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STRESZCZENIE PRACY

Gronkowiec ztocisty (Staphylococcus aureus) jest Gram-dodatnim patogenem z
grupy ESKAPE, odpowiedzialnym za okolo 80% wszystkich skérnych infekeji. Na jego
wirulencje skladaja sie czynniki, takie jak produkcja toksyn, tworzenie biofilmu, czy
zdolnoéé do internalizacji do komérek gospodarza. Przetrwanie wewnatrzkomérkowe S.
aureus w komoérkach gospodarza jest powiazane z nawracajacymi infekcjami, ktoére
przyczyniaja sie do niepowodzen terapeutycznych. Ze wzgledu na niska penetracje,
terapie antybiotykowe nie sa wysoko skuteczne wobec wewnatrzkomdrkowego S. aureus.
Obecnie poszukuje sie alternatywnych metod przeciwdrobnoustrojowych, ktéore moga
efektywnie obniza¢ wewnatrzkomorkowy rezerwuar bakteryjny. dJedna z opcji
terapeutycznych moze by¢ przeciwdrobnoustrojowa metoda fotodynamiczna (ang.
antimicrobial photodynamic inactivation, aPDI), opierajaca sie na zwiazku chemicznym
- fotosensybilizatorze, ktéry ulega wzbudzeniu pod wplywem §wiatta o danej dtugosci fali
w Srodowisku tlenowym. W wyniku dzialania trzech komponentéw, generowane sg
reaktywne formy tlenu, ktére przyczyniaja sie do $émierci bakterii poprzez uszkodzenia
biomolekul komérkowych takich jak: biatka, DNA, lipidy. Porfiryny koordynowane
jonami galu (IIT) (Ga3*MPs) sa zwiazkami o podwéjnej funkcjonalnosci, czyli wykazuja
wlasciwosci zwiazkow fotosensybilizujacych w éciezce zaleznej od §wiatla, natomiast w
Sciezce niezaleznej od $wiatta blokuja metabolizm zalezny od jonéw zelaza, nasladujac
strukture naturalnego liganda — hemu. Ga3*MPs sa analogami hemu, przez co moga by¢
rozpoznawane przez specyficzne receptory dla hemu z systemu Isd (ang. Iron surface
determinant). Po zakumulowaniu we wnetrzu bakterii, jony galu zostaja uwolnione z
pierécienia porfirynowego, interferujac w szlaki metaboliczne zalezne od jonéw zelaza.

Niniejsza rozprawa doktorska skupia sie na zbadaniu efektywnoséci aPDI wobec
S. aureus w oparciu o zastosowanie nowych zwiazkow fotosensybilizujacych - porfiryn
koordynowanych jonami galu (III). Celem badan jest ocena, czy wzbudzenie Ga3*MPs
Swiatlem zielonym moze prowadzi¢ do istotnego zmniejszenia aktywnosci czynnikow
wirulencji, takich jak: toksyny, biofilm, czy wewnatrzkomodrkowe przetrwanie S. aureus.
Efektywnoéé aPDI przebadano na kilku modelach: hodowli zawiesinowej, biofilmie in
vitro 1 ex vivo (kolonizacja é§winskiej skéry) oraz na modelu infekcyjnym ludzkich
keratynocytow. W badaniach na modelu infekcyjnym, przetestowano trzy strategie
implementacji metody fotodynamicznej celem zbadania: I) mozliwoéci eliminacji bakterii
uwolnionych z komérek gospodarza; II) wplywu aPDI na adherencje 1 internalizacje; I1I)
efektywnoséci aPDI w eliminacji wewnatrzkomoérkowego S. aureus.

Przedstawione wyniki niniejszej rozprawy wskazuja, ze aPDI ma wysoka
efektywnoéé przeciwdrobnoustrojowa wobec S. aureus w hodowli zawiesinowej, jak 1 na
modelach biofilmu. Wykazano, ze aPDI skutecznie inaktywuje biologiczng
funkcjonalno$é istotnych czynnikéw wirulencji, takich jak enterotoksyna gronkowcowa
C 1 toksyna wstrzasu toksycznego TSST-1. Metoda fotodynamiczna moze stanowié
skuteczna metode prowadzaca, do eliminacji bakterii uwolnionych z gospodarza. Réwniez
przedstawiono, ze aPDI obniza adherencje S. aureus do komérek gospodarza, lecz nie ma
znaczacego wplywu na wydajno§é procesu internalizacji. Wyniki badan wykazaty
réwniez, ze aPDI efektywnie obniza sygnal GFP pochodzacy od wewnatrzkomoérkowego
S. aureus. Po raz pilerwszy zaprezentowano efektywno§¢ nowych porfiryn
koordynowanych jonami galu (III) 1 é&wiatla zielonego w zmniejszeniu
wewnatrzkomérkowego rezerwuaru S. aureus. Znaczaco poszerza to mozliwoscl
terapeutyczne metody fotodynamicznej w oparciu o Ga3*MPs o przeciwdziatanie
nawracajacym infekcjom gronkowcowym.



ABSTRACT

Staphylococcus aureus is a Gram-positive pathogen of the ESKAPE group,
responsible for about 80% of all skin infections. Its virulence consists of factors such
as toxin production, biofilm formation and the ability to internalize into host cells.
The intracellular survival of S. aureus in host cells is associated with recurrent
infections, which contribute to therapeutic failures. Due to low penetration,
antibiotics are not highly effective against intracellular S. aureus. Alternative
antimicrobial therapies are currently being sought that can effectively reduce the
intracellular bacterial reservoir. One therapeutic option may be antimicrobial
photodynamic inactivation (aPDI), based on a chemical compound, known as a
photosensitizer, which is excited when exposed to light of a given wavelength in an
aerobic environment. As a result of the three components action, reactive oxygen
species are generated, which contribute to bacterial death by damaging cellular
biomolecules such as proteins, DNA and lipids. Gallium(III)-coordinated porphyrins
(Ga**MPs) are dual-functional compounds, i.e. they exhibit the photodynamic
properties of a photosensitizer in the light-dependent pathway, while in the light-
independent pathway they block iron-dependent metabolism by mimicking the
structure of the natural ligand — heme. Ga3*MPs are heme analogues and can thus
be recognized by specific receptors for heme from the iron surface determinant (Isd)
system. Once accumulated in the bacterial interior, gallium ions are released from
the porphyrin ring, interfering with iron ion-dependent metabolic pathways.

This dissertation focuses on investigating the effectiveness of aPDI against S.
aureus based on the use of novel photosensitizing compounds - gallium (III)-
coordinated porphyrins. The aim of the study is to assess whether excitation of
Ga3*MPs with green light leads to a significant reduction in the activity of virulence
factors such as toxins, biofilm and intracellular survival of S. aureus. The
effectiveness of aPDI was tested on the following models: planktonic cultures; in vitro
and ex vivo biofilm (porcine skin model), and an infection model of human
keratinocytes. On the infection model, three strategies for implementing the
photodynamic method were proposed to study: I) the ability to eliminate bacteria
released from the host, II) the effect on adherence and internalization III) the
effectiveness of aPDI in reducing intracellular S. aureus load.

The results presented in this dissertation indicate that aPDI has high
antimicrobial efficacy against S. aureus in suspension cultures, as well as on biofilm
models. It was shown that aPDI effectively inactivates the biological functionality of
important virulence factors, such as staphylococcal enterotoxin C and toxic shock
toxin TSST-1. The photodynamic inactivation can be an effective method for
eliminating bacteria released from the host. Pretreatment with aPDI contributes to
a significant reduction in bacterial adherence to the host, but without a significant
effect on internalization. The results also showed that aPDI effectively decreases
GFP signal derived from intracellular S. aureus. This is the first study that presents
the efficacy of novel Ga3*MPs combined with green light in reducing the intracellular
S. aureus. This significantly extends the therapeutic potential of the Ga3*MPs-
mediated photodynamic method against recurrent staphylococcal infections.
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1.INTRODUCTION

1.1. Antimicrobial resistance and virulence of
Staphylococcus aureus

According to O'Neill's report, by 2050, the era of functional antibiotics will
end. Infectious diseases will cause the highest mortality rates, and the number of
deaths will reach up to 10 million per year, which will be even higher than the
number of deaths caused by cancer . Despite the cooperation between science and
the pharmaceutical industry in the synthesis of new antibiotics, we are unable to
cope with the growing antibiotic resistance (AMR). Emerging AMR pathogens
are mainly classified as the ESKAPE group, whose name indicates their ability to
escape the antibiotic action 23. The ESKAPE group includes six multidrug-resistant
(MDR) pathogens such as Enterococcus spp., Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter
cloacae 3. The urgent emergence of these pathogens necessitates the development of
innovative treatment technologies for their effective elimination 4.

This work focuses mainly on Staphylococcus aureus, a methicillin-resistant
Gram-positive human pathogen. Methicillin resistance in S. aureus clinical isolates
(MRSA) was first identified in the early 1960s due to the widespread and global
overuse of penicillin 3. Both hospital- and community-acquired MRSA now account
for 60% of all isolates in patients 6. The emergence of MRSA strains has a major
impact on the economic costs of healthcare and the course of infection through
increased morbidity, prolonged hospitalization, and high mortality 7.

S. aureus colonization predominantly causes skin and soft tissue infections
(SSTIs) 8. S. aureus is responsible for over 80% of all skin infections worldwide °. In
the pathogenesis of atopic dermatitis (AD), S. aureus is a predominant pathogen in
the whole skin microbiota, infecting/colonizing ~80% of all AD patients 10. Moreover,
this bacterium has been implicated in toxic shock syndrome (TSS) or systemic
infections such as osteomyelitis, endocarditis, or wound infections, that are
extremely severe, chronic, and unresponsive to conventional antibiotic treatment 1.

In addition to its drug-resistance profile, S. aureus is highly virulent due to
the production of multiple virulence factors that alter the host immune response and
promote more severe infection outcomes. Various factors contribute to its virulence,
including toxins production, biofilm formation, and intracellular persistence inside
the host cells 12.

During infection, S. aureus secretes various exotoxins that modulate the
host’s immune responses to promote higher bacterial persistence 134, Superantigens
such as staphylococcal enterotoxins (SEs) are strong immune inducers of pro-
inflammatory cytokines that enhance inflammation and disturb the functioning of
the immune system 15, SEs, such as staphylococcal enterotoxin C (SEC) or toxic shock
syndrome toxin (TSST-1) exhaust the activity of more than 50% of T cells by strongly
binding with either T cell receptor TCR-VB region or major histocompatibility
complex (MHC) class II molecules 41617, Moreover, despite superantigenicity, SEs
are highly resistant to physical factors such as proteolysis, heat, acidic environment
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or drought !4 Production of SEC is strongly linked to sepsis, pneumonia,
endocarditis, and osteomyelitis 16, Within the SEC structure, a disulfide loop is
responsible for the emetic activity of the toxin that contributes to food poisoning 15.
Whereas, TSST-1 is associated with T'SS that cause acute systematic illness 7.
Overall, virulence-reducing approaches, which include suppressing the production
or reducing the functionality of virulence factors, may be a valuable tool in
attenuating and controlling ESKAPE infections.

S. aureus skin colonization depends mainly on the ability to form biofilm as a
feature of its virulence. Biofilm provides adequate adherence to host cells and long-
term persistence !7. In osteomyelitis in vivo models, the ability of S. aureus to form
biofilm corresponds with more chronic infection '8 Biofilm is a heterogeneous
reservoir of multiple subpopulations with a divergent antibiotic resistance profile 17,
Bacteria within biofilm community are much more resistant to antibiotic or host
immune action than free-floating bacteria 9. About 100-1000 times higher
concentrations of antibiotics are required to eradicate biofilm 2021, As a cause of
environmental adaptation, S. aureus biofilm is attached to various surfaces,
including the skin. In the pathogenesis of atopic dermatitis, the colonization of S.
aureus in the form of a cutaneous biofilm is associated with a more severe disease
progression 22, It is also reported that biofilm produces various exotoxins that
modulate immune responses and impair skin barrier function by directly affecting
keratinocytes 23, For instance, the secretion of a-toxin by biofilm leads to the cell
death of keratinocytes with strong induction of the T-cells response 2425, Moreover,
S. aureus biofilm inhibited keratinocyte terminal differentiation 26. This indicates
the vital role that biofilm-forming ability plays in Staphylococcus aureus virulence.

1.2. Intracellular invasion of S. aureus as a feature of
virulence

A significant problem associated with staphylococcal infections is the
frequency of their recurrence. Literature data shows that 39% of patients with SSTIs
experience a recurrence of infection within three months and more than 50% at six
months after initial antibiotic treatment 27. The cause of recurrent infections is S.
aureus invasion and intracellular survival in the host cells as one of its virulence
features 28. Over some decades, scientists revealed that antibiotic-persisted SCVs
(small colony variants) are responsible for the clinical recurrence of infection 2930,
SCVs are primarily associated with the recurrence of cystic fibrosis, osteomyelitis,
device-related infections, or SSTIs 3132, Infection caused by SCVs is found to be more
aggressive and virulent in multiple animal and human models 2833, This phenotype
undergoes many changes in gene expression — for example, reduced pattern of
virulence factor production 3234,

So far, S. aureus has been considered as an extracellular pathogen, but many
scientific reports highlight its intracellular phenotype as a feature of its virulence
35,36, This phenotype occurs in vivo in infected cell cultures or animal models 3739, S,
aureus can invade and persist for several days within professional or non-
professional phagocytes such as keratinocytes 4°, thus avoiding the action of the
complement system, antibodies, and external antibiotics, which penetrate poorly
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through eukaryotic membranes 442, Once internalized, bacterial cells are subject to
two types of selective pressure: the external antibiotic action and the intracellular
environment of the host cells. Those selective pressures generate the intracellular
niche that could serve as a reservoir for relapsing infection or chronic carriage 35. For
years, the scientists had linked the SCVs phenotype to intracellular survival 31.33:43,
However, a recent study has shown that non-growing, non-responsive normal-size
colonies are also capable of surviving inside host cells but for a much shorter time of
persistence 33. This phenotype still exhibits metabolic activity despite adaptive
changes in the transcriptome induced by the intracellular environment. Also, it has
been shown that intracellular phenotype could exhibit greater tolerance to
antibiotics #4. This phenotype is stable but fully reversible under favorable conditions
(i.e. the absence of antibiotic pressure) 44. Once the pressure of the external antibiotic
1s lifted, the phenotype can be switched back to the parental phenotype and start
intracellular replication, contributing to the initiation of secondary infection 45.

1.3. Infection cycle of intracellular S. aureus

Bacterial adherence to the host cell is necessary to initiate the invasion (Fig
1). In the non-professional phagocytes, the internalization occurs through a zipper-
type mechanism utilizing bacterial surface fibronectin-binding proteins (FnBPs),
fibronectin, and asB: integrins on the host cells 333546, Also, FnBPs play a crucial role
in the rearrangements of host cell cytoskeleton 47. In the FnBP-independent
pathway, the internalization could be mediated by extracellular adherence protein
(Eap) or other surface bacterial proteins such as clumping factor A (CIfA) or iron-
regulated surface determinant B (IsdB) 48. Cytoskeleton remodeling immediately
activates integrin-linked kinase (ILK) signal transduction, which is needed for
further cellular uptake of pathogen 49,

Once internalized, S. aureus undergoes many adjustments in the gene
expression pattern to promote intracellular survival within host cells %0, At first
hours post-infection, there is a massive downregulation in the genes involved in the
replication and metabolism with up-regulation of virulence, iron acquisition, or ROS
neutralization genes 59, Those global changes allow S. aureus to persist for up to
weeks within host 51,
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Fig 1. The cycle of infection of human keratinocytes by S. aureus. At first, S. aureus attaches
to the host membrane and invades it via a zipper-like mechanism, either with FnBP-independent
(mediated by Eap, CIfA or IsdB proteins) or FnBP-dependent pathway (complex of FnBPs, fibronectin
and asB1 integrins) pathway. S. aureus enters the endosome inside the host cell. It has been documented
that intracellular S. aureus can undergo the following processes: I) persistence in vacuoles; II) escape
from the endosome to survive in the cytosol with minimal cytotoxicity or initiate replication; III)
transfer to the phagolysosome for bacterial degradation, persist in lysosomal structures, or escape from
them for reinfection. During reinfection, the bacteria begin to replicate inside the host in cytoplasm,
and once they reach a certain intracellular load, S. aureus lyses the host cell to release bacteria and
reinfect more host cells. Adapted from: Garzoni C, Kelley WL. (2009). Created with Biorender (K.
Szymeczak, 2023).

Intracellular load of bacteria might be gradually titrated over time or persist
with minimal cytotoxicity to the host (Fig 1). Bacterial clearance may be due to the
degradation in lysosomes. Persistence may occur within organelle structures such as
vacuoles or within the cytosol 35, This process depends on several factors related to
the pathogen or host, such as the multiplicity of infection, the genotype of the S.
aureus strain, the host cell type, or a change in the gene expression pattern 4546, For
example, an agr-deficient strain of S. aureus persisted inside longer than the strain
with a functional gene 5253, An accessory gene regulator (agr) is a regulator of
virulence factors that functions in a quorum-sensing mechanism-dependent manner
54

When the external selective pressure of antibiotic is diminished, it might
promote either phagosomal or endosomal escape of S. aureus to the cytoplasm to
initiate the replication within the host cells 446, This translocation is a strain-
dependent process, particularly on the functionality of the agr regulon. Thus, the
lack of it reduces the ability to escape phagosome 53. Virulence exotoxins production
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such as pore-forming a-toxin and a-type phenol-soluble modulins (PSMa), regulated
by Agr, are crucial for cytoplasmic bacterial replication within non-professional
phagocytes 5556, Moreover, it was shown only for keratinocytes that production of
Panton-Valentine leucocidin (PVL) might be needed for the S. aureus escaping
process 57,

After the cytoplasmic bacterial burden is reached, the host cell is lysed, and
the released bacteria restart the secondary infection (Fig 1). It is worth mentioning
that this secondary infection is driven by intracellular inoculum, which can exhibit
a multidrug tolerance phenotype 4458, Intracellular environment is a niche for
recurrent infections associated with therapeutic failures .

The ability to persist intracellularly within the host is one of the virulence
features of S. aureus 2. Intracellular S. aureus phenotype is primarily caused by
antibiotic action and this phenotype may lead to relapsing infections 9. Therefore, it
is essential to expand knowledge about the pathogenesis of intracellular S. aureus
from a more clinical point of view. It is important for scientists to explore novel
antimicrobial therapies with the assessment of their efficacy in combating
intracellular infections.

1.4. Antimicrobial photodynamic inactivation (aPDI) as
an alternative to antibiotic therapy

There is global interest in alternative antibiotic therapies to combat
multidrug-resistant pathogens. One proposed method is antimicrobial photodynamic
mnactivation (aPDI), derived from photodynamic therapy (PDT) used in anticancer
approaches. The action of aPDI is based on three components: light, oxygen, and a
small molecular weight compound — a photosensitizer (PS). A photon of light is
absorbed to excite the PS to the short-lived excited singlet state (*PS”) (Fig 2). This
state goes through an intersystem crossing to the longer-lived triplet state (?°PS").
Next, a Type I or II reaction occurs in the oxygen environment. In Type I reaction,
electron transfer from PS to oxygen promotes superoxide (*Oz7), hydroxyl radicals
(HO*), and hydrogen peroxide (H202) production. Meanwhile, in Type II reaction,
the energy transfer from *PS*to molecular oxygen generates the highly cytotoxic
singlet oxygen (102). Both Type I and Type II products are highly reactive, affect all
types of biomolecules in the cell and cause microbial cell death in the multi-target
action 6061,
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Fig 2. Mechanism of antimicrobial photodynamic inactivation (aPDI) action.
PS — photosensitizer, 202 — molecular oxygen, Oz '~ — superoxide anion, OH'~ — hydroxyl radical,
H202 — hydrogen peroxide, !0z — singlet oxygen, ROS — reactive oxygen species Adapted from:
Hamblin, 2016, Rapacka-Zdonczyk 2021. Created with Biorender (K. Szymczak, 2023).

aPDI is highly effective against ESKAPE group bacteria in vitro in planktonic
and biofilm cultures. Moreover, it exhibits high antimicrobial efficacy in multiple in
vivo models 462, The aPDI efficacy is independent of the antibiotic resistance profile
of microorganisms, which makes this method extremely attractive in the context of
the growing problem of drug resistance 63, This method is not able to completely
replace antibiotics, but in situations where there is a local infection, it can be a much
better option than classic antibiotics. aPDI can reduce bacterial virulence by
decreasing the production of multiple virulence factors or reducing their biological
activity 6466, aPDI efficiently kills ESKAPE pathogens in synergy with traditionally
used antibiotics, allowing for a significant reduction in antibiotic use while, in the
long run, reducing the spread of AMR 67:68, Due to the multitarget effect of aPDI, the
microbial resistance to the aPDI has not yet been reported. However, there are
findings of bacterial tolerance following repeated exposure to aPDI treatments 6971,
aPDI therapy has also been used against viral infections, including the CoV19-
SARS2 virus, fungi, or parasites 2. aPDI has been successfully used to treat acne
vulgaris, diabetic foot ulcers, keratitis, chronic wounds, and oral infections 7273,
Recently, Canadian company — Ondine adapted aPDI for nasal photodisinfection for
commercial use.

