3,4]. In fact, 15-30 uM proved to be exceptionally
efficient in an ex vivo tissue culture of human pancreatic ductal adenocarcinoma with a
marked specificity to tumor cell cytotoxicity and had a limited or no effect on ambient
tissues [20]. The exposure time is also important and, in laboratory experiments, the
maximum effect is usually observed after 48 h of exposure—a factor that might be one
explanation for the lack of tumor response in the SECAR trial.

According to Figure 4, there might be two populations of tumor growth responses,
whereof one consists of either slowly growing tumors or tumor growth inhibited by other
means, i.e., immune activation. An example of the latter is the observation in the lower
left part of Figure 4, where a patient had a tumor that neither grew nor shrank after the
selenite treatment, but later regressed and after half a year had disappeared and never
recurred. The tumors in the right panel of Figure 4, on the other hand, might depend on
ROS production for growth inhibition. It should be noted that this is a hypothesis and
our results in this study do not confirm an association between higher concentration and
tumor regression.

The SECAR trial is to our knowledge the first published study where high doses of
selenite were administered intravenously to advanced cancer patients. The speciation
analysis showing the prolonged presence of selenite together with high tolerance (MTD
10.2 mg/ mz) and short half-life of total selenium demonstrates the potential to safely use
iv administration of selenite in patients [12]. Even though this phase I study did not show
any significant effect on the tumor burden, the results merit further investigations of the
potential of selenium in the treatment of cancer.

5. Conclusions

The major selenium metabolite in plasma after repeated iv administrations of selenite
was selenosugar. Furthermore, selenite was detected in plasma even a long time after
administration. We conclude that selenite dosing per body surface area would not reduce
the interindividual variability of systemic exposure in terms of trough concentrations.
However, for future studies and applications of selenite, the MTD must be considered, as
an adequate guide for dosing.
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