An integral element of aPDI is light, which excites a photosensitizing
compound. Light-based treatments consist primarily of the wavelengths of
ultraviolet A (UV-A), narrow-band ultraviolet B (NB UV-B), or visible light.
However, there is some controversy regarding the safety of using UV-band lights for
clinical treatment. This is mainly a concern based on the poor light penetration
through the epithelial tissue with a high impact on the promotion of carcinogenesis
74, Application of light at the visible range (approx. 400 nm to 700 nm) seems to be a
safer clinical option compared to UV light. So far, only two light sources in visible
range - blue (405 nm) and red light (650 nm) has been approved by the FDA (U.S.
Food and Drug Administration) and the EMA (European Medicines Agency) for
clinical practice. Visible blue light (approx. 400 nm) in aPDI penetrates the epithelial
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barrier to a depth of approx. 1 mm 75. However, it has been reported that visible blue
light induces significant biological photodamage of the skin by exciting
chromophores within the skin such as porphyrins, and melanin, overlapping with
their absorption spectrum 6. Red light (>600 nm) works in the so-called ‘therapeutic
window’ with deeper penetration into the dermis layer (~5 mm) and lower
phototoxicity to human cells 7. However, the pain effect of red light might be an
obstacle to wide clinical application 77. In the experiments presented in the thesis, I
used one source of 522 nm (green light). Green light can compensate the
disadvantages of red or blue light. Exposure to green light is less painful than red
light in the treatment of facial solar keratoses 78. Many studies also emphasized
green light's role in reducing acute and chronic pain 7%, To date, aPDI applications
have not significantly focused on using green light. The main reason is the narrow
number of available and safe photosensitizers that can be effectively excited within
those wavelengths. Without proper excitation of a photosensitizer, specifically in the
absorption spectrum of the compound, the antimicrobial effect of aPDI may not be
as effective as expected 8!,

The ideal candidate for PS should exhibit photodynamic properties such as a
high quantum yield of ROS production and a high molar absorption coefficient. Even
more, the compound should have a lower toxic effect in the dark with a high
phototoxic effect after illumination against microbial cells 61.7282, Even better, the PS
structure's design is modified by adding cationic charges to promote greater efficacy
towards Gram-negative representatives that are generally hard to eliminate 8384,
The negatively charged outer membrane of bacteria might efficiently bind cationic
PS. For Gram-positive bacteria, a positively charged compound might react with
teichoic acids on the peptidoglycan 8. Moreover, adding cationic charges into a
neutral PS might influence its water solubility 8. Another feature of an ideal
antimicrobial PS is its selectivity for prokaryotic cells ¢1. Most porphyrins are good
PS candidates, but their main disadvantage is poor water solubility, which may
affect their effectiveness in the aPDI treatment due to the unstable concentration of
the compound 87,

A review by Akilov et al. highlighted the limitations of photosensitizers used
in aPDI for anti-intracellular applications. One problem was the proper reaching of
PS to the intracellular pathogen 88 Crucial for effective elimination of the
intracellular S. aureus is the simultaneous colocalization of a photosensitizer and
the bacteria in the same intracellular cluster inside the host. Antibiotics do not
achieve such colocalization through low penetration into the interior of eukaryotic
cells 9. Some photosensitizers i.e., porphyrins can penetrate inside eukaryotic cells
mainly based on slow passive diffusion 8. The accumulation time of photosensitizing
compounds in eukaryotic cells is much longer (hours) than accumulation in bacteria
(minutes) 61, After accumulation, the photosensitizer can be excreted externally by
efflux pumps, metabolized, or accumulate in the cytoplasm or other intracellular
clusters 8. For instance, porphyrins are predominantly accumulated in the
mitochondria 9. In general, photosensitizers’ intracellular fate depends mainly on
1ts properties: its structure, the charge carried, hydrophilic and lipophilic properties
8890, To date, efficacy of aPDI against intracellular S. aureus has not been broadly
studied. Metalloporphyrins such as gallium(III)-coordinated porphyrins (gallium
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metalloporphyrins, Ga3*MPs) has not been explored in anti-intracellular approach
so far. The metalloporphyrins may be an interesting photosensitizing agents to this
approach due to their high similarity to heme. Heme (iron(IIT) protoporphyrin IX,

Fe3+*PPIX) is a natural source of essential iron for both eukaryotic and bacterial cells
91,92

1.5. Dual-function gallium(IIl)-coordinated porphyrins:
Trojan Horse strategy

In this subsection, I would like to characterize gallium(III)-coordinated
porphyrins, which have a dual mechanism of action. In the light-independent action,
gallium compounds might block the iron-dependent metabolism by mimicking the
structure of the natural ligand — heme and in the light-dependent pathway, those
compounds might work as photosensitizers in aPDI process (Fig 3). Ga3*MPs might
be a good candidates for targeted PSs delivery due to their high similarity to heme.

Even though the mechanism of action of aPDI, which is based on the
generation of ROS, does not focus on a specific molecular target in the cell, a new
concept based on the directional delivery of PS to the bacterial cell has recently
emerged 7. The action of targeted PSs is based on ligand-receptor interaction,
whereas the designed compound mimics the natural ligand and might be recognized
by the receptor on the bacterial surface 9394, This targeted PS also improves the
selectivity of compounds in in vivo approaches, assuring a safer therapeutic option
in clinical practice %. In a light-independent manner, Ga3*MPs can be recognized
and acquired by specific receptors for heme and thus penetrate the cell as the Trojan
Horse. Ga3*MPs uptake relies on the membrane heme-acquisition receptors, which
recognize the compounds as a natural ligand — heme 9. Toxic gallium ions could be
released inside the cells, just as iron ions are released from heme molecules. As a
consequence of this process, iron-dependent cellular metabolism is blocked.
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Fig 3. Dual-function of Ga3*MPs in light-dependent and light-independent action that

reduce the S. aureus viability. Illustration created in software Biorender by K. Szymczak (2022).

After accumulation, gallium(III)-coordinated porphyrins might also work in
a light-dependent action as photosensitizers due to the photodynamic properties of
the porphyrin ring, i.e. absorption of light and subsequent generation of ROS.
Gallium(III)-coordinated porphyrins could absorb the light in two characteristic
regions of the absorption spectrum: Soret and Q-bands. The Soret region is the strong
band at ~400 nm, standard to all porphyrins. At the same time, weaker-absorbing
Q-bands are localized between 500-700 nm. The main difference between non-metal
porphyrins and metalloporphyrins is that non-metal porphyrins possess four bands
in the Q-region. In contrast, Ga®**MPs have only two bands in that area (Fig 4). In
general, porphyrins are efficient photosensitizers with high photoproduction of
singlet oxygen, acting mainly according to the Type II photodynamic reaction #7.
Previous study has shown that gallium protoporphyrin IX (Ga3*PPIX) showed a high,
>6 logio reduction in the number of S. aureus CFUs after blue light (405 nm)
irradiation 97. However, there are no published reports on the antimicrobial efficacy
after excitation of gallium(III)-coordinated porphyrins at the region of their Q-bands.
For this purpose, we chose commercially available gallium mesoporphyrin IX
(Ga**MPIX) and cationic gallium porphyrin (Ga3*CHP), synthesized in collaboration
with prof. Lei Zhang (Tianjin University, China) % (Fig 4). Excitation of these
compounds in Q-bands with a lower absorption potential than the Soret region, using
green light, may be a much safer therapeutic option for human cells and constitutes
one of the novelties of the presented work.
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Fig 4. Structure and spectroscopic properties of gallium(Ill)-coordinated porphyrins
(gallium mesoporphyrin IX (Ga3*MPIX), the cationic gallium porphyrin (Ga3*CHP)) and free
non-metal porphyrins. Illustration created in software Biorender by K. Szymczak (2023).

1.6. Heme-acquisition machinery of S. aureus for
targeted delivery of gallium porphyrins

In this subsection, I will briefly consider the role of the mechanism of heme
acquisition by S. aureus for a deeper understanding of the Trojan Horse strategy of
gallium metalloporphyrins uptake.

S. aureus has highly specialized receptors that allow it to uptake heme from
the environment. Iron is essential in the pathogenesis and proper metabolism of
bacteria; however, 99.9% of the iron in the host environment is structured in heme
or bound in complexes with hemoglobin or haptoglobin 99100, As a part of its survival
in the host, S. aureus adapts to the increased need for iron uptake by efficiently
producing heme uptake receptors . Two systems to acquire exogenous heme are
described — the heme transport system (Hts) and the iron-regulated surface
determinant (Isd) system 101,

So far, the Isd system is the best studied system of heme acquisition based
on binding of free heme or heme complexes with proteins (Fig 5). Firstly, complexed
heme is recognized by surface receptors IsdB and IsdH, while a free heme is bound
mainly by IsdA 102, All the proteins, IsdB, IsdH, and IsdA contain the highly
conserved amino acid domains of Near Transporter (NEAT) 91, The NEAT domains
recognize heme by tyrosine residues. It was shown that porphyrins containing either
Ga3* or Mn3* have high affinity to the NEAT domains of IsdH 103, Ga3*
protoporphyrin IX (Ga3*PPIX) has a porphyrin ring with the central gallium ion at
the oxidation state (IIT) that mimics the heme structure. The difference in the size
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of metal ions between Fe3* and Ga3* is less than 5%, indicating their high similarity.
Bacterial heme receptors cannot distinguish such minor differences between
Ga3*MPs and the natural ligand.

After recognition, heme is transferred to the cell wall localized IsdC receptor.
Then, it is transmitted directly to IsdE lipoprotein, the component of the IsdDEF
membrane transporter. IsdE passes heme to the IsdF, the ABC permease, that
moves ligand through the membrane with energy derived from the ATP hydrolysis
process of IsdD activity 91. Heme is transferred to the cytoplasm, where the porphyrin
ring of heme might be cleaved by two heme oxygenases — IsdG and IsdlI to release
free iron ions %4, After intracellular cleavage of accumulated Ga3*MPs, gallium ions
might be released, which could disturb the iron-dependent metabolism. Ga3*ions
could replace the Fe3* ions in many enzymes where iron is a cofactor. Moreover,
gallium can affect metabolic pathways and increase oxidative stress due to the
overproduction of ROS 105, Literature data confirmed the antimicrobial action of
gallium porphyrin (Ga3*PPIX) in the light-independent pathway towards members
of the ESKAPE group in both suspension and biofilm cultures 106-112 and eliminated
Neisseria gonorrhoeae in the murine model of vaginal infection 13, This indicates
that gallium porphyrins work as an antimicrobial agent with dual-functionality —
not only as a photosensitizer in light-dependent action, but also it exhibited the dark
toxicity in light-independent action. The combination of two pathways might be
highly efficient against S. aureus.
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Fig 5. The Trojan Horse strategy of gallium porphyrins. Gallium(III)-coordinated porphyrins
mimic the structure of heme (Fe3* PPIX) that could be recognized by Isd or Hts heme-acquisition protein
systems on the cell wall. In the cytoplasm, the porphyrin ring might be cleaved, and gallium ions could
be released, disrupting the iron-dependent metabolism of S. aureus. Heme efflux pump (HrtAB) could
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also play a role in the increased toxicity of gallium porphyrins. However, this is still poorly understood.
Source: Illustration created in software Biorender by K. Szymczak (2023).

Although heme is a primary iron source for bacteria, its high intracellular
accumulation can induce a cytotoxic effect 101114 A heme-regulated transporter
(HrtAB) is an ABC-like transporter that works as an efflux pump for heme and/or
heme degradation metabolites 9. The HrtA is an ATPase, while HrtB is a membrane
transport channel 115, The heme sensor system (HssRS) controls the level of
intracellular heme and regulates the activity of the HrtAB efflux pump as part of
the adaptive response 6. However, there are findings that HrtAB is not a specialized
efflux pump to metalloporphyrins despite their similarity to heme !'7. Targeting
HrtAB efflux pump might be a potential factor in increasing the toxicity of
accumulated gallium metalloporphyrins.

1.7. Application of light-activated gallium
metalloporphyrins on various S. aureus models

In this work, the antimicrobial efficacy of two modified gallium
metalloporphyrins: Ga3*MPIX and Ga3*CHP in the light-independent and light-
dependent action (aPDI) was investigated against S. aureus suspension cultures and
staphylococcal biofilms grown in vitro or ex vivo on the porcine skin model. Moreover,
during my experimental work, I established and characterized a cellular model of
recurrent skin infections by infecting a cell line of immortalized human
keratinocytes (HaCaT) with S. aureus. This developed infection model provides
insights about the level of cellular adherence, internalization, and intracellular
persistence of S. aureus within keratinocytes. I used this model to evaluate the
potential of the aPDI method to eradicate intracellular S. aureus, which could
contribute to the reduction of chronic infections.

In the recurrent skin infection model, the application of aPDI can be
evaluated within three strategies, depending on the cycle of infection (Fig 6):

D aPDI affects S. aureus released from the originally infected cell, thereby
lowering transmission to downstream host cells (Fig. 6 Strategy 1)

1I) aPDI affects the adhesion and internalization of S. aureus in keratinocytes
(Fig. 6 Strategy 2)

III) aPDI can eradicate intracellular bacteria (Fig. 6 Strategy 3)
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Fig 6. Strategies to implement light-activated gallium(Ill)-coordinated porphyrins to
overcome S. aureus in the infection model. Strategy 1 involved applying aPDI to eliminate
reinfections. Strategy 2 involved applying aPDI to S. aureus prior to cell infection to test its effect on
bacterial adhesion and internalization in the host cells. In Strategy 3, photosensitizers were incubated
in the dark to penetrate and localize inside host cells and then reach intracellular S. aureus. After
incubation, cells were treated with light for elimination of intracellular S. aureus. Source: P3
Manuscript, K. Szymczak et. al. (2023).

Anti-intracellular therapeutic options could be used to overcome persistent or
recurrent infections !'8, So far, those approaches have been mainly based on
modifying traditional antibiotics to improve their delivery to host cells using
nanoparticles or liposomes 19120, Furthermore, researchers explored the conjugation
of antibiotics with an antibody or active antimicrobial agent such as lysostaphin to
target intracellular S. aureus 121122, Another method of approaching intracellular
pathogens is indirect killing strategies based on boosting the host cells to more
pronounced ROS production or activation of immune responses by silver
nanoparticles, muramyl peptides exposure, or cold atmospheric plasma treatment
123124 Previous studies showed that the combination of a red light-activated silicon
phthalocyanine conjugate with the cell-binding domain of phage endolysin (CBD3-
700DX) was efficient against intracellular S. aureus in HeLa cells 25, Another
approach used gallium-substituted hemoglobin on silver nanoparticles to eliminate
intracellular S. aureus within macrophages 126, To date, aPDI has not been
considered in anti-intracellular approaches in keratinocytes, the main cells that
build the epidermis. In both studies, bioconjugated photosensitizer with other
molecule — antibody or nanoparticles, were used as photosensitizing agent. In my
dissertation, I focused on structural modifications of gallium(III)-coordinated
porphyrins that might improve their photophysical properties, which could affect
their accumulation into host intracellular clusters. So far, gallium(III)-coordinated
porphyrins alone has not been considered as a photosensitizing agent for an anti-
intracellular approach. I analyzed the accumulation of both modified Ga3*MPs
derivatives to select a compound that strongly accumulates in intracellular clusters
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and could potentially reach the intracellular S. aureus. In previous anti-intracellular
approaches, aPDI toxicity studies of anti-intracellular approach were limited only to
uninfected cells viability studies in a narrow time frame 125126, In my thesis, I focused
on comparing the phototoxicity of aPDI (Ga**CHP and green light) on both infected
and uninfected cultures with real-time growth analysis at each point: cells seeding,
infection with S. aureus, post-infection, Ga3*CHP dark incubation, before and after
aPDI treatment. I considered that infection itself can affect the rate of proliferation,
the rate of photodamage repair and overall survival after aPDI treatment.

Viewing all results from this dissertation, we can effectively evaluate the
broad antimicrobial potential of light-activated gallium(III)-coordinated porphyrins
in multiple strategies of application towards Staphylococcus aureus, which is also an
anti-intracellular approach.
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2. Objectives

The presented dissertation focuses on investigating whether antimicrobial
photodynamic inactivation (aPDI), defined as the combination of porphyrins
coordinated with gallium ions as photosensitizers and green light, can contribute to
reducing the virulence and survival of multidrug-resistant Staphylococcus aureus.
The experiments investigated two modified gallium metalloporphyrins: gallium
mesoporphyrin IX (Ga3*MPIX) and cationic gallium porphyrin (Ga3*CHP).

The first part of this thesis compares the light-dependent antimicrobial
efficacy of these two compounds against several S. aureus strains in suspension
cultures and in biofilm. Furthermore, using S. aureus mutants for heme acquisition
and detoxification, the level of compounds accumulation in bacterial cells and aPDI
efficacy were analyzed.

In the second part of the thesis, the combination of each compound and light
was made to reduce virulence factors produced such as staphylococcal enterotoxins.

The third part of my thesis presents three aPDI strategies and evaluates their
effectiveness on a model of intracellular S. aureus infection in human keratinocytes
(HaCaT) cells. These strategies analyze the effect of aPDI on adherence,
internalization and efficacy in eliminating intracellular S. aureus infections.

This work focuses on achieving the following specific objectives:

1. Investigation of the efficacy of aPDI with Ga**MPIX and Ga3*CHP against S.
aureus in suspension cultures and biofilm model,

2. Analysis of the impact of the heme acquisition (Isd, Hts) and detoxification
(HrtAB) systems on the aPDI with gallium metalloporphyrins: Ga**MPIX and
Ga3*CHP,

3. Determination of the effect of aPDI with gallium metalloporphyrins on
selected virulence factors produced by S. aureus,

4. Evaluation of the impact of aPDI with gallium metalloporphyrins on the
adherence, internalization, and intracellular persistence of S. aureus in the
recurrent infection model.

The results of my research presented in this doctoral dissertation are
contained in three manuscripts (P1-P3). Manuscripts: P1 and P2 have been
published in Molecular Pharmaceutics (Ed. American Chemical Society). Manuscript
P3 was prepared for submission in the high impact journal. All three were included
in the thesis and constitute a thematically coherent set of articles.
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3. Publication no. 1

Gallium Mesoporphyrin IX-Mediated Photodestruction: A
Pharmacological Trojan Horse Strategy To Eliminate Multidrug-
Resistant Staphylococcus aureus

3.1 Summary of the publication

Gallium(III)-coordinated porphyrins are dual-functional compounds working
in the light-dependent action as a photosensitizer, and with light-independent in the
Trojan Horse strategy %. Previous studies showed that gallium(III) protoporhyrin IX
(Ga3*PPIX) was highly accumulated by heme Isd receptors and was effective against
several S. aureus strains after excitation with blue (405 nm) light at the Soret peak
97, Studies have emerged that indicate that the visible blue light generates
significant biological photodamage of skin by inducing the DNA damage 7¢. So far,
the antimicrobial efficacy of aPDI treatment during the excitation of gallium(III)-
coordinated porphyrins in the lower absorption Q-bands has not been studied. The
green light, overlapping this region, represents a much safer light to human cells.

The aim of the study was to investigate the antimicrobial efficacy against S.
aureus in the light-dependent pathway of two gallium metalloporphyrin derivatives
upon excitation with Q-band at 522 nm. Two derivatives used for the study were:
Ga**PPIX and modified gallium mesoporphyrin IX (Ga3*MPIX) with minor
rearrangements in groups at the periphery of the porphyrin macrocyclic structure.
The study also evaluated how changes within the compound's structure would affect
the solubility, absorption spectrum and compounds’ recognition by Isd heme
receptors in the light-independent action.

Within publication no. 1, the light-dependent (aPDI process) and light-
independent (iron blocking mechanism) action against several S. aureus strains was
compared between Ga3*PPIX and Ga**MPIX. The vinyl group in the Ga3*PPIX
structure was changed to ethyl in Ga**MPIX, resulting in noticeable differences in
absorption spectra. The Ga3*MPIX absorption peaks at the Q-band were shifted
toward shorter wavelengths (Amax Ga3*MPIX = 532 nm and 570 nm vs. Amax Ga3*PPIX
= 541 and 580 nm). As a result, the Ga3*MPs absorption better matched to the
emission spectrum of the green light emitting diode (LED) used. Additionally, the
change improved the solubility in aqueous solutions and efficacy in light-dependent
action against S. aureus. Both compounds were efficient photogenerators of the
singlet oxygen under green light excitation. The light-dependent action of Ga3*MPIX
resulted in the eradication of bacteria (reduction >5 logio CFU/mL), while the efficacy
of Ga3*PPIX was reflected only in sublethal reduction (0.3 — 1.8 logio CFU/mL). Both
actions of Ga3*MPIX exhibited relative safety for human keratinocytes with no
extensive or prolonged cyto- and photo-toxicity. This indicates that the green
light excitation in the Q-band region of Ga3*MPIX was effective as an
antibacterial method and a safer therapeutic option for eukaryotic cells. So
far, both blue and red lights had been used to excite porphyrins in a light-dependent
photodynamic process 27. However, blue light exhibited significant toxicity and low
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penetration, while the red light causes pain 128, Using the wavelengths corresponding
to visible green light is a novel approach that balances those disadvantages. This
study was the first to demonstrate the possibility of excitation of gallium
metalloporphyrins in the lower absorption region that still showed high
antimicrobial efficacy.

The efficacy of Ga’*MPIX-mediated aPDI and intracellular accumulation of
the compound was strongly dependent on iron or heme availability. Despite the
change within the porphyrin structure, Ga**MPIX could be recognized as a
natural ligand by heme uptake system, preferably by Isd. This study used S.
aureus mutants in the heme-acquisition machinery (AlsdD, AHtsA) or heme efflux
pump (AHrtA) to evaluate their role in the accumulation and photodynamic process.
The impairment in the heme efflux pump revealed as the most sensitive phenotype
to Ga**MPIX in both light-dependent and light-independent action.

In conclusion, the change in porphyrin ring structure (ethyl groups replaced
by vinyl groups), continues to mimic the ability of the compound to be recognized by
the heme uptake systems making the Trojan Horse strategy a viable option to target
S. aureus. Ga**MPIX maintained dual functionality in light-dependent and light-
independent mechanisms of action. The introduced modifications significantly
influenced the compound's solubility and increased the antimicrobial effectiveness
in the photodynamic process against S. aureus. It has been shown for the first time
that gallium(IIl)-coordinated porphyrins exhibited antimicrobial efficacy when
excited in lower absorption bands, with the green light that has lower eukaryotic
toxicity.
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3.2 Publication

For online version, please scan QR code of Publication no. 1:

Note: Supplementary material from Publication no. 1 can
be found in section 9.1 (Attachments).
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ABSTRACT: One of the factors determining efficient antimicro-
bial photodynamic inactivation (aPDI) is the accumulation of a
light-activated compound, namely, a photosensitizer (PS).
Targeted PS recognition is the approach based on the interaction
between the membrane receptor on the bacterial surface and the
PS, whereas the compound is efficiently accumulated by the same
mechanism as the natural ligand. In this study, we showed that
gallium mesoporphyrin IX (Ga**MPIX) provided dual function-
ality—iron metabolism disruption and PS properties in aPDIL
Ga**MPIX induced efficient (>Slog;, reduction in CFU/mL)
bacterial photodestruction with excitation in the area of Q band
absorption with relatively low eukaryotic cytotoxicity and photo-
toxicity. The Ga**MPIX is recognized by the same systems as
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haem by the iron-regulated surface determinant (Isd). However, the impairment in the ATPase of the haem detoxification efflux
pump was the most sensitive to the Ga**MPIX-mediated aPDI phenotype. This indicates that changes within the metalloporphyrin
structure (vinyl vs ethyl groups) did not significantly alter the properties of recognition of the compound but influenced its

biophysical properties.

KEYWORDS: isd system, photodynamic therapy, porphyrins, targeted delivery, MRSA

Bl INTRODUCTION

In 1928, Alexander Fleming discovered penicillin, which
revolutionized medicine and improved the quality of human
life. Currently, after almost 100 years, one of the main
challenges for both the academic and pharmaceutical industries
is antibiotic multidrug resistance (AMR). According to the
report of O'Neil, 10 million deaths per year would be caused
by AMR infections by 2050." Antimicrobial photodynamic
inactivation (aPDI), primarily used to photokill cancer cells,”*
is now considered an alternative method for eradication of
both Gram-positive and Gram-negative bacteria with different
drug response profiles.””’ The aPDI approach is based on
three components: oxygen, light, which activates a dye known
as a photosensitizer (PS). In an oxygen-rich environment,
reactive oxygen species (ROS) might be generated through
either energy (type II mechanism) or electron (type I
mechanism) transfer from an irradiated PS. ROS generated
in aPDI are cytotoxic because of their multitarget action on
proteins, lipids, or nucleic acids. The ideal PS should exhibit
low dark toxicity and high phototoxicity, which usually
correlates with a high quantum yield of ROS photogeneration
and application safety toward eukaryotic cells. Photodynamic

© 2022 The Authors. Published by
American Chemical Society

WACS Publications 1434

inactivation eradicates microbial species efficiently despite their
drug resistance profile.”” ' Moreover, recent studies by
Wozniak et al. revealed a synergy between photodynamic
therapy and clinically used antimicrobials.'"”'> aPDI has an
impact on the production of virulence factors, which cause
pathogens to be less virulent."”'* Despite our recent studies of
aPDI tolerance and an increased stress response upon
consecutive cycles of sublethal treatments,''¢ resistance to
photodestruction has not yet been observed. aPDI is efficient
in both in vitro'” and in vivo studies.'*"”

The efficiency of aPDI might be dependent on PS
uptake.”””" PSs can accumulate in a different manner,
depending on the wall structure of bacterial cells, environ-
mental factors, and the type of the involved mechanism, for
instance, active transport.22 The concept of targeted PS
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Figure 1. Haem acquisition machinery in S. aureus and proposed uptake of gallium®* porphyrin conjugates via the Trojan Horse strategy. (A) In S.
aureus, Fe**protoporphyrin IX (known as haem) is recognized by Isd and Hts protein machineries. Haem complexed with hemoglobin or
haptoglobin—hemoglobin is recognized and released by IsdB and IsdH cell wall-anchored receptors. Also, free haem in the environment is bound to
IsdA and then transferred through the cell wall to membranes by IsdCDEF. Another uptake mechanism is known as HtsABC, which directly
transfers haem from the cell wall to the cytoplasm. Haem oxygenases (IsdG and IsdI) recognize and cleave the porphyrin structure. In the higher
level of haem, the HrtAB detoxification machinery is upregulated and acts as an efflux pump. (B) Because of the structural similarity between
Fe**protoporphyrin IX and gallium MPs, bacteria do not distinguish compounds and could take up gallium conjugates. Gallium MPs might work as
“Trojan Horse” and disrupt bacterial cells by blocking iron metabolism. In addition, because of the porphyrin ring structure, those compounds
generate ROS including singlet oxygen upon light exposure. (Created with BioRender)

recognition is based on PS uptake using membrane receptors,
which recognize PSs as a similarly structured natural ligand.
Proposed compounds for targeted PSs are metals conjugated
with a protoporphyrin (metalloporphyrins, MPs).”> The
gallium protoporphyrin IX and gallium mesoporphyrin IX
conjugates, formed with the metal oxidation state III, mimic
the haem structure (Fe** protoporphyrin IX) and thus possibly
bind to elements of haem acquisition machinery.”*** Gallium
compounds are active in disturbing iron metabolism by
intracellularly accumulating via the Trojan Horse strategy
(Figure 1B).**’° Previous studies showed that Ga**PPIX
displayed light-independent antimicrobial activity against both
Gram- posmve and Gram-negative bacteria by blocking iron
metabolism.”~" Gallium MPs also demonstrated antibiofilm
activity.”>>® Moreover, Ga**PPIX exhibited antimicrobial
photodynamic action against Staphylococcus aureus.”*

S. aureus is a Gram- posmve member of ESKAPE pathogens
that can effectively “escape” antibacterial drug action.’® During
infection, the pool of available iron is limited to pathogens
such as S. aureus. To overcome the low iron availability,
bacteria assimilate haem in either free form or bound in
complexes with hemoglobin or haptoglobin in vivo (Figure
1A).”" The classified mechanism of the iron-regulated surface
determinants (Isd) or haem transport system (Hts) for acquiring
iron ions from haem has been reviewed in detail
previously.””*® Briefly, IsdH and IsdB are primary receptors
for haptoglobin—hemoglobin complexes or hemoglobin alone,
respectively.”” Both contain conserved near transporter
domains that recognize and extract haem from the complex.*’
IsdA protein binds haem from the environment or receives the
compound from IsdH or IsdB membrane receptors. Then,
haem is transferred through the cell wall to the IsdC
component and to IsdE, a membrane lipoprotein. IsdE
acquires the haem and delivers it to IsdF, an ATP-binding
cassette (ABC) permease. By ATP-hydrolyzing energy
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produced by IsdD, haem is passed through the membrane to
the cytoplasm, where IsdG and Isdl, haem oxygenases, release
iron from the structure of haem.””””*"** The second well-
known iron assimilation machinery is the membrane-localized
ABC transporter HtsABC. Hts works in a similar manner to
the complex of IsdDEF. HtsA is a membrane-associated
lipoprotein, while HtsBC are two ABC transporters. However,
their role is described mostly in the transport of staphyloferrin
3841

Paradoxically, haem itself may induce toxicity at higher
concentrations.” The two-component haem-regulated trans-
porter (HrtAB) detects and pumps an overdose of the
compound out of the cell. HrtAB is an ABC-type transporter,
where HrtA acts as an ATPase and HrtB is a permease with the
role of a membrane transport channel.””*”*! Deletion of genes
encoding the HrtAB transporter revealed an impairment of
bacterial growth under high concentrations of haem.** Efflux
pump gene expression is regulated by the haem sensor system
(HssRS), which is required for the adaptive response to
haem.*

Based on the existing knowledge concerning haem transport
in S. aureus, we investigated whether Ga** mesoporphyrin IX
(Ga’*MPIX) could accumulate and act as a PS against
methicillin-resistant Staphylococcus aureus. To answer these
questions, we evaluated the antimicrobial effect using
Ga>*MPIX against several staphylococcal strains, including
clinical isolates with the multidrug resistance (MDR)
phenotype and haem acquisition mutants. Our hypothesis
assumed that Ga**MPIX can be efficiently accumulated or
retained in S. aureus because of the presence or absence of
specific haem transporters. In addition, the intracellular activity
of Ga>*MPIX can act in two ways: independent of light
(blocking haem metabolism) or dependent on light (photo-
dynamic action).
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B EXPERIMENTAL SECTION

Bacterial Strains and Culture Media. This study was
conducted with several S. aureus strains listed in Table 1.

Table 1. Staphylococcal Strains Used in This Study

S. aureus relevant
strain characteristic(s) source/reference
ATTC reference strain ATCC
25923
4046/13 MDR strain (Table S1) clinical blood isolate
1814/06 MDR strain (Table S1)  clinical blood isolate
Newman wild-type (WT) strain
NCTC
8178
AHtsA AhtsA via allelic 38
replacement
AHrtA AhrtA via allelic 44
replacement
AlsdD isd::erm 37
SN sec”, tsst-1%, spa type: clinical nasal isolate from adult

2223, MSSA strain patients with atopic dermatitis

Bacterial cultures were grown for 16—20 h with shaking
(150 rpm) in either the iron-rich medium tryptic soy broth

(TSB) (Biomerieux, France) or iron-deficient TSB treated
with Chelex-100 (Sigma—Aldrich, USA) and supplemented
with 400 yuM MgSO,. The S. aureus AlsdD strain was cultured
in the presence of erythromycin 10 pg mL™" (Fluka, Buchs,
Switzerland).

Chemicals. Ga** mesoporphyrin IX chloride (Ga’>*MPIX)
(Figure 2B) and Ga’" protoporphyrin IX chloride (Ga**PPIX)
(Figure 2B) were purchased from Frontier Scientific, USA;
stock solutions were prepared according to manufacturer
recommendations and kept in the dark at 4 °C. Ga**MPIX was
dissolved in 0.1 M NaOH to 1 mM concentration, whereas 1
mM stock of Ga**PPIX was diluted in the mixture 50:50 (v:v)
0.1 M NaOH:DMSO Protoporphyrin IX (PPIX) was
purchased from Sigma—Aldrich, USA (Figure S2A); a 1 mM
solution was prepared in dimethyl sulfoxide (DMSO) and
stored in the dark at room temperature. Protoporphyrin
diarginate (PPIXArg, Figure S2B), delivered by the Institute
of Optoelectronics, Military University of Technology, Poland,
was dissolved in Milli-Q_ water and stored at —20 °C in
darkness until use.'” Haem (Sigma—Aldrich, USA) was
dissolved in 0.1 M NaOH solution and kept in the dark at 4
°C.

A)
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Figure 2. Characteristic of Ga**PPIX and Ga**MPIX. (A) Absorbance spectra of Ga**PPIX and Ga**MPIX titrated to PBS buffer with the imposed
scheme of the emission spectrum of a green LED light source used in this study (. = 522 nm, FWHM = 34 nm). (B) Ga**PPIX and Ga**MPIX
chemical structure, created in ChemSketch. Graphics created in GraphPad Prism 9.
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Light Source. Illumination was performed with a light-
emitting diode (LED) light source, emitting green light (A, =
522 nm, irradiance = 10.6 mW/cm? FWHM = 34 nm, Figure
2A) (Cezos, Poland).

Photoinactivation Experiments. Microbial cultures were
grown overnight in medium in the absence or presence of iron
ion concentrations. Then, cultures were adjusted to an optical
density of 0.5 McFarland units (McF) (approx 10’ CFU/mL)
and transferred to a 96-well plate alone or with PS combined.
The aPDI samples treated with Ga**MPIX were incubated at
37 °C with shaking in the dark for 10 min and illuminated with
different green light doses up to 31.8 J/cm? The number of
colony-forming units (CFU/mL) was determined by serial
dilutions of 10 pL aliquots and plating bacterial cells on TSA
plates. The control consisted of untreated bacteria. TSA plates
were incubated at 37 °C for 16—20 h, and then CFU/mL were
counted. Lethal and sublethal aPDI conditions were defined
similarly to our previous studies.”'® For competition testing,
Ga**MPIX was mixed with different concentrations of haem in
a mixture with a volume ratio of 1:1 (v/v) and then incubated
and irradiated as in photoinactivation experiments. Molar
ratios of the studied molecules were as follows:
(Ga*>*MPIX:haem—uM:uM) 1:0, 1:1, 1:10, and 0:10. Each
experiment was performed in three independent biological
replicates.

Growth Curve Analysis. Overnight culture was diluted
1:20 (v/v) in TSB or TSB-Chelex medium. A chosen PS
(Ga*MPIX, Ga*PPIX, PPIX, or PPIXArg,) was added to 450
uL aliquots of bacterial strain to a final concentration of 10
UM. The control group of bacterial cells was not treated with
any PS. Prepared samples were loaded into 48-well plates and
then placed in an EnVision Multilabel Plate Reader
(PerkinElmer, USA), where the optical density (4 = 600
nm) was measured every 30 min for 16 h with incubation at 37
°C with shaking (150 rpm).

Time-Resolved Detection of Singlet Oxygen Phos-
phorescence. A solution of the PSs in D,0-based phosphate
buffer containing a small amount of DMSO (pD adjusted to
7.8) in a 1 cm fluorescence cuvette (QA-1000; Hellma,
Mullheim, Germany) was excited for 15 s with laser pulses at
532 nm, generated by an integrated nanosecond DSS Nd:YAG
laser system equipped with a narrow-bandwidth optical
parameter oscillator (NT242-1k-SH/SFG; Ekspla, Vilnius,
Lithuania), operating at 1 kHz repetition rate. The near-
infrared luminescence was measured perpendicularly to the
excitation beam using a system described elsewhere.” At the
excitation wavelength, the absorption of Ga**MPIX was 0.196,
while that of Ga>*PPIX was 0.235. The measurements were
typically carried out in air-saturated solutions. To confirm the
singlet oxygen nature of the detected phosphorescence,
measurements were compared at 1215, 1270, and 1355 nm
by employing additional dichroic narrow-band filters NBP,
(NDC Infrared Engineering Ltd., Bates Road, Maldon, Essex,
UK) and in the presence and absence of $ mM sodium azide, a
known quencher of singlet oxygen. Quantum yields of singlet
oxygen photogeneration by the PSs were determined by
comparative measurements of the initial intensities of 1270 nm
phosphorescence induced by photoexcitation of rose bengal
and the PSs with 532 nm laser pulses of increasing energies,
using neutral density filters. The absorption of rose bengal
solution, used as a standard of singlet oxygen photogeneration,
was adjusted to match that of the examined PSs.
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Electron Paramagnetic Resonance (EPR) Spin Trap-
ping Measurements. EPR spin trapping was carried out
using 100 mM S$,5-dimethyl-1-pyrroline N-oxide (DMPO)
(Dojindo Kumamoto, Japan DMPO) as a spin trap. Samples
containing DMPO and about 0.1 mM of the PSs in 70%
DMSO/water with pH adjusted to neutral pH were placed in
0.3 mm-thick quartz EPR flat cells and irradiated in situ in a
resonant cavity with green light (516—586 nm, 45 mW cm™?)
derived from a 300 W high-pressure compact arc xenon
illuminator (Cermax, PE300CE-13FM/Module300W; Perki-
nElmer Opto-electronics, GmbH, Wiesbaden, Germany)
equipped with a water filter, a heat reflecting mirror, a cut-
off filter blocking light below 390 nm, and a green additive
dichroic filter S8SFD62-25 (Andover Corporation, Salem, NC,
USA). The EPR measurements were carried out employing a
Bruker-EMX AA spectrometer (Bruker BioSpin, Germany),
using the following apparatus settings: 10.6 mW microwave
power, 0.05 mT modulation amplitude, 332.4 mT center field,
8 mT scan field, and 84 s scan time. Simulations of EPR
spectra were performed with EasySpin toolbox for Matlab."’

MTT Survival Assay. HaCaT cells (CLS 300493) were
seeded at a density of 1 X 10* cells per well in 96-well plates 24
h before the experiment. Cells were divided into two plates for
light and dark treatment. Cells were grown in a standard
humidified incubator at 37 °C in a 5% CO, atmosphere in
Dulbecco’s modified Eagle’s medium (DMEM). Ga’*MPIX
was added to a final concentration of 0—100 yM and then
incubated for 10 min at 37 °C in the dark. HaCaT cells were
washed twice with PBS and covered with fresh PS-free DMEM.
Next, the cells were illuminated with 522 nm light (dose: 31.8
J/cm?). Twenty-four hours post-treatment, MTT reagent [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
was added to the cells, and the assay was conducted.'” The
results are presented as a fraction of untreated cells and
calculated as the mean of three independent biological
experiments with the standard deviation of the mean. The
data were analyzed using two-way analysis of variance
(ANOVA) and Tukey’s multiple comparisons test in Graph-
Pad software. A p value <0.05 indicated a significant difference.

Analysis of Real-Time Cell Growth Dynamics. HaCaT
cells (CLS 300493) were seeded the day before treatment in
seven technical replicates for each condition at a density of 1 X
10* per well on E-plate PET plates (ACEA Biosciences Inc.,
USA). Cells were grown in a standard humidified incubator at
37 °C and in a 5% CO, atmosphere in DMEM in the
xCELLigence real-time cell analysis (RTCA) device (ACEA
Biosciences Inc., USA)."” When cells were estimated to be in
the exponential phase of growth (cell index (CI) = ~2), the
experiment was conducted. The PS was added to the cells at a
concentration of 0, 1, or 10 #M and left for 10 min in the dark
incubation at 37 °C. Then, the cells were washed twice with
PBS, and the medium was changed to PS-free. Afterward, light-
treated cells were exposed to 522 nm light (dose of light: 31.8
J/cm?). In the case of dark-treated cells, plates were incubated
for the corresponding time of irradiation in the dark at room
temperature. Then, the plates were returned to the
xCELLigence device, and the cell index was measured every
10 min and recorded automatically until the cells reached the
plateau phase under each condition.

PS Accumulation. Microbial overnight S. aureus cultures
were adjusted to an optical density of 0.5 McF. Ga>* MPIX was
added to 800 uL bacterial aliquots to final concentrations in
the range of 1—10 uM. In a competition assay, bacterial
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cultures were cultivated in TSB-Chelex medium and incubated
with a mixture of PS and haem to obtain an appropriate ratio
of concentrations. Samples were incubated for 10 min or 2 h at
37 °C in darkness with shaking. After incubation, the bacterial
cells were washed twice with PBS, and lysates were prepared
by incubating in a solution containing 0.1 M NaOH/1%
sodium dodecyl sulfate (SDS) (w/v) for 24 h at room
temperature to lyse cells. The fluorescence intensity of 100 yL
of each sample was measured in the dark in 96-well plates
spectrophotometrically with the use of an EnVision Multilabel
Plate Reader (PerkinElmer, USA). Intracellular accumulation
of the PS was calculated based on its calibration curve prepared
in lysis solution. Uptake values are presented as PS molecules
accumulated per cell based on the accumulation protocol and
the following formula.*®

NA
CFU

[GaMPIX]
M,, GaMPIX

GaMPIX molecules per cell =

where [GaMPIX] is the concentration [g/mL] of molecules
obtained from a calibration curve based on known
concentrations of the compound, M,, is the molecular weight
of GaMPIX 669.85 g/mol), NA is the Avogadro’s number
(6.023 x 10*), and CFU is the colony-forming unit obtained
using serial dilutions counted for 1 mL of the analyzed
samples.

Confocal Microscopy Imaging. S. aureus Newman and its
isogenic AHrtA, AHtsA, and AlsdD mutants were grown in
either iron-rich or iron-poor medium overnight for 16—20 h.
Then, microbial cultures were diluted to an optical density of
0.5 MacF units. Cells were incubated with 10 uM Ga**MPIX
for 2 h at 37 °C with shaking. In control cells, tested
compounds were not added. Bacterial samples were washed
once in PBS buffer. Afterward, cells were imaged using a Leica
SP8X confocal laser scanning microscope with a 100X oil
immersion lens with excitation at 405 nm and fluorescence
emission at 551—701 nm (Leica, Germany).

Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 9 (GraphPad Software, Inc., CA, USA).
Quantitative variables were characterized by the arithmetic
mean and the standard deviation of the mean. Data were
analyzed using two-way ANOVA and Tukey’s multiple
comparison test. A p value of <0.05 indicated a significant
difference.

B RESULTS

Gallium MPs Delayed Staphylococcal Growth Light-
Independently. Previous studies on several MPs have
revealed the broad spectrum of gallium ion toxicity by blocking
iron metabolism.”> We assumed that the presence of ethyl
groups in the macrocycle structure of Ga**MPIX (instead of
vinyl groups in Ga**PPIX) would not affect its toxicity. The
growth of the S. aureus 25923 reference strain was compared
after exposing cells to gallium MP (Ga**PPIX, Ga**MPIX) and
non-MP (PPIX and PPIXArg,) in incubation during constant
cultivation in iron-rich medium (Figure 3, Table S2). A slower
specific growth rate (4,,) at the exponential phase was
observed after exposure of the S. aureus 25923 strain to
Ga**MPIX (.., = 0.15) or Ga**PPIX (u,, = 0.126)
compared to untreated cells (., = 0.354). Exposure to
non-MPs such as PPIX (u,., = 0.282) or water-soluble
PPIXArg, (Mms = 0.282) did not influence S. aureus 25923
growth. These observations confirm that despite the difference
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Figure 3. Staphylococcal growth under exposure to porphyrin
compounds. Overnight cultures of the S. aureus 25923 reference
strain in TSB medium were diluted 1:20 (v:v) and exposed to 10 uM
Ga>*MPIX, Ga*'PPIX, PPIX, or PPIXArg, The growth of each
condition was monitored by measuring the optical density at 600 nm
(ODgy) on an Envision plate reader. The experiment was conducted
in three independent biological repetitions. Significance at the
respective p-values is marked with asterisks (***p < 0.001) with
respect to untreated S. aureus 25923 cells.

in the structure (ethyl groups vs vinyl groups), Ga**MPIX still
induces dark toxicity against S. aureus, which is related to the
presence of gallium ions in the compound.

Green-Light Irradiation of Ga**MPIX Generates ROS.
To check the mechanism underlying the photodynamic
potential of Ga>*MPIX, direct measurements of the PS ability
to photogenerate ROS were performed.

Excitation of the PSs by 532 nm laser pulses induced
phosphorescence that was strongly dependent on the
observable wavelength (Figure 4A). Thus, intense phosphor-
escence was only observed at 1270 nm, which coincides with
maximum emission of singlet oxygen in water. Although D,0
phosphate buffer was used, the apparent lifetime of the
observed phosphorescence was about 40 ps, which is shorter
than that reported in pure D,O. This shortening could be
attributed to a small amount of DMSO and H,0O, which were
used to prepare stock solutions of the PSs. Consistent with the
singlet oxygen nature, the observed phosphorescence was
significantly quenched by the addition of S mM azide (Figure
4B). The quencher reduced both the intensity and lifetime of
the phosphorescence, which is most likely due to the quencher
interaction with the triplet excited state of the PS and
quenching of singlet oxygen. The final test of singlet oxygen
nature of the 1270 nm phosphorescence is the effect of
exchanging air for argon in the examined samples (Figure 4C).
It is evident that saturating the PS solutions with argon
completely abolished the singlet oxygen phosphorescence. A
weak long-lasting phosphorescence detected in argon-saturated
samples could be attributed to emissive relaxation of the
porphyrin triplet excite states.

Quantum yields of singlet oxygen photogeneration of the
examined PSs, employing rose bengal as a standard for singlet
oxygen photogeneration with a yield of 0.75," were
determined to be very similar for both dyes —0.69 for
Ga**MPIX and 0.67 for Ga*'PPIX, indicating that in aqueous
media these porphyrin derivatives are efficient photogenerators
of singlet oxygen (Figure 4D,E).

Using EPR spin trapping, we were able to detect, after
irradiation with green light (516—586 nm) of the PSs in a
mixture of DMSO/H,0, the spin adduct with spectral
parameters consistent with that of DMPO-OOH, (AN =
1.3274+0.008 mT; AHa = 1.058+0.006 mT; AHp =
0.131+£0.004 mT>°) indicating the photogeneration of super-
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Figure 4. Direct detection of Ga>*MPIX- and Ga®>*PPIX-generated ROS. Photoreactivity of Ga**MPIX and Ga**PPIX showing signals with 1270
nm wavelength, characteristic of singlet oxygen phosphorescence (A), with sodium azide, singlet oxygen quencher (B), and argon-saturated sample
(C). Quantum yields of singlet oxygen photogeneration compared to rose bengal (D, E). Samples were irradiated with 532 nm laser light.
Characteristic superoxide/DMPO adduct can also be observed with EPR spin trapping (F), although the signal was of low intensity.

Table 2. Phototreatment of S. aureus Strains with Ga**PPIX or Ga**MPIX with Green LED Light

strain mean reduction of survival (log;, CFU/mL)“ + SD
Ga**MPIX Ga*PPIX
light (+) light (-) light (+) light (—) light-only
25923 5.33 + 0.065%#%%* 0.022 + 0.03 1.11 + 0.65* —0.03 + 0.08 021 + 0.28
4046/13 4.1 + 0.5%%%* 0.0 + 0.07 1.01 + 0.15%* 0.04 + 0.05 0.00 + 0.03
1814/06 2.9 + 0.24%%% 0.07 + 0.11 1.83 + 0.03%%%* 0.22 + 0.08 0.15 £ 0.16
SN 6.08 + 0.1%%%* —0.03 + 0.16 0.34 + 0.082 —0.07 £ 0.1 0.077 + 0.09

“Phototreatment conditions: 10 min preincubation with 10 uM Ga*>*PPIX or Ga**MPIX at 37 °C with shaking without washing; green LED light
31.8 J/cm? log;y CFU/mL reduction was assessed with respect to nontreated cells, initial number of cells ~10” CFU/mL. Light (+)—light-
dependent; Light (—)—light-independent; light-only—bacterial cells irradiated without any PS applied. Significance at the respective p-values
marked with asterisks: * = p < 0.05, ¥* = p < 0.01, ¥** = p < 0.001, and **** = p < 0.0001 with respect to “Light-only” treatment.

oxide anions (Figure 4F). While both PSs photogenerated, higher (10 M) Ga**MPIX concentration, this relationship is

under the conditions used, a superoxide anion, Ga*>*PPIX was a completely lost, which indicates that this is the maximum
slightly more efficient generator of the oxygen radical. signal that can be obtained under our experimental conditions.
However, it must be stressed that the yield of generation of Both ROS are generated during aPDI with Ga**MPIX, which
superoxide anions by the examined PSs is rather low and confirms the photodynamic properties of this compound.
cannot be compared with their ability to photogenerate singlet In addition, using ROS quenchers, we examined the
oxygen. predominant types of ROS produced during aPDI in vivo,
The production of ROS in vitro has also been confirmed by which are likely responsible for the observed death of bacterial
the use of ROS detection probes (HPF and SOSG) after cells. We used quenchers of free radicals predominantly formed
irradiation with two light doses, 12.72 and 31.8 J/cm? in the by type I photochemistry (mannitol, superoxide dismutase),

presence of Ga>*MPIX at two concentrations (Supplementary singlet oxygen generated by type II photochemistry (NaN;),
Figure S3A,B). We could observe quite a good correlation with and ROS formed by mixed type I/II photochemistry

the lower concentration of the compound used (1 uM). In (tryptophan, Trp). We observed cell protection after the use
both tested ROS types (HPF for radical detection and SOSG of the type II quencher NaN; and Trp, indicating that singlet
for singlet oxygen detection), we could observe that at a higher oxygen was mainly responsible for cell death (Figure S3C).
light dose (31.8 J/cm?) the signals for both probes were higher Interestingly, the enzyme catalase (CAT) also caused a
compared to the lower dose (12.72 J/cm*). However, at a statistically significant protection of bacterial cells against
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Ga**MPIX, which indicates the potential role of H,0, in the
Ga**MPIX-mediated cell death process. On the contrary,
mannitol, superoxide dismutase (SOD) did not provide
significant protection. This is in agreement with the small
amounts of photogenerated superoxide anions detected by
EPR trapping. In summary, singlet oxygen appears to be the
major ROS produced during Ga**MPIX-mediated aPDI in
vitro and in vivo, and the amount of singlet oxygen produced is
comparable to Ga*"PPIX.

Phototreatment of S. aureus with Ga**MPIX Reduced
Bacterial Viability despite Divergent MDR Profiles.
Based on its absorbance spectrum, Ga’*MPIX might be
excited by green LED light because of peaks called Q-bands,
which are near the emission spectrum of the light source used
(Figure 2A). However, the aPDI efficiency might differ among
strains of S. aureus.” Several staphylococcal strains with
divergent MDR profiles and different origins were taken for
further investigations with 10 uM Ga**MPIX or Ga’*PPIX
illuminated with green light. The results are presented in Table
2 as the means of viability reduction for a discriminating light
dose of 31.8 J/cm® A reduction of more than 3 log, units in
the number of CFUs (99.9%) was considered a bacterial
eradication/lethal dose. However, sublethal doses were defined
as a 0.5—2 log,, reduction in CFU/ mL."* Light-only treatment
and light-independent, 50 min exposure to 10 uM of each
compound did not influence the bacterial viability. Ga**MPIX
revealed a higher efficiency in bacterial reduction upon green
illumination than Ga**PPIX. For Ga*PPIX-mediated aPDI,
only sublethal conditions were obtained, despite the 5 N strain,
where sublethal reduction was not even reached. Ga**MPIX-
mediated aPDI resulted in bacterial eradication for strains:
ATCC 25923, clinical isolate 5 N, and 4046/13. In the case of
MDR strain 1814/06, aPDI with the Ga>*MPIX compound
reduced bacterial viability, achieving lethal doses. The response
to Ga**MPIX-mediated aPDI is strain-dependent, however,
independent of the MDR profile. Interestingly, the addition of
a single wash step to the aPDI protocol influenced the
effectiveness of aPD], albeit in different ways (Supplementary
Table S3). We observed that the inclusion of a single wash step
in the photoinactivation protocol resulted in a better
performance of Ga**PPIX-mediated aPDI against bacteria.
With Ga**MPIX, the results were more diffuse, some strains
were less efficiently photoinactivated, and others remained
unchanged or increased. Nevertheless, the efficacy of
Ga**MPIX was still better than that of Ga**PPIX. Because of
the higher efficiency of Ga**MPIX-mediated phototreatment
under green light illumination, we chose this compound for
further analysis.

Phototreatment of S. aureus with Ga>*MPIX Effec-
tively Reduced Bacterial Viability in an Fe-Dependent
Manner. Limited availability of iron in the culture medium
impacts the higher expression of certain iron-haem receptors.’”
To check the hypothesis that the observed efficiency of
Ga**MPIX-mediated aPDI might be due to similar recognition
of Ga>*MPIX molecules by haem receptors, the survival of the
S. aureus 25923 reference strain was examined upon green
LED light irradiation with Ga**MPIX upon cultivation in the
absence (—Fe) or presence (+Fe) of iron in the medium
(Figure S). In iron-rich medium, we observed a maximum
reduction in the number of bacteria of 4.6 log,, units in CFU/
mL for 1 uM at 31.8 J/cm® Compared to these data, in an
iron-depleted medium, the maximum viability of bacteria was
noticeable at the limit of detection, which was a 5.3 log;, unit
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Figure 5. Photoinactivation of S. aureus 25923 with Ga**MPIX in the
presence and absence of iron. Overnight cultures of S. aureus 25923
strain were diluted to 0.5 MacF in medium with either the presence
(+Fe) or absence (—Fe) of iron, then exposed to 0 or 1 uM
Ga**MPIX for 10 min at 37 °C, and then irradiated with different
green LED light doses ranging from 0 to 31.8 J/cm® Colony-forming
units (CFU/mL) were estimated with serial dilutions of 10 uL
aliquots of irradiated samples and plated on TSA agar. Plots present
the reduction of log;, units of CFU/mL. The detection limit was 100
CFU/mL. Each experiment was performed in three biological
experiments. The value is a mean of three separate experiments
with bars as #+ SD of the mean. Significance at the respective p-values
is marked with asterisks [*p < 0.05; **p < 0.01; ***p < 0.001] with
respect to 1 uM (+Fe) cells.

reduction in bacterial viability. Iron deficiency resulted in a
higher efficiency of aPDI, with a 2.86 log), difference in
bacterial viability at a sublethal dose of 12.72 J/cm* between
two cultivation conditions. The efficiency of Ga**MPIX-
mediated aPDI is dependent on iron availability in the culture
medium.

After phototreatment of S. aureus 25923 strain with
Ga**MPIX (1 uM, 25.4 J/cm?®), surviving bacteria formed a
small-colony variant (SCV) phenotype, which significantly
differed from the original morphology. SCVs are classified as
an atypical morphology with a lack of pigmentation, a smaller
size, and a slower growth rate than the original cells. In iron-
rich medium, only ~10% of the total pool of surviving bacteria
formed SCVs with the same pigmentation as original cells
before treatment (Figure S4AB). However, under iron-poor
conditions, SCV cells constituted nearly 60% of the total
number of surviving bacteria. Moreover, constant, 20-h
exposure to Ga’*MPIX during culturing (without light) had
induced the SCV morphology in 100% of survived bacteria
(Figure S4C). Continuous iron starvation and exposure to
Ga**MPIX promoted the SCV phenotype, which indicated the
effect on iron metabolism. Interestingly, the long exposure to
Ga**MPIX cells was efficiently eradicated after green light
irradiation (Figure S4D—F), indicating that SCVs are sensitive
to Ga**MPIX-mediated aPDI.

Haem Has a Protective Effect on aPDI and the
Accumulation of Ga**MPIX. Porphyrins with central metals
in the oxidation state (III) might mimic structural haem and
have an affinity to haem receptors.”* Ga**MPIX might also be
recognized by haem transporters and accumulate in a similar
manner to haem. To determine whether the presence of haem
influences the effectiveness of aPDI against S. aureus, we
incubated bacterial cells with a mixture of haem and
Ga>**MPIX and then irradiated them with lower (19.08 J/
cm?) and higher (31.8 J/cm?) doses of light (Figure 6). By
incubating cells with equal concentration or excess haem (1X
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Figure 6. Protective effect of haem on Ga**MPIX-mediated
photodynamic treatment of the S. aureus ATCC 25923 strain. Iron-
starved staphylococcal bacteria were incubated for 10 min with a
mixture of Ga**MPIX and haem at different ratios as indicated in the
legend and then illuminated with a lower (19.08 J/cm?®) or higher
(31.8J/cm?) dose of green light. Survival of bacteria was measured by
serially diluting cells and counting the colony plated on agar plates
after treatment (CFU/mL). The survival fraction is expressed as the
number of CFU obtained after PDI treatment with respect to the
number of CFU of nonlight-treated cells. The values are the means of
three separate experiments. The value is a mean of three separate
experiments with bars as +SD of the mean.

or 10X), we observed a protective effect, that is, much fewer
bacterial cells were photoinactivated compared to the situation
when there was no haem in the reaction mixture, exhibiting a
decrease of 1.25 log;, units in the reduction of CFU/mL for 1
and 1.7 log,, for a 10X higher haem concentration. This effect
was especially observed with a lower light dose (decrease in
CFU reduction of 2.73 log,, and 3 logy, for 1- or 10-fold haem
concentration). We did not observe a difference between the 1-
fold and 10-fold excess haem used. The observed protective
effect of haem may be related to more efficient accumulation of
haem in bacterial cells and competition of haem molecules
with Ga**MPIX for binding sites in/on cells.

Next, we examined whether Ga®**MPIX accumulation in S.
aureus is dependent on iron availability in the culture medium
(Figure 7). In the absence of iron in the medium (—Fe), the
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Figure 7. Uptake of Ga**MPIX and Ga**PPIX by the S. aureus ATCC
25923 strain in the presence (+Fe), absence (—Fe) of iron, or
addition of haem. PS uptake was carried out in the presence of 10 uM
of Ga>*MPIX or Ga**PPIX. Bacterial cultures were incubated with the
compound for 10 min at 37 °C with shaking followed by 24 h lysis as
described in the Experimental Section, and then the fluorescence was
measured. The value of the accumulated PS is represented as the
number of molecules per cell, based on the standard curve of the
compound in 0.1 M NaOH/1% SDS lysing buffer. The experiment
was conducted in three independent biological repetitions.
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intracellular accumulation of Ga**MPIX at 10 uM was 2.1
times higher than the accumulation at the same compound
concentration in the presence of iron (+Fe). The accumulation
of Ga’*MPIX was dose-dependent (data not shown). Iron
starvation of S. aureus promotes higher accumulation of the
compound. Based on our results, we checked whether the
protective effect of haem in aPDI treatment would be reflected
as lower intracellular accumulation of PS. S. aureus was
incubated with a mixture of Ga’*MPIX and haem at a
protective concentration of 10 M in the absence of iron. The
addition of haem resulted in a decrease in Ga*>*MPIX uptake
by 22% (1.2 X 10° molecules per cell) with respect to PS
accumulation alone in the absence of iron. The accumulation
of Ga**MPIX is also dependent on the presence of haem in the
culture medium. The addition of the ligand for haem
recognition receptors decreased the uptake of Ga**MPIX by
S. aureus cells, although statistical significance was not achieved
in this situation. These results together with haem protection
from Ga’*MPIX-mediated phototoxicity confirm that
Ga**MPIX is recognized in the same manner as haem.
Under the tested conditions, Ga*>*PPIX also accumulated in
S. aureus cells in an iron-dependent manner. In the absence of
iron in the medium (—Fe), the intracellular accumulation of
Ga**PPIX at 10 uM was 1.11 times higher than the
accumulation at the same compound concentration in the
presence of iron (+Fe). The addition of haem reduced the
Ga**PPIX uptake by 40% (2.3 X 10° molecules per cell) with
respect to the accumulation of PS in the absence of iron. It is
worth noting that under standard conditions, that is, in the
presence of iron, bacterial cells accumulated more Ga**PPIX
compared to Ga**MPIX, which may explain the greater toxicity
of Ga®>'PPIX in light-independent survival tests (Figure 3).
Impairment in the HrtA Detoxification Efflux Pump
Promotes Dark Toxicity of Ga**MPIX. As the presence of
haem influenced the level of Ga**MPIX accumulation and
aPDI efficiency, we hypothesized that haem acquisition
machinery might also be involved in PS recognition. To
understand the molecular mechanism responsible for the
uptake and detoxification of gallium conjugates, we analyzed
the growth of S. aureus Newman (WT) and its isogenic
mutants deprived of genes engaged in haem uptake (AlsdD
and AHtsA) and detoxification (AHrtA). The growth curves
of S. aureus of each phenotype were analyzed after constant
exposure to gallium MPs such as Ga**MPIX or Ga**PPIX
(Figure 8) in an iron-rich environment. We compared several
growth parameters such as maximum specific growth rate
(Umax), duplication time (T;) of the exponential phase and for
the stationary phase: time to reach the stationary phase, and
maximum density (A,,,,) in each mutant after treatment with
gallium compounds (Supplementary Table S4). Both com-
pounds Ga**PPIX and Ga**MPIX reduced the y,,,, of each
strain studied in a similar manner, that is, the highest inhibition
was observed for AHrtA and AlsdD. Each treatment was
compared to the control—untreated cells of each mutant
(calculated as 100%). Despite gene deletion, untreated
mutants achieved a similar growth rate to untreated WT.
Under exposure to Ga>*PPIX, the growth of each strain at the
end of the exponential phase (after 270 min of analysis, taken
as the point of inhibition of the exponential growth—cutoff
point) was estimated to be 72—77% of the growth of respective
untreated controls, which indicated the higher toxicity of this
compound. However, the main difference between mutants’
growth was observed under Ga*>*MPIX exposure. The WT,
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Figure 8. S. aureus Newman and its isogenic mutants (AHrtA, AlsdD, and AHtsA) grown under exposure to MP and non-MP compounds in the
presence of iron in medium. Overnight cultures of S. aureus Newman WT (A), AHrtA (B), AlsdD (C), and AHtsA (D) in the iron-rich medium
were diluted 1:20 and exposed for 10 uM of Ga**MPIX, Ga**PPIX, or left untreated (untreated cells). Growth of each condition was monitored by
measurement of optical density at 600 nm (ODgy) on an Envision plate reader. Experiment was conducted on three independent biological
repetitions. Error bars represent the SD values. Significance at the respective p-values is marked with asterisks [*p < 0.05; **p < 0.01; ***p <

0.001] with respect to untreated cells of each phenotype.

AlsdD, and AHtsA strain grew up to 90—93% in a medium
containing Ga**MPIX, whereas in AHrtA it was only 82%, thus
indicating that Ga>’MPIX was the most toxic for this mutant.
Impairment in the HrtAB efflux pump resulted in the more
pronounced toxicity of Ga**MPIX toward S. aureus in
comparison to other phenotypes. Interestingly, a clear effect
in the form of a significant extension of the doubling time (T;)
was also observed in relation to AIsdD, where Ga**MPIX
toxicity resulted in an increased Ty parameter from 1.46 to
2.06 ODgyy/h.

HrtA-Lacking Mutant Is the Most Sensitive Pheno-
type to Ga**MPIX-Mediated aPDI. In our previous studies
on aPDI on the Newman WT strain and its isogenic mutants,
AHrtA was the most susceptible to PPIX-mediated aPDL*
Here, we were interested in whether differences among haem
transport mutants could also be observed in the sensitivity to
Ga**MPIX-based aPDI. Therefore, we performed aPDI against
S. aureus Newman and its isogenic mutants (10 uM
Ga**MPIX, 19.8—38.16 J/cm?) in the presence (Figure 9A)
and absence of iron (Figure 9B). We increased the dose of
green light to 38.16 J/cm® to observe more pronounced
differences between phenotypes. In the presence of iron, the
maximal bacterial reduction in CFU/mL was observed as
follows: 3.78 — AHrtA, 3.15 — AlsdD, 2.5 — AhtsA, and 3.15
log)y units for WT. In the absence of iron, the maximal
reduction in CFU/mL was estimated to be 3.5 — AHrtA, 2.75
— AlsdD, 144 — AHtsA, and 1.5 logy, units for WT.
Interestingly, the absence of Fe’ in the medium did not
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significantly increase the efficiency of aPDI. Under both
cultivation conditions, the AHrtA mutant presented the most
PDI-sensitive phenotype. Moreover, the AHtsA mutant was
the most resistant to aPDI treatment among all phenotypes.
Taking these results together, impairment in HrtA ATPase in
the HrtAB detoxification system provides higher sensitivity to
Ga**MPIX-based aPDL

To understand the mechanism of the superior efficiency of
aPDI in the AHrtA mutant, the accumulation of Ga**MPIX
was investigated in each phenotype. Briefly, bacterial cells were
cultivated in different iron contents at the stationary phase of
growth, diluted, and then incubated in the dark with PS for 2 h
at 37 °C with shaking. Then, bacterial lysates were prepared
and measured as described in the Experimental Section. In the
presence of iron (+Fe), we did not observe significant
differences in accumulation between the studied phenotypes
(Figure 10). Iron starvation (—Fe) increased PS uptake in
comparison to iron presence in the media for each phenotype,
except for AlsdD, in which the accumulation remained at the
same level. Ga**MPIX accumulation in AHrtA was 2-fold
higher than that in the WT strain in the absence of iron.
Additionally, the uptake of the PS was decreased by
approximately 50% for AHtsA and 90% by AlsdD compared
to the WT strain.

The use of fluorescence microscopy did not give
unequivocal results; that is, a stronger fluorescence signal
was observed for AHrtA and WT under both (+Fe) and (—Fe)
conditions (Figures SS and S6). In contrast, AlsdD and
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Figure 9. Phototreatment of S. aureus Newman and its isogenic
mutants (AHrtA, AlsdD, and AHtsA) with 10 uM Ga>*MPIX under
green light irradiation in the presence (A) and absence (B) of Fe** in
the medium. After incubation with 10 uM Ga**MPIX, the analyzed
strains were subjected to green light (19.8—38.16 J/cm?). Bacterial
survivals were measured by serially diluting cells and counting the
CFUs plated on agar plates after treatment. Each experiment was
conducted in three independent biological experiments for every
condition. The values represent the means of survived bacteria with
bars as +SD of the mean. Significance at the respective p-values is
marked with asterisks [*p < 0.001] with respect to WT cells.

AHtsA showed a stronger fluorescence signal under (—Fe)
compared to (+Fe) (Figure S7). This indicates that the
presence of Fe®* influences Ga*’MPIX uptake rather than
removal from the cell.

Ga’*MPIX Does Not Promote Extensive and Pro-
longed Cytotoxicity or Phototoxicity against Human
Keratinocytes. PS safety toward eukaryotic cells is a crucial
factor for optimization and further applications of photo-
inactivation protocols. We examined the phototoxicity and
cytotoxicity of Ga’*MPIX against human keratinocytes.
Variations in concentrations of Ga**MPIX were used for
treatment under both light and dark conditions with twice
wash step (Figure 11) and once wash step (Figure S8). The
highest dose of green light (31.8 J/cm?) was selected, which
corresponds to the bactericidal effect toward several S. aureus
strains. Additionally, we increased the concentration of the PS
up to 100 yM to ensure its high excess. Based on the MTT
assay results in Figure 114, the viability of cells was affected by
neither the presence of Ga**MPIX alone (94.73 and 93.7%
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Figure 10. Ga>*MPIX uptake in S. aureus Newman and its isogenic
mutants (AHrtA, AlsdD, and AHtsA) in the presence (+Fe) or
absence (—Fe) of Fe *" in the medium. Overnight bacterial cultures of
each phenotype were diluted and incubated with a PS for 2 h at 37 °C
with shaking and then, washed twice with PBS buffer and suspended
in 0.1 M NaOH/1% SDS solution. After 24 h of incubation, the
fluorescence of the lysate was measured (ex/em 398/573 nm). The
values represented in the graph are the mean with SD of triple
biological repetition for every strain in each condition.

survival upon 1 and 10 gM) nor under green light irradiation
(92.87 and 86.9% survival upon 1 or 10 uM). Cell survival
estimated at ~80% is considered acceptable, modest toxicity to
eukaryotic cells."” Increasing the compound concentration to
100 yM under green light showed significantly increased
phototoxicity toward HaCaT cells (36.57% cell survival) in
comparison to cells exposed only to light without the PS. In
the dark, 100 uM Ga**MPIX had no significant impact on cell
viability (estimated 92.55% survival). Ga**MPIX exhibited
relative safety on HaCaT cell survival at 31.8 J/cm” green light
irradiation up to 10 uM concentration.

However, cytotoxicity and phototoxicity were more
pronounced when the cells were washed once compared to
two times (Supplementary Figure SSA). After washing the cells
once, a concentration of 100 uM Ga**MPIX (31.8 J/cm?)
almost completely reduced the number of the viable HaCaT
cells, while approximately 50% of the cells survived the
treatment with 10 uM Ga**MPIX (31.8 J/cm?). The light-
independent cytotoxicity decreased to approx 80% (100 uM)
compared to the twice-washing procedure when this value was
negligible.

However, the MTT assay has some methodological
limitations, such as measuring only at a specific time point.
Additionally, the cell proliferation rate and morphology were
not taken into consideration. RTCA on E-plates is a method
consisting of electrographic detection of the cell number,
morphology, adhesion, and rate of proliferation under
experimental conditions. Based on real-time cell growth
dynamic curves (Figure 11B), we observed a slower
proliferation rate of HaCaT cells after treatment with 1 or
10 uM Ga**MPIX under either dark or illumination
conditions. Untreated cells resumed growth and reached the
plateau phase at approximately the 60th h. Ga>**MPPX dark-
treated cells reached the plateau phase at approximately 85 h at
1 M and 100 h at 10 M. After photodynamic treatment (1
UM Ga**MPIX, 31.8 J/cm*), HaCaT cells reached a plateau
phase at the same hour as dark-treated cells at the same
concentration of Ga*>*MPIX. A higher difference between light-
exposed and dark-kept cells was observed in 10 uM
Ga**MPIX, where the cell recovery phase was reduced, and
the plateau phase was detected after 120 h. The cell
proliferation rate and recovery were lowered in a concen-
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Figure 11. Effect of aPDI with Ga**MPIX on the HaCaT cell line model. (A) MTT cell viability assay. HaCaT cells were exposed to various
concentrations of Ga**MPIX. Control cells (0 4uM) to which no test compound was added. After incubation with Ga**MPIX, cells were either
irradiated with green light (31.8 J/cm?) represented by gray bars (Phototoxicity) or kept simultaneously in the dark (black bars for cytotoxicity).
Each result is the mean + SD of the mean. Significance at the respective p-values is marked with asterisks (* p < 0.05) for untreated cells in each
condition. (B) Cell growth dynamics. Cells were seeded at 10* cells/well and after obtaining a CI of 2, cells were treated with Ga**MPIX in the
dark and incubated at 37 °C for 10 min. The samples were then illuminated with a green light dose of 31.8 J/cm? while the HaCaT cells or PS only
treatment was allowed to incubate in the dark at room temperature. The CI (represented as the Y axis) was measured for each condition every 10
min. The x-axis shows the experimental duration in hours. The values presented are the average of the 7 technical repetitions.

tration-dependent manner. The illuminated PS provided
higher inhibition of HaCaT growth dynamics than the PS in
the dark. During aPDI treatment, a fraction of the cells was
damaged, but in most aPDI-treated cells, the damage was
repaired, and the cells continued to grow and divide. Growth
dynamics of HaCaT cells after aPDI with one wash step
instead of the two washes (Figure S8B) was similar, showing
the highest phototoxicity for 10 uM Ga**MPIX. Thus, we
claim that Ga**MPIX alone or under photodynamic treatment
does not promote extensive and prolonged cytotoxicity or
phototoxicity against human keratinocytes.

B DISCUSSION

Targeted PS recognition in aPDI is a novel trend of action
against microorganisms, which developed from the origin of
cancer cell phototreatments.”’ Based on the Trojan Horse
strategy of action, gallium MPs could be potent antimicrobial
agents. Recognized by bacterial cells in the same manner as the
natural ligand haem, igallium compounds might interrupt
haem/iron metabolism.”> Many studies have only confirmed
the activity of gallium MPs toward several ESKAPE pathogens,
including antimicrobial and antibiofilm action.”**®*%*’
Ga**MPIX resulted in the same MIC value for S. aureus (1.6
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ug/mL) as Ga**PPIX.”’ Interestingly, porphyrins without
metal ions (i.e., PPIX and MPPIX) were not efficient inhibitors
of bacterial growth.”> The rationale for choosing Ga**MPIX
for our research stems from studies on metalloporphyrins
which showed effective induction of HrtAB, a molecular haem
transport system. Previous studies on metalloporphyrin toxicity
and the molecular mechanism underlying this process have
shown that the HssRS—haem detoxification system is quite
widely activated by metalloporphyrins, while the HrtAB efflux
pump will only be sensitive to certain metalloporphyrins, in
particular Ga>*PPIX or Mn**PPIX.>> These observations
prompted us to investigate the accumulation in cells and
efficacy of the Ga’>*MPIX compound in aPD], excitation in a
spectrum which is not commonly used in research, that is,
green light. In particular, we were interested in studying the
functionality of the vinyl group (protoporphyrin IX) to ethyl
group (mesoporphyrin IX) change in the porphyrin macro-
cycle, as from the literature to date, the modification of the side
compound chains was presented with minor interest, such as
changes inside the porphyrin ring (i.e., central metal’**?). We
hypothesized that despite this difference, Ga**MPIX might be
recognized by haem receptors, and consequently, released
gallium ions induce dark toxicity similar to Ga**PPIX. The
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dependence of the accumulation of Ga*>*MPIX in bacterial cells
on iron and the protective role of haem in aPDI indicates
competition for binding with haem receptors and shows that
specific haem transport systems into or out of the cell may play
a role in the photoinactivation process. This is because bacteria
do not distinguish some MPs from their natural ligand, the
haem, and use them in their natural metabolic processes
leading to inhibition of cell growth and death. Previously
published data showed that only some MPs can do this, for
example, Ga>*PPIX** and Mn**PPIX.>* Here, we showed that
Ga**MPIX can also behave in a similar manner. Furthermore,
the molecular structure of the MPs to be used as a substrate for
the targeted delivery to bacterial cells is of primary importance.
Previously published data indicated that porphyrin ring ion
groups (carboxyl) have been shown to be important for
interactions with haem uptake systems. Replacing them with
esters that cannot be ionized has resulted in the loss of
selective uptake by haem extraction systems to the advantage
of nonspecific uptake.’* In our experiments, the transition from
more hydrophobic vinyl (in Ga**PPIX) to less hydrophobic
ethyl (in Ga**MPIX) groups in the porphyrin macrocycle
resulted in several different behaviors, including solubility,
absorption, but also accumulation and photoinactivation.

The two molecules Ga**MPIX and Ga**PPIX are similar in
terms of their general structure (the only difference being vinyl
vs ethyl groups) and production of singlet oxygen (in aqueous
solution), yet they differ in light-dependent (significantly) and
light-independent (slightly) activity. The observed difference
between the activity of both compounds without light is most
likely due to the more effective accumulation of Ga**PPIX than
Ga**MPIX (Figure 7) which results in a greater reduction in
the growth rate of bacterial cells (Figures 3 and 8). The
chemical modification of the porphyrin macrocycle seems to
alter the potency of these compounds to regulate haem
metabolism in vivo. Those molecules may differently react with
their molecular targets in the bacterial cells, which results in
the observed differences in the light-independent process.
However, the issue of light-dependent action of the two
compounds is more related to the biophysical properties of the
compounds themselves. First, the differences in absorption
spectra, although slight, are nevertheless noticeable. For
Ga*'PPIX, the absorption maxima in the Q band region are
Amae = 541 nm and A, = 580 nm, while the analogous
Ga**MPIX maxima are A, = 532 and A, = 570 nm and are
shifted toward shorter wavelengths. As a result, they better
match the emission spectrum of the LED lights we used. The
second and more important element explaining the different
effectiveness of both compounds is the solubility in aqueous
solutions. As is well known, porphyrin compounds do not
readily dissolve in aqueous solvents. In our experiments,
Ga**MPIX dissolved much better in the aqueous solution (0.1
M NaOH titrated to PBS) than Ga**PPIX. Ga**PPIX in 0.1 M
NaOH titrated to PBS generated a double peak, which is most
likely responsible for the appearance of oligomeric forms in the
solution (Figure S1). The addition of 50% DMSO shifted the
equilibrium of monomeric and oligomeric forms toward the
one resulting in a higher absorption signal (Figure S1) and
most likely corresponding to a monomer.”* Thus, the
difference in the structure of both compounds (ethyl vs.
vinyl groups) has a significant impact on their solubility in an
aqueous solution. This feature is extremely important from a
clinical point of view. From the available literature data, it
appears that the difference between the activities of porphyrin
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and mesoporphyrin was not that significant (estimated as at
most 1 log;,)°” as observed in our experimental setup. It is
worth noticing, however, that the elsewhere tested compounds
were dissolved in solutions with the addition of DMSO, which
strongly affects the solubility of protoporphyrin derivatives.
Because of the potential clinical use of aPDI, photosensitizing
compounds should be dissolved in aqueous solutions, avoiding
the use of organic solvents. In this case, Ga>*MPIX meets this
requirement and Ga**PPIX does not.

The recent study of Morales-de-Echegaray et al. revealed the
dual functionality of Ga*'PPIX. Despite gallium toxicity, these
compounds might also act as PSs in aPDI upon blue light
irradiation (405 nm, 140 mW/cm?) with maximal staph-
ylococcal reduction >6 log;, of bacterial viability.>* The
photodestruction was characterized as rapid (after 10 s of
irradiation), and authors suggested that high-affinity surface
hemin receptors such as the Isd system might have a role in the
process.”* Moreover, the Skaar group recently showed that
anti-Isd monoclonal antibody together with aPDI proved to be
effective against drug-resistant S. aureus in a murine model of
soft tissue infections.”® Based on the literature, the lack of iron
upregulates the gene expression of haem receptors of the Isd
system on the bacterial surface.”” This might be the possible
explanation for the higher aPDI efficiency, where Ga**MPIX is
recognized by Isd or Hts similarly to haem. We confirmed this
by studying aPDI in an Fe-dependent manner (Figure S), and
we observed the protective effect of haem in the process of
aPDI (Figure 6) or accumulation of Ga>*MPIX (Figure 7). In
our study, the impairment of haem surface receptors, such as
IsdD or HtsA, was manifested by a reduction in Ga**MPIX
accumulation as measured by two fluorescence methods. Based
on these results, we hypothesized that despite the ethyl instead
of vinyl groups in the side chains of the porphyrin structure,
Ga**MPIX is recognized by haem uptake receptors (mainly
Isd) and is a competitor of haem. Impairment in the HrtA
component of the efflux pump potentiated the effect of aPD],
and this effect was the most visible of all mutants tested,
although many factors could influence its efficacy.”” We
previously reported that increased aPDI eflicacy in AHrtA
mutant can also be observed because of physical changes in the
membrane composition and not the lack of functional
protein.”® The lipid content of the bacterial membrane might
also contribute to the observed result in Ga**MPIX-mediated
aPDL>” However, the substrate of the HrtAB efflux pump or
the molecular mechanism of detoxification of gallium MPs is
currently unknown, and further studies in this area should be
encouraged.

Most studies on the antimicrobial activity of Ga**PPIX were
conducted in a light-independent manner.”**’*° Light-
dependent action was demonstrated only for blue light with
excitation in the Soret band (~405 nm).”*** In this study, we
propose the excitation of Ga**MPIX within one of the Q-bands
using green light. Green light ensures deeper tissue penetration
than blue light while preserving sufficient energy to activate the
compound. Moreover, the green LED lamp (4,,,x = 522 nm)
exhibits a low light toxicity level toward bacterial cells
themselves, as demonstrated in our current study. In light-
only treatments, there was no pronounced excitation of
endogenous porphyrins, so the aPDI effect was related to
only exogenously applied PSs. In the case of Ga’*MPIX-
mediated aPDI, we observed a maximal reduction in bacterial
viability in the range of 3—6 log,, (2—5 log,, after a wash).
This indicates that Ga>*MPIX has good efficiency against S.
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aureus compared to other Ga**PPIX excited with a shallow
penetrating blue light.”>>> Because of the use of green light, it
is potentially possible to photoinactivate bacteria that
penetrate deeper layers of the skin than blue light. Verifying
such an approach, however, would require additional research
on more complex in vivo models.

Iron starvation alters bacterial metabolism by changes in the
expression of several staphylococcal genes involved in iron
acquisition, glycolysis, and virulence via a Fur-mediated
mechanism. These changes are related to different colony
phenotypes known as SCVs.® Based on previous research,
MPs such as Ga’>*PPIX induced this phenotype by inhibiting
respiration or inducing oxidative stress, which was indistin-
guishable from genetic SCVs.”> The SCV phenotype appears
to be responsible for chronic and recurrent infections and is
also highly resistant to antibiotics.”” We observed the presence
of the SCV phenotype during 16—20 h of light-independent,
constant cultivation of bacteria with Ga**MPIX (Figure S4A—
C). At the same time, it is worth noting that the exposure to
Ga**MPIX caused sensitization of SCVs to light and, as a
result, the eradication of microbial cells upon green light
(Figure S4D—F).

Red light is usually employed in photodynamic applications
of porphyrins because of the depth of tissue penetration
(dermis layers). The use of green light to treat superficial skin
lesions seems particularly attractive. Because green light does
not penetrate as deeply into the skin as red light causes much
less pain during the irradiation in patients.” It penetrates only
the epidermis without irritating the nerve fibers. Ga*"MPIX
can be efficiently activated by green light without causing
extensive and prolonged phototoxicity against HaCaT cells.
Although, under our experimental conditions the observed
phototoxicity seems to be higher compared to Ga®*PPIX
published by others, where only minor phototoxicity was
observed after blue light activation.”* Ga**MPIX under
photodynamic treatment does not promote extensive photo-
toxicity against human keratinocytes; however, cells exhibit a
slower proliferation rate than untreated cells. The cells with
moderate or none photodamage resume growth and divide
thus indicating that there is a place here for “therapeutic
window.” The observed growth delay was not prolonged.
These in vitro experiments confirmed the safety of Ga>*MPIX-
mediated aPDI application to further studies on ex vivo models
(e.g, porcine skin) or in vivo models (e.g, mouse models).

Research on photosensitizing compounds using natural
bacterial cell transport systems is an extremely interesting
path in the development of targeted PDI. The Trojan Horse
strategy based on haem analogues, proposed years ago,”
shows that discrete changes in the structure of PS molecules
can significantly affect its properties and enable further
development of this strategy against S. aureus infections.

B CONCLUSIONS

In conclusion, Ga**MPIX acts in two ways: independent of
light (by blocking iron metabolism) or dependent on light
(photodynamic action). This type of two-way mechanism of
action provides very good protection against the selection of S.
aureus mutants resistant to photodestruction. This study
demonstrated that green light excitation of Ga’>*MPIX in the
Q_band absorption area resulted in eradication of bacteria
(reduction >Slog;y CFU/mL) while maintaining relative safety
for the eukaryotic cells tested. We have demonstrated that
Ga**MPIX-mediated aPDI exhibits Fe-dependent efficiency,
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and haem has a protective effect, indicating the importance of
specific haem transport systems in the aPDI system under
study. We have shown that Ga**MPIX, with ethyl groups in the
porphyrin macrocycle instead of vinyl groups present in
Ga*PPIX, can be recognized by haem uptake machinery,
preferably by Isd. Impairment in the HrtA efflux pump turned
out to be the most sensitive to aPDI with Ga**MPIX. This
study showed that despite the structural changes around the
porphyrin ring, Ga**MPIX was able to sustain its dual
functionality. In addition, these changes can improve other
properties of the compound, such as a higher efliciency in the
photodynamic action.
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4. Publication no. 2

Photoactivated Gallium Porphyrin Reduces Staphylococcus
aureus Colonization on the Skin and Suppresses Its Ability to
Produce Enterotoxin C and TSST-1

4.1 Summary of the publication

Atopic dermatitis (AD) is a multifactorial, chronic inflammatory skin disease
129, Mutations resulting in the lack of functional filaggrin, a protein responsible for
epidermal integrity, are a common risk factor for the development of atopic
dermatitis 30, There is a strong correlation between Staphylococcus aureus
colonization and the occurrence of mutations in filaggrin. More than half of AD
patients carry S. aureus 19131132 Thig bacterium that resides on atopic skin often
produces a variety of toxins, that cause excessive activation of the immune system
and more severe inflammation 133, Staphylococcal enterotoxin C (SEC) and toxic
shock syndrome toxin 1 (TSST-1) act as superantigens, excessively stimulating T-
cells to produce proinflammatory cytokines, e.g. interleukin 2 (IL-2) 134,

The purpose of this study was to evaluate the antimicrobial efficacy of two
modified gallium(III)-coordinated porphyrins, Ga3*MPIX and cationic Ga3*CHP,
after excitation with green light, against several clinical isolates of S. aureus from
patients with AD. In addition, the efficacy of the combination of gallium(III)-
coordinated porphyrins and green light was evaluated for its ability to reduce S.
aureus virulence based on the analysis of two relevant virulence factors: SEC and
TSST-1. The last goal was to assess the phototoxicity of both compounds in the action
of aPDI on human keratinocytes with silenced expression of the filaggrin gene as a
simplified model of atopic skin.

Novel gallium(III)-coordinated porphyrin — cationic Ga3*CHP was
synthesized by our collaborators as a part of the NCN Sheng project. This compound
possesses two positively charged quaternary ammonium groups that increase its
water solubility and improve the antimicrobial efficacy 9. Despite modifications,
Ga**CHP maintained dual-functionality at light-dependent and light-independent
action. Ga3*CHP itself was a safe and biocompatible compound studied in the in vivo
mouse model 2. When Ga3*CHP was excited in the Q-bands with green light, the PS
effectively photogenerated singlet oxygen and also produced low but measurable
levels of superoxide anion radicals. Ga3*CHP-mediated aPDI exhibited
significantly higher efficacy against both suspension and biofilm cultures
of S. aureus compared to Ga3*MPIX-mediated aPDI. Higher efficacy of
Ga3*CHP-mediated aPDI was obtained with much lower concentrations and light
doses (reduced irradiation time) than in Ga**MPIX-mediated aPDI. Also, Ga3*CHP
and green light decolonized S. aureus biofilm produced on an ex vivo porcine skin
model. The proposed explanation of this predominant aPDI efficacy of cationic
Ga**CHP was its higher intracellular accumulation. The compound recognition
depended on iron and heme availability, and the Isd system was involved in its
recognition and acquisition. The impairment in HrtA ATPase of the heme efflux
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pump was the most responsive phenotype in Ga3*CHP-mediated aPDI, indicating
that toxicity of gallium metalloporphyrins might be elevated by blocking the heme
detoxification system. Addition of two quaternary ammonium moieties to the
gallium(IIl)-coordinated porphyrins structure did not change the
recognition of the compound as heme analog, however it improved
antimicrobial action in light-dependent process.

Green light excitation for the photodynamic process of Ga3*CHP also
impacted the staphylococcal enterotoxin in the gene expression pattern,
protein production, and activity. Sublethal doses of aPDI decreased sec gene
expression and slightly upregulated the st gene. However, pre-treatment of either
SEC or TSST-1 toxin decreased its biological activity reflected as decreased IL-2
production by toxin-exposed PBMC fraction.

The eukaryotic safety of aPDI based on the combination of Ga3*CHP and
green light for keratinocytes with filaggrin expression was also investigated. The
study compared the effect of both compounds and light doses, which showed the
highest effectiveness against S. aureus. Based on survival analyses and real-time
cell growth, it was found that Ga3*CHP-based aPDI was less toxic than
Ga3*MPIX-based treatment. Despite this, both cell lines eventually reached a
plateau phase after exposure to aPDI. Green light with Ga3*MPs can be used despite
variable filaggrin expression levels, but more complex models, e.g., in vivo skin
infection mouse model, should be considered in further studies of atopic dermatitis
In conclusion, excitation of cationic Ga3*CHP in the Q-bands region is
effective in eliminating S. aureus - for example in the decolonization of the
atopic skin. This was the first published study to investigate phototoxicity and
safety of aPDI treatment with the green light on the atopic dermatitis model.
Reducing the activity of staphylococcal enterotoxins as superantigens might be
beneficial in lowering inflammatory responses in patients with AD. The aPDI
approach using green light is much safer and may provide a therapeutic alternative
to blue light excitation. In addition, applying the green light may be a key to
eliminating the pain factor of highly sensitive atopic skin; however, more advanced
animal skin models should be used to evaluate its potential 7.
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Colonization on the Skin and Suppresses Its Ability to Produce
Enterotoxin C and TSST-1
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ABSTRACT: Staphylococcus aureus is a key pathogen in atopic
dermatitis (AD) pathogenicity. Over half of AD patients are carriers
of S. aureus. Clinical isolates derived from AD patients produce
various staphylococcal enterotoxins, such as staphylococcal enter-
otoxin C or toxic shock syndrome toxin. The production of these
virulence factors is correlated with more severe AD. In this study, we
propose cationic heme-mimetic gallium porphyrin (Ga’*CHP), a

Atopic skin

«d

novel gallium metalloporphyrin, as an anti-staphylococcal agent that «5 .
functions through dual mechanisms: a light-dependent mechanism - @ Reducton n survival
(antimicrobial photodynamic inactivation, aPDI) and a light- RS Y

independent mechanism (suppressing iron metabolism). Ga**CHP 00 sumbucluns | g O T

has two additive quaternary ammonium groups that increase its

Inhibition of
staphylococcal toxin

activity

water solubility. Furthermore, Ga>*CHP is an efficient generator of
singlet oxygen and can be recognized by heme-target systems such as
Isd, which improves the intracellular accumulation of this compound. Ga**CHP activated with green light effectively reduced the
survival of clinical S. aureus isolates derived from AD patients (>S5 log;, CFU/mL) and affected their enterotoxin gene expression.
Additionally, there was a decrease in the biological functionality of studied toxins regarding their superantigenicity. In aPDI
conditions, there was no pronounced toxicity in HaCaT keratinocytes with both normal and suppressed filaggrin gene expression,
which occurs in ~50% of AD patients. Additionally, no mutagenic activity was observed. Green light-activated gallium
metalloporphyrins may be a promising chemotherapeutic to reduce S. aureus colonization on the skin of AD patients.

KEYWORDS: antimicrobial treatment, atopic dermatitis, photodynamic inactivation, reactive oxygen species, superantigens

1. INTRODUCTION

The ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa, and Enterobacter species) are the leading
cause of infections throughout the world. Staphylococcus aureus
is a Gram-positive bacterium and a key member of the
ESKAPE superbugs, which are considered a dynamic group of
emerging antimicrobial-resistant pathogens.' S. aureus produ-
ces a range of virulence factors, such as staphylococcal
enterotoxins (SEs), that increase its virulence and pathoge-
nicity.””> SEs such as staphylococcal enterotoxin C (SEC) or
toxic shock syndrome toxin (TSST-1) are potent, nonspecific
superantigens that stimulate over 50% of the T-cell pool.” SEs

AD is a multifactorial chronic inflammatory skin disorder
that affects both adults and children, and its occurrence has
increased over the last decade.”® Crucial factors involved in
AD development are genetic background, immune system
disorders, and defects in the epidermal barrier.” These factors
influence the skin microbiome.”® Compared with healthy
individuals, AD patients show higher colonization levels of
methicillin-resistant S. aureus (MRSA) strains. Approximately
55% of AD patients are persistent carriers of S. aureus.'’
Staphylococcal colonization might be related to changes in skin
pH and low levels of ceramides and antimicrobial peptides.’
There is also a correlation between a mutation in the filaggrin

aggravate and enhance inflammation in atopic dermatitis (AD) Received: May 5, 2023
patients.” Clinical isolates of S. aureus derived from AD Revised:  August 21, 2023
patients are a genetically heterogeneous population in terms of Accepted:  August 22, 2023
the presence of superantigen genes. AD patients are a source of Published: September 1, 2023
specific isolates that are more potent in colonizing AD skin and

oo . 67
altering immunological responses.
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gene (FLG) and increased S. aureus colonization on the skin of
AD patients."' Many cohort studies have demonstrated that
25—50% of AD patients possess a mutation in the FLG gene."”
Filaggrin is a key protein that maintains proper hydration and
epidermal integrity by cross-linking keratin filaments. Lack of
this protein significantly enhances allergen and microbial
penetration into the skin."'*

Antimicrobial AD treatment is not yet predominant due to
the multifactorial nature of the disease. Antibiotic therapy
remains the gold standard treatment for fighting staphylococcal
infections in AD patients. However, the number of available
and effective antimicrobials is shrinking due to increasing
antimicrobial resistance. Antimicrobial photodynamic inactiva-
tion (aPDI) might be an alternative way to reduce S. aureus
colonization on atopic skin. This approach is based on three
components: oxygen, light at the proper wavelength, and a
compound known as a photosensitizer (PS). Briefly, under
light illumination, the PS is excited to its triplet state, and then
two types of mechanisms can occur. In the type I mechanism,
electrons are transferred between the excited PS and
biomolecules to produce cytotoxic reactive oxygen species
(ROS) such as the superoxide anion, hydrogen peroxide, and/
or hydroxyl radicals." In the type II reaction, singlet oxygen is
produced by transferring energy of the excited PS to molecular
oxygen. To date, there has been no evidence of antimicrobial
resistance to aPDL'® Gallium metalloporphyrins (Ga**MPs)
are effective PSs in aPDI against S. aureus despite divergent
multidrug responses.'” Ga>*MPs are dual-function compounds
that act according to light-independent and light-dependent
mechanisms, and they mimic their natural analogue—heme."'*®
On the staphylococcal membrane, there are two types of heme
acquisition receptors, isd (iron-surface determinate) or hts
(heme transport system), that can recognize Ga>*MPs in the
same manner as heme, allowing Ga**MPs to accumulate inside
the cell.'” After cleavage of the porphyrin ring, gallium ions are
released and inhibit iron-dependent metabolic pathways.
Moreover, there are reports stating that Ga**MPs could be
detoxified in a manner similar to heme by the heme-regulated
transporter HrtAB efflux pump.”” Ga**MPs have photo-
dynamic potential after illumination at the proper wavelength
in the Soret or Q band area, which are the high- and low-
energy parts of the porphyrin absorption spectrum, respec-
tively.'”?® In addition, they have additive quaternary
ammonium groups that increase their water solubility.
Moreover, a previous study showed that this compound was
effective in iron-blocking antibacterial therapy against Gram-
positive and Gram-negative bacteria with visible light
irradiation in the area of the Soret band.”' Our previous
study reported that structural changes such as vinyl to ethyl
groups in the structure of the porphyrin ring of gallium
mesoporphyrin IX (Ga**MPIX) did not change the recog-
nition of the compound, although the aqueous solubility was
increased and a shift in the absorbance spectrum was observed.
Additionally, these changes improved the efficacy of aPDI
against S. aureus under illumination with green light in the Q
band region.”” Using the wavelengths nearest to the visible
green light might be a crucial therapeutic strategy for treating
AD due to deeper light penetration through the epidermal
barrier.””

In this work, the photoexcitation of Ga**CHP (Figure 1)
was studied under 522 nm illumination to characterize the
photodynamic potential of this compound. Furthermore, we
investigated whether the presence of two additive quaternary
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Figure 1. Chemical structures of Ga**MPIX (A) and Ga**CHP (B)
drawn in ChemSketch.

ammonijum groups could affect the recognition of the
compound by heme acquisition receptors and detoxification
machinery. The efficacy of aPDI of both gallium compounds,
Ga*CHP and Ga*>*MPIX (Figure 1), was examined against S.
aureus clinical isolates derived from AD patients in planktonic
culture and ex vivo porcine skin models. The mutagenicity and
safety of the compounds in keratinocytes with divergent
filaggrin expression were also investigated. Finally, the effect of
aPDI with both gallium compounds on the gene expression,
protein production, and biological activity of two virulence
factors, SEC and TSST-1, was investigated.

2. MATERIALS AND METHODS

2.1. Bacterial Strains and Growth Conditions. Bacterial
strains are listed in Table 1. S. aureus cultures were grown in
trypticase soy broth (TSB, bioMérieux, France) or TSB
pretreated with Chelex-100 resin (Sigma-Aldrich, USA) in an
iron-depleted medium at 37 °C on trypticase soy agar-coated
plates (TSA, bioMérieux, France) with shaking (150 rpm).
Erythromycin (10 ug/mL) was added to the cultivation
medium of the S. aureus AlsdD mutant strain. Glycerol stocks
of E. coli and S. typhimurium and the necessary growth media
for mutagenicity testing were purchased from commercially
available Ames Penta 2 (Xenometrix, Allschwil, Switzerland).

2.2, Cell Cultures and Growth Conditions. The human
immortalized keratinocyte HaCaT cell line was used in this
study. Cells were either treated with empty vector (sc-108080,
FLG ctrl) or infected with lentiviral particles containing FLG
shRNA (sc-43364-V) to construct FLG knockdown (FLG sh)
cells.”® Cells were grown in a standard humidified incubator at
37 °Cina 5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS), 4.5 g/
L glucose, 1 mM sodium pyruvate, 100 U/mL penicillin, 100
pug/mL  streptomycin, 2 mM L-glutamine, and 1 mM
nonessential amino acids (Gibco, Thermo Fisher Scientific,
USA).

Human PBMCs were purified from the blood samples of
healthy donors obtained from the Buffy Coat Blood Bank.
Cells were harvested using Lymphoprep (Stemcell, Grenoble,
France) and frozen at —80 °C until the experiment. PBMCs
were cultivated in RPMI-1640 medium (Sigma-Aldrich, USA)
with the addition of the supplementary cell growth additives
mentioned above.

2.3. Chemicals. Ga’" mesoporphyrin IX chloride
(Ga**MPIX; Frontier Scientificc USA) was prepared as
previously described (Figure 1A).”° Ga*>* CHP was synthesized,
and its structure is described by Zhang et al. (Figure 1B).”!
Five millimolar stocks of Ga**CHP were prepared in Milli-Q
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Table 1. Bacterial Strains Used in This Study”

species strain characteristic of strain presence reference
of SAg
genes
3N AZS clinical isolate, MSSA; sea (+), Department of Dermatology,
spa type: t091; MLST-CC type: CC7 sec (1),
sed (+) Venerology, and Allergology,
5N AZS clinical isolate, MSSA; sec (1), Medical University of
spa type: t2223; MLST-CC type: tst (+)
CC45 Gdanisk
38N AZS clinical isolate, MSSA; -)
spa type: t091; MLST-CC type: CC7
2 XEN40  clinical, bioluminescence isolate sea (1), PerkinElmer, USA
N derived from the parental strain S.
S aureus UAMS-1 tst (+)
%
25923 reference strain ©) ATCC®, USA
Newman wild-type (WT) strain =) 23
AHrtA AhrtA via allelic replacement =) 24
AHtsA AhtsA via allelic replacement =) 23
AlsdD isd-erm “-) 19
= wp2 deletion of uvrd “)
S urA
S|
s TA1535  deletion of uvr4 and rfa -) .
3 Xentometrix
=
=
£ (Switzerland)
i
=
%

“Legend: MSSA—methicillin-sensitive Staphylococcus aureus, SAg—superantigens; sea, sec, sed, tst—staphylococcal enterotoxin A, C, D, and toxic

shock syndrome toxin 1; (—)—absence of SAg genes.

water and kept in the dark at room temperature. Heme
(Sigma-Aldrich, USA) was dissolved in a 0.1 M NaOH
solution and kept in the dark at 4 °C.

2.4. Light Source. In this study, we used a light-emitting
diode (LED) light source emitting green light (4., = 522 nm,
irradiance = 10.6 mW/cm? FWHM = 34 nm) (Cezos, Poland)
(Figure 2). The irradiation time ranged from 2.5 to SO min.
During irradiation, no heat was generated (Figure S1).

= Ga** CHP
= Ga’>* MPIX
— Green LED Light

T T 1
450 500 550 600
Wavelength [nm]

Figure 2. Absorbance spectra of Ga**CHP and Ga**MPIX [10 uM]
with the emission spectrum of a green light source used in this study
(Amax = 522 nm, FWHM = 34 nm).

2.5. Characterization of the Photodynamic Properties
of Ga**CHP. The quantum yield of Ga**CHP-mediated
singlet oxygen photogeneration in phosphate-buffered D,O
was determined by comparing the initial intensities of 1270 nm
phosphorescence induced by photoexcitation of both the
standard rose bengal (RB) (for which the established quantum
yield of singlet oxygen generation is 0.75) and the experimental
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photosensitizer Ga**CHP with 540 nm laser pulses of
increasing energies using neutral density filters. Time-resolved
singlet oxygen phosphorescence induced by excitation of
solutions of Ga>* CHP or RB, adjusted to the same absorbance
at 540 nm, with nanosecond laser pulses generated by an
integrated DSSNd:YAG laser system equipped with a narrow
bandwidth optical parametric oscillator (NT242-1k-SH/SFG;
Ekspla, Vilnius, Lithuania), was detected by a photomultiplier
module H10330-45 working in the photon counting mode
(Hamamatsu Photonics K. K., Hamamatsu City, ]apan),
equipped with a 1100 nm cut-off filter and additional dichroic
narrow-band filters NBP, selectable from the spectral range
1150—1355 nm (NDC Infrared Engineering Ltd., Bates Road,
Maldon, Essex, UK). Data were collected using a computer-
mounted PCl-board multichannel scaler (NanoHarp 250;
PicoQuant GmbH, Berlin, Germany). Data analysis, including
first-order luminescence decay fitted by the Levenberg—
Marquardt algorithm, was performed by custom-written
software.

Electron paramagnetic resonance (EPR) spin trapping was
carried out using 100 mM $,5-dimethyl-1-pyrroline N-oxide
(DMPO) (Dojindo Kumamoto, Japan) as a spin trap. Samples
containing DMPO and approximately 0.1 mM PSs in 75%
dimethylsulfoxide (DMSO) with an adjusted neutral pH were
placed in 0.3 mm-thick quartz EPR flat cells and irradiated in
situ in a resonant cavity with 540 nm green LED light. The
EPR measurements were carried out using a Bruker-EMX AA
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spectrometer (Bruker BioSpin, Germany) with the following
apparatus settings: 10.6 mW microwave power, 0.05 mT
modulation amplitude, 332.4 mT center field, 8 mT scan field,
and 84 s scan time. Simulations of EPR spectra were
performed with the EasySpin toolbox for MATLAB.

2.6. Antimicrobial aPDI. Photoinactivation experiments
were performed as previously described.” Briefly, S. aureus was
grown in either full TSB medium or TSB pretreated with
Chelex-100 resin to chelate iron ions (Sigma-Aldrich, USA) for
16—20 h. Cultures were diluted to 10 CFU/mL (0.5
MacFarland units), and then 90 uL of bacterial aliquots was
transferred to a 96-well plate with the addition of 10 uL of
either pure medium or PS (Ga**MPIX or Ga**CHP). For the
heme competition assay, Ga>*CHP was mixed with heme at a
ratio of 1:1 (v:v) at different concentration ratios, and then the
aPDI protocol was followed. The aPDI samples were incubated
at 37 °C with shaking in the dark for 10 min and illuminated
with the light source (Table 2). Serial dilutions of aliquots
were prepared and plated on TSA plates to calculate the
colony-forming units (CFU/mL).

Table 2. Light Doses and Corresponding Irradiation Times
Used in This Study

light dose [J/cm?]

irradiation time [min]

1.59 2.5
3.18 N

6.4 10
12.72 20
19.08 30
31.8 S0

2.7. Accumulation of PS. The intracellular accumulation
of each photosensitizer was determined according to our
previously published protocols.””*® Both compounds (1—10
uM) were added separately to bacterial aliquots to produce a
final volume of 800 uL. In the heme competition assay,
Ga>*CHP was mixed with heme in a 1:1 volume ratio (v/v) at
different concentration ratios [yM:uM]. Bacterial suspensions
were incubated for 10 min at 37 °C in the dark with shaking.
Ten microliters of bacterial suspensions was then collected for
a serial dilution to count CFU/mL. The cells were then
centrifuged and washed twice with PBS. Cells were
resuspended in lysis buffer (0.1 M NaOH/1% SDS) and
kept for 24 h at room temperature. The fluorescence intensity
of each sample was measured with an EnVision Multilabel
Plate Reader (PerkinElmer, USA) at the following emission/
excitation wavelengths: Ga*MPIX at 406/573 nm and
Ga**CHP at 406/582 nm. Accumulation calculations for
each PS were made from a compound calibration curve
prepared in the lysis solution. The uptake values are presented
as PS molecules accumulated per cell based on the previously
shown formula.”® The molecular weight of Ga**CHP was
calculated to be 907.08 g/mol and that of Ga’*MPIX was
calculated to be 669.85 g/mol.

2.8. aPDl in an Ex Vivo Porcine Skin Model. Ex vivo
porcine skin was collected and cut into 2 X 2 cm skin grafts.
They were then treated twice with 70% ethanol for 1S min,
followed by PBS washing. To enhance skin decontamination
before the procedure, grafts were treated with UV radiation for
15 min on each side. The grafts were then plated on a HEPES
agar solid medium (10 mM HEPES, 136 mM NaCl, 4 mM
KCl, 10 mM glucose, 1% agar). Overnight cultures of the
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bioluminescence strain of S. aureus Xen40 were diluted to a 0.5
MacFarland standard, and 100 uL of the bacterial suspensions
was inoculated on the grafts. Bacteria were incubated at 37 °C
for 24 h. The bioluminescent signal of each graft was measured
by ChemiDoc XRS+ (Bio-Rad, USA) and referred to as the
“before” measurement. Then, 200 uL of a 10 uM Ga**CHP
solution or sterile Milli-Q water was placed on the infected
skin and incubated in the dark for 10 min. The skin was then
exposed to green light or left in the dark. The bioluminescence
signal was measured immediately after each treatment, referred
to as the “after” measurement. The bioluminescence signal for
each treatment at the appropriate time point was calculated
using ImageJ software. The change in bioluminescent signal
was measured for each condition the experiment was
independently repeated in triplicate.

2.9. Prokaryotic Mutagenicity. The mutagenicity anal-
ysis was performed using a commercially available Ames Penta
2 kit (Xenometrix, Allschwil, Switzerland), and all steps
followed the manufacturer’s protocol. The day before the
experiment, three independent biological cultures of each
indicator strain of Escherichia coli uvrA or Salmonella
typhimurium TA1535 were prepared. After 14 h of incubation
at 37 °C with shaking, the cultures were diluted in exposure
medium and treated with Ga**MPIX or Ga**CHP. The
cultures were allowed to incubate in the dark for 10 min and
then irradiated with green light at the proper dose. For positive
controls, cultures were treated with mutagenic chemicals such
as N4-aminocytidine (N*-ACT) for S. typhimurium TA1535
and 4-nitroquinoline-N-oxide (4-NQO) for E. coli uvrA. Cells
incubated without a compound and without light exposure
were used as negative controls. All treatments were incubated
for 90 min after mutagen or aPDI treatment. Exposure medium
was then added to all samples, and 50 uL of each sample was
aliquoted into 384-well plates. All microplates were covered
with sterile foil and incubated for 48 h at 37 °C. The number
of revertants after each treatment was counted following the
incubation period. This experiment was performed with three
independent biological replicates that each had three technical
replicates of each treatment group.

2.10. Photo- and Cytotoxicity Assays on Human
Keratinocytes. HaCat cells with silenced expression of FLG
(FLG sh) and normal FLG gene expression (FLG ctrl) were
tested for photo- and cytotoxicity using the MTT assay and
cell growth dynamics using the xCELLigence real-time cell
analyzer (RTCA) device (ACEA Biosciences Inc., USA). In
the MTT assay, cells were seeded the day before the
experiment at a density of 1 X 10* cells per well in 96-well
plates. Cells were divided into two plates for light treatment
and dark control. Cells were grown in a standard humidified
incubator at 37 °C in a 5% CO, atmosphere in DMEM.
Ga>*MPIX or Ga**CHP was added to the cells to a final
concentration of 10 M and then incubated for 10 min at 37
°C in the dark. After incubation, the medium was changed to
fresh PS-free DMEM. Next, cells were irradiated with light at
522 nm with established doses for each PS, 31.9 J/cm® for
Ga**MPIX, and 1.59 J/cm2 for Ga>*CHP. MTT reagent was
added to cells 24 h posttreatment, and after 4 h of incubation,
the cells were lysed, and the absorbance of the released
formazan was measured with a plate reader at 550 nm.

For real-time analysis of cell growth dynamics, each cell line
was seeded the day before treatment in seven technical
replicates for each condition at a density of 1 X 10* per well on
an E-plate (ACEA Biosciences Inc., USA). Cells were grown in
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Figure 3. Photodynamic properties of Ga**CHP under green light illumination. (A) Efficiency of singlet oxygen photogeneration by Ga**CHP
compared to that by the standard RB. Measurements of singlet oxygen photogeneration were performed in deuterium oxide (D,O). Samples were
excited at 540 nm laser light. Maximum power density was ca. 7 mW/cm’; the laser emits the beam at a frequency of 1 kHz, which gives about 7
uJ/cm’® of each pulse (this is as 100% on the graph). (B) Detection of the superoxide anion generated by Ga**CHP by EPR spin trapping using

DMPO as a spin trap dissolved in 75% DMSO.

a standard humidified incubator at 37 °C and a 5% CO,
atmosphere in DMEM on the xCELLigence device. When the
cell index (CI) was in the range of 1.5-2.0, the cells were
treated with aPDI. The appropriate photosensitizer was added
to the cells at a concentration of 10 yuM and incubated for 10
min in the dark at 37 °C. The medium was then changed to
PS-free DMEM. Test cells were exposed to green light either at
31.9 ]/Crn2 for Ga>**MPIX or at 1.59 ]/cm2 for Ga’>*CHP, while
control cells (treated with PS alone) were kept in the dark
outside of the incubator for the same time as irradiation. After
treatment, the plates were returned to the xCELLigence
instrument, and the CI was measured every 10 min.
Experiments were carried out until a plateau phase was
reached.

2.11. qRT-PCR Gene Expression Analysis. RNA
isolation and purification, reverse transcription, and gPCR
were performed according to previously published data.””
Briefly, RNA was isolated and purified from the S. aureus S N
isolate (ODgqo = 0.5) after samples were treated with sublethal
doses of aPDI (reduction in bacterial cell count ~0.5 log,
units) using a Syngen Blood/Cell RNA Mini Kit (Syngen,
Poland). The TranScriba kit (A&A Biotechnology, Poland)
was used to transcribe the RNA to complementary DNA
(cDNA). gPCR assays were performed using a LightCycler
480 II (Roche Life Science, Germany). The reaction mixture
(10 pL total) consisted of 5 uL of Fast SG qPCR Master Mix
(EURx, Poland), 200—400 nM of each primer (TIB
MOLBIOL, Germany) (Table S1), nuclease-free water, and
1 uL of fivefold dilution of cDNA. The following steps were
implemented (Table S2). Melting curve analysis was carried
out to exclude primer-dimer formation or nonspecific
amplification. Relative changes in the expression of the sec,
tst, srrA, and srrB genes were normalized to the gmk reference
gene.

2.12. Western Blot Imnmunodetection. S. aureus 5 N was
grown in TSB until the logarithmic phase of growth was
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reached (ODgy, = 1.5), diluted 10X in TSB, and then treated
with sublethal conditions of aPDI using each of the test
compounds to obtain a reduction in bacterial cell count of ~1
log,, unit. After irradiation, bacterial supernatants were
harvested 1 h after treatment. aPDI-treated and untreated
supernatants were mixed 1:1 (v/v) with 2X Laemmli buffer
(Bio-Rad, USA) supplemented with f-mercaptoethanol
(Sigma-Aldrich, USA). Samples were heated to 95 °C for §
min, centrifuged (13,200 rpm/min), and stored at —20 °C.
The total protein concentration in the tested samples was
determined with the RC DC Protein Assay kit I (Bio-Rad,
USA) based on a standard curve prepared from the y-globulin
protein standard (Bio-Rad, USA). SEC or TSST-1 (Toxin
Technology, Inc., USA) standard proteins and lysates were
separated by SDS-PAGE at 180 V for 1 h and then wet
transferred to PVDF membranes (Bio-Rad, USA) for 1 h at
100 V. The membrane was washed twice with TBS buffer
(0.01 M Tris—HCI, pH 7.5, 0.05 M NaCl) and then incubated
in TBS-T (TBS buffer with 0.5% (v/v) Tween 20,
CHEMPUR, Poland) suspended in a 1% solution of skim
milk powder for 30 min. After washing with TBS, the
membrane was incubated with primary rabbit antibodies
against the toxins (1:10,000) (Toxin Technology, Inc., USA)
overnight at 4 °C with gentle shaking. The membrane was then
washed three times with TBS and incubated with anti-rabbit
alpaca secondary antibodies labeled with HRP (1:10,000 in
TBS-T with 1% milk) (Jackson ImmunoResearch Laboratories
Inc,, USA) for 30 min with shaking at room temperature.
Excess antibodies were removed by washing three times with
TBS-T for S min, and residual detergent was removed by
washing twice with TBS. Membranes were placed in the
ChemiDoc XRS+ gel documentation system and visualized
using the Clarity Max membrane reagent (Bio-Rad, USA).
2.13. IL-2 ELISA. Human PBMCs were counted, diluted in
RPMI-1640 medium, and seeded at 1 X 10° per well in a 96-
well round-bottom plate (Corning, USA). aPDI-treated or
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Figure 4. Dependence of the Ga** CHP-mediated aPDI effect and intracellular accumulation on heme and iron. Experiments were conducted using
two S. aureus strains: 25923 (A—C) and Newman (WT) together with its isogenic mutants (AHrtA, AlsdD, and AHtsA) (D, E) in the presence
(+Fe) or absence (—Fe) of iron. (A) Effect of aPDI on bacterial survival after treatment with 1 4M Ga®>*CHP and green light in the presence or
absence of iron. Significance at the respective p values is indicated with asterisks (*p < 0.001). S. aureus 25923 cells cultured in the presence of iron
(+Fe) were used as a control. (B) Effect of aPDI on the different ratios of Ga** CHP to the natural ligand heme [¢M:uM]. Prior to the experiment,
bacterial cells were cultivated in medium without iron. (C) Intracellular accumulation of 10 uM Ga**CHP in S. aureus cultured with varying iron
levels in the medium and after the addition of 10 uM heme (corresponding to a PS:heme concentration ratio of 1:1). Significance at the respective
p values is indicated with asterisks (**p < 0.00S). S. aureus 25923 cells cultured in the absence of iron (—Fe) were used as a control. (D)
Phototreatment of the wild-type strain or deletion mutants (AHrtA, AlsdD, and AHtsA) with 1 uM Ga**CHP under green light irradiation (522
nm) in the presence of iron in the medium. Significance at the respective p values is indicated with asterisks (*p < 0.001) for S. aureus Newman
WT. (E) Ga**CHP uptake at 1 uM by the Newman S. aureus strain and its isogenic mutants in the presence of iron in the medium. All experiments
were conducted in three biological replicates, and the data are presented as the mean + SD. The dashed line (A, B, D) at 2 log;y CFU/mL is the
detection limit of the test.

untreated SEC or TSST-1 toxin (80 ng/mL) was added to Data were analyzed using either one-way or two-way ANOVA
PBMCs and incubated for 24 h at 37 °C in a 5% CO, with Dunnett’s multiple comparison test.
atmosphere. Afterward, the plate was centrifuged (300 X g/5
min/4 °C), and supernatants were collected and kept at —80 3. RESULTS
C for.further analysis. I.L-2 pr9duct10n measurements in each 3.1. Ga**CHP Is an Efficient Photogenerator of ROS
condition were determined with an IL-2 Human Uncoated . S .
) . i , under Green Light Illumination. We recently synthesized
ELISA Kit (Invitrogen, USA) according to the manufacturer’s 3+ _ . . .
. ; . ) Ga’*CHP, a novel antimicrobial compound, which comprises a
protocol. Three independent biological replicates of PBMCs hvrin i . 3+ )
porphyrin ring moiety, a Ga®* metal ion, and two quaternary

der1v§(.i from three different don.ors VYlth thrge technical ammonium groups at the ends, which significantly increased
repetitions of aPDI were used in this experiment. The the solubility of the compound in water compared to that of

absorbance at 450 nm was measured, and the signal was protoporphyrin IX loaded with gallium ions (Ga**PP) (40.3
calculated as IL-2 production based on the standard curve of mg mL™ for Ga®*CHP vs <0.1 mg mL™" for Ga®PP) (Figure

human IL-2. As a positive control, PBMCs were chemically 3).”' Here, we were interested in whether the newly

treated with 150 ng/mL phorbol 12-myristate 13-acetate synthesized Ga**CHP efficiently produces ROS upon visible
(PMA) (Sigma-Aldrich, USA) and 75 ng/mL ionomycin light excitation (522 nm). The quantum yield of singlet oxygen

(Sigma-Aldrich, USA). photogeneration of Ga’*CHP in comparison to the singlet
2.14. Statistical Analysis. Statistical analysis was oxygen photogeneration of standard RB is shown in Figure 3A.
performed using GraphPad Prism 9 (GraphPad Software, Ga®>"CHP exhibited singlet oxygen photogeneration at a yield
Inc,, CA, USA). Quantitative variables were characterized by of 0.55, indicating that during photodynamic action, this
the arithmetic mean and the standard deviation of the mean. compound efliciently generates singlet oxygen. Furthermore,
5113 https://doi.org/10.1021/acs.molpharmaceut.3c00399
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Figure 5. Photoinactivation of S. aureus isolates from patients with atopic dermatitis. Two photosensitizers, Ga>* CHP (A—C) and Ga**MPIX (D—
F), activated with green (522 nm) light were used to evaluate the effectiveness of aPDI on the survival of 3 N (A, D), SN (B, E) and 38 N (C, F)
isolates. The detection limit was 100 CFU/mL (dashed lines). Each experiment was performed in three independent biological replicates. The data
are presented as the mean + SD of three separate experiments. The dashed line at 2 log,; CFU/mL is the detection limit of the test.

by EPR spin trapping, we found a spin adduct with spectral
parameters consistent with that of DMPO-OOH, indicating
the photogeneration of superoxide anions, although at very low
yield, after green light irradiation with Ga*>*CHP in a mixture
of 75% DMSO (Figure 3B). The results suggested that
Ga**CHP is mainly a type II photosensitizer that uses the
energy transfer from the triplet state of the PS to produce
highly toxic singlet oxygen ('O,). Ga**CHP also generated
superoxide anions at a low but detectable level.

3.2. Ga*>*CHP Is Recognized and Accumulated by
Heme-Specific Receptors and a Heme-Specific Efflux
Pump. The modification of the core porphyrin ring with two
positively charged quaternary ammonium groups equipped the
molecule with the ability to efficiently bind negatively charged
bacterial surface, allowing the cells to efficiently accumulate the
PS via electrostatic interactions. We further wanted to
investigate whether Ga>’CHP could be actively accumulated
by staphylococcal cells similar to its structural analogue—
heme. We tested this in several experiments: (i) analysis of
aPDI in conditions of iron availability or absence, (ii)
intracellular accumulation of compounds, and (iii) use of
mutants with disabled heme transport proteins. We examined
the effect of aPDI with 1 yuM Ga**CHP and green light
illumination on bacterial survival using divergent iron
availability in the environment (Figure 4A). Iron starvation
potentiated the aPDI effect, showing a reduction in bacterial
survival of 4.5 log;, CFU/mL compared to bacteria cultured in
the presence of iron, showing a reduction in survival of only 1.5
log;o CFU/mL. Literature data indicated that in the absence of
iron, elevated production of heme transport proteins by
bacterial cells was observed; as a consequence, more of the
compound accumulated in the cells,”® which in our case
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resulted in increased aPDI efficiency. Higher aPDI efficiency in
iron-starved bacteria was reversed by the addition of iron-
containing heme. The addition of the same concentration (1
uM) or a 10-fold excess of heme significantly reduced the
effect of Ga’>"CHP-mediated aPD], indicating that both
compounds (heme and Ga**CHP) compete for the same
heme transport proteins (Figure 4B).

This was confirmed by the results of Ga**CHP accumu-
lation, which was significantly reduced in bacteria in the
presence of iron compared to lack of iron. Addition of heme,
competing with Ga**CHP for binding to heme transport
proteins, resulted in a significant reduction of Ga*'CHP
accumulation in an iron-depleted medium, confirming that
Ga**CHP is recognized by heme transport proteins (Figure
4C).

We further investigated the role of selected heme acquisition
(Isd or Hts) and heme detoxification (HrtAB efflux pump)
systems in aPDI (Figure 4D). Staphylococcal cells with an
impaired heme efflux pump (AHrtA) showed the most
sensitive phenotype to Ga**CHP-mediated aPDI, presenting
a decrease in bacterial survival by 5.3 log;, CFU/mL (Figure
4D). AlsdD cells lacking a functional heme acquisition
mechanism were the most tolerant to aPDI treatment among
the studied mutants, with only a 2.6 log;; CFU/mL reduction
in bacterial counts. This finding was also reflected in
intracellular accumulation of Ga**CHP, where efflux pump
impairment showed the greatest accumulation of the
compound, while the cells without IsdD demonstrated the
lowest accumulation (Figure 4E). In this case, we observed a
difference in accumulation, but statistical significance was not
reached. These results showed that heme-specific Isd receptors
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and the HrtAB efflux pump may be important for Ga**CHP
accumulation and phototreatment.

3.3. Ga*>'CHP Effectively Photosensitizes S. aureus
Isolates during Phototreatment. To determine whether
photoinactivation with Ga>*CHP is an effective treatment for
reducing S. aureus colonization in patients with AD, we first
investigated its efficacy against three clinical isolates of S.
aureus (Figure S). Photoinactivation of bacterial cells with S
UM Ga**CHP followed by irradiation (12.7 J/cm?®) resulted in
a reduction in the number of bacteria by ~5.5 log;, CFU/mL
for all tested strains. The concentration of the reference
metalloporphyrin Ga**MPIX had to be increased to 10 yuM
and the light dose to 31.8 J/cm® to observe a decrease in the
number of bacterial cells of the S N isolate below the detection
limit, while for the other two isolates tested, 3 and 38 N
reached a lethal efect (for 3 N — 2.5 log;, CFU/mL; for 38 N
— 2.6 log;y CFU/mL). The PS concentrations and doses of
green light used to achieve effective aPDI significantly differed
between the two compounds. A sufficient reduction in bacterial
cell number was obtained by Ga**CHP-mediated aPDI using
suitable conditions, and the irradiation time was shorter for
Ga**CHP-mediated aPDI than for Ga**MPIX-mediated aPDI.
A strain-dependent response to aPDI was also observed, with
the 5 N isolate being the most sensitive to aPDI regardless of
the PS used. We also tested the effectiveness of both
compounds against the biofilm formed by the clinical isolate
of S. aureus 5 N. In this case, we observed a Ga’>*CHP
concentration- and light dose-dependent reduction in the
number of biofilm-forming cells. In the case of biofilms, aPDI
using Ga**CHP proved significantly more effective than
Ga**MPIX (Figure S3).

To explain the superior efficacy of Ga** CHP-mediated aPDI
compared to that of Ga** MPIX-mediated aPDI, we compared
the intracellular accumulation of tested compounds across all
studied strains (Figure 6). Incubation of the cells with 1 M
PSs resulted in the accumulation of 10*—10° and 10° molecules
per cell for Ga*MPIX and Ga**CHP, respectively. After
increasing the concentrations of the tested compounds to 10
#M, Ga**CHP was strongly accumulated in each tested strain,
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Figure 6. S. aureus accumulation of the photosensitizers. The S. aureus
strains 3, 5, and 38 N were exposed to either Ga**MPIX or Ga>*CHP
for 10 min with shaking at 37 °C. Then, the cells were washed twice
to eliminate extracellular PS and resuspended in lysis buffer. After 24
h of incubation in the dark, the fluorescence of the lysates was
measured on a plate reader. The data are presented as the mean of
accumulated PS molecules from three biological repetitions,
calculated based on the standard curve of each compound in the
lysis buffer.
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reaching an order of magnitude of 10’—10° molecules per cell.
In comparison, the accumulation of Ga*>*MPIX at the same 10
UM concentration remained in the range of 10°—10° molecules
per cell. We also evaluated the accumulation of both
compounds in the S. aureus strain 25923 using fluorescence
confocal microscopy (Figure S2). Compared to Ga**MPIX,
Ga**CHP accumulated at significantly higher levels, which was
reflected by its higher fluorescence intensity. Undoubtedly, the
Ga*’CHP accumulation was higher than that of Ga**MPIX in
all tested strains, which explains its higher efficiency in aPDL

3.4. Ga’>*CHP-Based Photosensitization Reduced the
Viability of S. aureus in an Ex Vivo Porcine Skin Model.
To evaluate whether the significant reduction in viability
obtained in vitro could be translated into a more complex
biological system, we applied an ex vivo porcine skin model. In
this experiment, we used the bioluminescent S. aureus strain
Xen40 for the colonization of porcine skin ex vivo. After
establishing a biofilm on the surface of the skin (24 h post
bacteria application), Ga>*CHP was added and aPDI was
performed. The viability of bacteria was determined by
measuring the bioluminescence signal of S. aureus before and
after treatment with Ga*>*CHP alone, light alone, or combined
treatment (Figure 7A). The change in the bioluminescence
signal was calculated and is presented in Figure 7B. Untreated
cells and cells treated with Ga*>*CHP showed only slightly
altered bioluminescence signals, indicating that the bacteria
were still present on the skin. In contrast, the bioluminescence
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Figure 7. Evaluation of Ga**CHP-mediated aPDI treatment against
the S. aureus strain Xen40 in an ex vivo porcine skin model. (A)
Bioluminescent S. aureus strain was applied to clean porcine skin
grafts 24 h before treatment. Ga>*CHP was applied for 20 min and
incubated at 37 °C before irradiation (12.72 J/cm?). The
bioluminescence signal was measured before and immediately after
aPDI treatment (10 gM Ga**CHP, 12.72 J/cm?). (B) Bio-
luminescence was measured by ChemiDoc and Bio-Rad instruments
and calculated by Image] software. The change in the bioluminescent
signal was measured for each condition, and the average of three
independent biological replicates is presented in the graph. The data
are presented as the mean + SD of before vs after treatment.
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Figure 8. Examination of mutagenicity of photoinactivation with gallium metalloporphyrins. E. coli uvrA (A, B) and TA153S (C, D) strains were
exposed to both gallium compounds: Ga**MPIX (A, C) or Ga**CHP (B, D) either in the dark or under green light conditions. Additionally, two
types of controls were included: untreated cells (0 #M, 0 J/cm?) as the negative control and chemically induced revertants with 90 min incubation
with mutagens 4-NQO for E. coli uvrA or N*-ACT for TA1535 as positive controls. All treatment groups were incubated with mutagen or gallium
compound for 90 min at 37 °C. For the light-activated treatment groups, after 10 min of incubation with compounds, cells were exposed to green
light at the proper dosage and then incubated for 90 min. Then, exposure medium was added to the incubated cultures, and the samples were
divided into 384-well plates with each sample being distributed to 48 wells with three technical repetitions. The microplates were incubated for 48
h at 37 °C. The assessment of revertants was conducted by determining the change in exposure medium color (from blue to yellow) in each well.
Yellow color represented the occurrence of revertants. The experiment was performed in three biological replicates with three technical replicates of
each treatment group in each experiment. Data are presented as the mean + SD of the number of revertants. The dashed line indicates the level of
spontaneously formed revertants (baseline). Cyto- and phototoxicity of aPDI against indicator strains are presented in the Supporting Information
(Figure SS).

signal decreased after aPDI treatment, indicating a reduction in Ga**CHP, with or without exposure to green light to test
the viability of bacterial cells. Light-only treatment also the potential mutagenicity of the compounds independent of
exhibited a decrease in the bioluminescence signal, but the light and in a light-dependent manner (aPDI treatment). We
decrease was not as severe as that resulting from aPDI applied two types of aPDI conditions: (i) mild, in which the
treatment. Ga**CHP combined with green light irradiation reduction in S. aureus cell number did not exceed 1 log,, CFU/
might be a promising method for the reduction of S. aureus mL, and (ii) strong, in which the reduction in S. aureus cell
colonization on the skin. Although measurement of the number was at least 2 log,, CFU/mL. Thus, for each
bioluminescent signal indicated differences between aPDI compound, the aPDI conditions were different. At the same
treated and untreated samples, the values of the measured time, the aPDI doses would have to be sublethal for the
signal did not reach statistical significance. On the other hand, indicator strains (E. coli and S. typhimurium) in order for us to
the direct method of counting bacterial cells before and after determine the number of revertants formed (Figure S5). Based
aPDI treatment indicated a statistically significant difference on the E. coli uvrA strain analysis data, we did not observe an
between the number of cells after aPDI treatment compared to increased number of revertants when using either compound
cells treated only with Ga**CHP or treated only with light under light activation or dark conditions (Figure 8A,B). In the
(Figure S4). case of S. typhimurium indicator strain TA1535, we observed
3.5. Ga**MPs Are Not Mutagenic under Light or Dark an increased number of revertants at 5 M concentration: for
Conditions. To assess the safety of aPDI treatment with Ga’*CHP in the dark conditions (Figure 8CD). It is
Ga®>*MPs, we tested the mutagenic potential of both gallium noteworthy that the number of revertants obtained after
compounds on two reference bacterial strains designed to treatment slightly exceeded the baseline; however, these results
quantify the mutagenic potential of various compounds, are still significantly lower than for the chemically induced
namely, Escherichia coli uvrA and Salmonella typhimurium positive control (Figure 8C,D). After excitation of Ga**CHP
TA1535. We tested both compounds, Ga’*MPIX and with light, the number of revertants never exceeded the
5116 https://doi.org/10.1021/acs.molpharmaceut.3c00399
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Figure 9. Effect of photoinactivation with Ga>*MPIX and Ga**CHP on human keratinocytes with divergent filaggrin (FLG) expression. (A, B)
Viability of HaCaT cells with normal filaggrin expression (FLG ctrl) and filaggrin knockdown (FLG sh) was measured with the MTT assay after
dark or light exposure to Ga**MPIX (31.9 J/cm?®) (A) or Ga*CHP (1.59 J/cm?) (B). (C, D) Cell growth dynamics of both lines: FLG control
(FLG ctrl) or cells impaired in filaggrin expression—(FLG sh) after dark/light exposure to 10 uM Ga*>*MPIX (31.9 J/cm?®) (C) or Ga>*CHP (1.59
J/cm?) (D). The CI (represented as the Y-axis) was measured for each condition every 10 min. The x-axis shows the experimental duration in
hours. The values presented are the average of the 7 technical repetitions. PS (+/—) refers to the presence/absence of a photosensitizer and L

(+/-) to light.

baseline. The results obtained indicated that both compounds
were not mutagenic after light activation, while the observed
increased number of revertants after treatment in the dark
would require more in-depth analyses to conclusively resolve
the safety of Ga®>*CHP.

3.6. Ga**CHP Is less Phototoxic Than Ga**MPIX to
Human Keratinocytes and Is Not Dependent on
Filaggrin Levels. To determine whether the aPDI conditions
used for efficient photoinactivation of bacterial cells are toxic
to eukaryotic cells, we tested them on HaCaT human
keratinocytes (i) with normal filaggrin expression (FLG ctrl)
and (ii) with filaggrin suppression (FLG sh). The HaCaT FLG
sh cell line was used as a model of atopic skin as the expression
level of filaggrin in AD patients is significantly reduced."'
According to the MTT assay results, the cytotoxicity of HaCaT
cells with both normal and aberrant FLG expression was
negligible as the viability of both cell groups was in the range of
83—105% compared to that of untreated cells. Regarding
phototoxicity, the viability of both cell lines was estimated to
be >78% 24 h after aPDI treatment according to the MTT
assay, which is considered an acceptable toxicity value (Figure
9A,B). Since the MTT assay only measures toxicity at a
selected measurement point, we used the xCELLigence
technique to investigate the cell growth and proliferation
dynamics of both cell lines after aPDI treatment. Ga*>*MPIX-
mediated aPDI inhibited the proliferation and growth of both
cell lines (FLG ctrl and FLG sh), and the number of surviving
cells reached a plateau after approx. 140 h of the experiment,
however, without reaching the cell index (CI) value of
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untreated cells (Figure 9C). In comparison, the Ga**CHP-
mediated aPDI group showed significantly lower phototoxicity,
with both cell groups reaching a plateau and a CI value equal
to untreated cells after only 70 h, which was twice as fast as
Ga**MPIX-mediated aPDI (Figure 9D). Interestingly, com-
pared to FLG ctrl HaCaT cells, FLG sh HaCaT cells showed
slightly faster growth after aPDI treatment. Both gallium
compounds excited with green light reduced the viability and
proliferation rate of human keratinocytes; however, only cells
treated with Ga®>" CHP were viable enough to reach the plateau
phase in a time period similar to that of untreated cells. It is
worth mentioning that we did not observe cytotoxicity when
the compounds were tested in dark conditions.

3.7. Effect of aPDI with Ga®>*MPs on SEC Super-
antigen Expression, Production, and Biological Func-
tionality. S. aureus has been shown to colonize the skin
surface of AD patients, promoting its pathogenicity by
producing a number of virulence factors, such as SEC or
TSST-1 superantigens.”””’ We investigated whether Ga*>*MPs
in combination with light could affect the expression level,
production, or biological functionality of these superantigens.
A decrease in sec expression levels was observed not only after
aPDI treatment (a decrease of 1.47 log, units) but also after
treatment with light alone (a decrease of 0.89 log, units) and
photosensitizer alone (1.35 log, units) compared to untreated
cells (Figure 10A). In contrast, after Ga>* CHP-mediated aPD],
a significant downregulation of sec expression was observed
(2.6 log, unit decrease), whereas light alone or compound
alone did not alter sec expression (Figure 10B). At the protein
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Figure 10. Effect of photoinactivation with gallium metalloporphyrins on gene expression, protein production, and biological activity of SEC. (A,
B) Relative gene expression of sec normalized to the reference gene gmk. Cells were diluted 1:100 and grown until the ODgy, was 0.5, incubated
with the proper photosensitizer—10 uM Ga**MPIX (A) or 1 uM Ga**CHP (B) for 10 min and illuminated with 522 nm light (12.7 J/cm? for
Ga**MPIX or 1.52 J/cm? for Ga** CHP). The expression of sec was measured in three biological samples with three technical repetitions of each
sample. Error bars represent the standard error of the mean (SEM) values. (C—F) Western blot analysis after each treatment in the presence or
absence of 522 nm light and Ga*MPIX (C) or Ga**CHP (D). Supernatants were harvested 1 h after aPDI treatment, and 10 ug of supernatant,
calculated by the modified Lowry protocol, was added to the gel for each treatment. The intensity of the band was measured by Image]J software
and calculated according to the SEC protein standard curve. (G, H) IL-2 measurements from activated PBMCs exposed to SEC toxin untreated or
pretreated with aPDI or 10 uM Ga**MPIX with 12.72 J/cm? (G) or 2 uM Ga**CHP with 6.36 J/cm* (H). The toxin was also exposed to light
alone (L+) or photosensitizer alone (PS+), where the controls were heat-inactivated toxin (incubated for 1 h at 99 °C), K(—)—PBMC cells not
exposed to toxin and K(+)—chemically activated PBMC cells. Significance at the respective p values is marked with asterisks [*p < 0.05; **p <
0.01; ***p < 0.001, ****p < 0.0001 with respect to untreated samples (cells maintained in dark conditions)].
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Figure 11. Effect of photoinactivation with gallium metalloporphyrins on gene expression, protein production, and biological activity of TSST-1.
(A, B) Relative expression of the fst gene was normalized to the gmk reference gene and measured by quantitative PCR. Cells were diluted 1:100
and grown until the ODgyy was 0.5, incubated with the proper photosensitizer—10 uM Ga**MPIX (A) or 1 uM Ga**CHP (B) for 10 min and
illuminated with 522 nm light (12.73/ cm? for Ga>*MPIX or 1.59 J/ cm? for Ga>*CHP). The expression of tst was measured in three biological
samples with three technical replicates each. Error bars represent SEM values. (C, D) IL-2 measurements from activated PBMCs exposed to TSST-
1 toxin untreated or pretreated with aPDI: 10 uM Ga**MPIX with 12.72 J/cm?* (G) or 10 uM Ga**CHP with 12.72 J/cm? (H). The toxin was also
exposed to light alone (L+) or photosensitizer alone (PS+), where the controls were heat-inactivated toxin (incubated with 1 h 99 °C), K(—)—
PBMC cells not exposed to toxin, and K(+)—chemically activated PBMC cells. Significance at the respective p values is marked with asterisks [*p
< 0.05; **p < 0.01; ***p < 0.001 with respect to untreated samples (cells maintained in dark conditions)].

level, both light-activated Ga**MPs only slightly reduced SEC
production (no statistical significance) (Figure 10C—F),
probably due to the insufficient sensitivity of the Western
blot technique used in these analyses. However, we did not
observe any significant difference between treatment with
Ga**MPIX (Figure 10C,E) or with Ga*>*CHP (Figure 10D,F).
Next, we were interested to know whether light excitation of
Ga**MPs affected the biological activity of SEC. In this
experiment, SEC toxin was subjected to aPDI with Ga**MPIX
(Figure 10G) or Ga**CHP (Figure 10H), and then SEC
activity was evaluated in human peripheral mononuclear cells
(PBMCs) after exposure to treated SEC. Bacterial super-
antigens, such as SEC and TSST-1, stimulate strong non-
specific activation and proliferation of lymphocytes resulting in
the production of a large amount of cytokines.”’ We tested
superantigen activity by measuring interleukin 2 (IL-2), which
is produced as a proinflammatory factor in response to SEC
and TSST-1.** The biological activity of SEC, as measured by
IL-2 levels, was significantly reduced after treatment with
Ga**MPIX-mediated aPDI (319 pg/mL) compared to un-
treated toxin (712.5 pg/mL). The level of IL-2 after PBMC
exposure to the aPDI-treated toxin decreased to the level of IL-
2 produced by cells treated with heat-inactivated SEC or cells
not exposed to the toxin. Moreover, treatment with light or a
photosensitizer alone had no effect on the proinflammatory
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activity of SEC. Similarly, IL-2 levels were also reduced by
aPDI with Ga**CHP-treated toxin (Figure 10H) compared to
the untreated enterotoxin-, L(+)-alone, or PS(+)-alone treated
toxin. Photoinactivation with both Ga**MPs reduced the
biological functionality of the SEC superantigen, although it
did not significantly alter the total protein levels. Moreover,
only Ga**CHP-mediated aPDI significantly affected sec gene
expression levels.

3.8. Phototherapy with Both Ga’*MPs Affects the
Biological Function of TSST-1. The second important
superantigen we selected for our analyses was TSST-1, a
virulence factor strongly associated with the exacerbation of
inflammation in atopic skin. We investigated the effects of both
green light-activated gallium compounds on the gene
expression, protein levels, and biological function of the
TSST-1 toxin. Ga**MPIX-mediated aPDI did not alter the
expression of the st gene (Figure 11A), while treatment with
light or photosensitizer alone decreased tst expression levels
1.259 log, units and 0.38 log, units, respectively. Interestingly,
Ga*’CHP-mediated aPDI significantly upregulated fst ex-
pression by 1.5 log, units (Figure 11B), while treatment with
light alone or photosensitizing compound alone had no effect
on tst expression levels. Next, we tested the biological
functionality of TSST-1 after aPDI treatment using each of
the tested compounds in vitro by measuring the level of IL-2
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Figure 12. Effect of photoinactivation with gallium metalloporphyrin on the expression of the genes in the two-component SrrAB system. (A, B)
Relative expression of the srrA (A) and srrB (B) genes normalized to the gmk reference gene. Cells were diluted 1:100, grown until the ODo was
0.5, incubated with a photosensitizer (1 M Ga**CHP) for 10 min, and irradiated with light at 522 nm (1.59 J/cm?). The expression of both genes
was measured in three biological repetitions with three technical replicates in each. The data are presented as the mean + SEM.

secreted by stimulated PBMCs, similar to the SEC study.
TSST-1 treated with Ga**MPIX-mediated aPDI reduced the
level of IL-2 produced by activated PBMCs to levels estimated
for nonactivated cells or after exposure to heat-inactivated
TSST-1 toxin (Figure 11C). A reduction in IL-2 production in
activated PBMCs was also observed after the TSST-1 toxin was
treated with Ga**CHP-mediated aPDI (Figure 11D). Pretreat-
ment of TSST-1 with both compounds in the dark or light
alone did not reduce IL-2 production, indicating that only
aPDI has an effect on the superantigenic activity of TSST-1.

We did not quantify the level of the TSST-1 protein after
aPDI treatment due to the low level of production of this
protein. The in vitro biological functionality of the super-
antigen of TSST-1 was examined after both treatments.

3.9. Expression of the tst Gene Is Positively
Correlated with the Expression of the srrAB Regulatory
Genes after aPDI. The result of upregulated expression of the
tst gene after Ga**CHP aPDI was unexpected. To understand
the mechanism of the observed upregulation, we investigated
the genes of the SrrAB regulatory system, which modulates the
production of the TSST-1 toxin in response to the presence of
ROS in the environment.’” The expression of the srrA and srrB
genes was investigated after Ga>*CHP phototreatment (Figure
12). We observed that the expression levels of both the srrA
and srrB genes increased after aPDI treatment, which is
consistent with the observed upregulation of the tst gene after
photoinactivation. The expression of the TSST-1 toxin gene is
positively correlated with the expression of the SrrAB
regulatory system genes after aPDL

4. DISCUSSION

The skin microbiome differs between AD patients and healthy
individuals. There is a significant increase in commensal
bacterial load in the skin microbiome of AD patients, and S.
aureus is a key pathogen in AD.>* Methods for staphylococcal
decolonization in AD patients are mainly based on antibiotic
therapies; however, due to increasing global antimicrobial
resistance, antibiotic therapy remains a temporary solution.
Most types of light-based treatments consist of ultraviolet A
(UV-A) or narrow-band ultraviolet B (NB UV-B) exposure.”
UV-B treatment was shown to reduce the viability of colonized
S. aureus on the skin of AD patients’®"” as 308 nm excimer
light showed similar results.”® However, UV-B light penetrates
through the epidermis layer of the skin, which generates a huge
number of side effects and may promote carcinogenesis.”’
Visible light-based therapies, such as antimicrobial photo-
dynamic inactivation, are currently being considered to reduce
S. aureus colonization on atopic skin.” Photodynamic therapy
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(PDT) is currently approved in Europe and the USA for the
treatment of actinic keratosis. The case study reported by Pozzi
and Asero showed that PDT with a narrow-band red light (630
nm, 75 J/cm?) and S-aminolevulinic acid (ALA) as a PS
precursor can be successfully used in the treatment of AD
patients. Three PDT sessions were used to treat skin lesions;
however, the effect on S. aureus viability was not investigated.*’
Red light penetrates deeper than UV light into the dermis
layer; unfortunately, the pain effect can be a substantial
obstacle in the case of AD patients with hypersensitive skin.
Green light, on the other hand, penetrates the epidermis
without causing as much pain, so the use of wavelengths in this
spectral range may be a promising approach for the treatment
of atopic skin.*' In this study, we have shown that Ga*>*CHP
can be effectively excited with green light, resulting in the
production of singlet oxygen and to a lesser extent superoxide
anion, which significantly reduced the viability of clinical S.
aureus isolates derived from atopic skin (5 log;y CFU/mL for
Ga**CHP and 2.6 log;, CFU/mL for Ga**MPIX). Addition-
ally, we observed that aPDI treatment with Ga**CHP
effectively decolonized S. aureus in the ex vivo porcine skin
model. Porcine skin has been used as the skin model due to its
great similarity to human skin. This model has been applied in
biofilm formation studies, skin barrier research, and wound
infection models."”*’ However, studies on more complex
models, such as ex vivo human atopic skin grafts or in vivo
animal models, are needed.

Ga**MPs are dual-function compounds that act according to
light-independent and light-dependent mechanisms.”* In the
light-independent mechanism, they are antimicrobial agents
that slow bacterial growth by blocking iron metabolism based
on their structural similarity to heme (Fe**PPIX) in planktonic
cultures and biofilms.'®***>*® These compounds can also act
as photosensitizers in aPD], as they are able to absorb visible
light and, in the presence of molecular oxygen, photogenerate
cytotoxic ROS."”*° Porphyrins are a group of naturally
occurring type II photosensitizers mainly producing singlet
oxygen rather than radicals.”” The main disadvantage of
porphyrin compounds is the formation of aggregates, resulting
in poor solubility in aqueous solutions."**” The water
solubility of antimicrobials has a great influence on their in
vivo antimicrobial activity and biocompatibility in various
tissues. Gallium porphyrin (Ga*'PP) is dissolved only in toxic
organic solvents such as DMSO, whereas Ga**MPIX is
dissolved in an aqueous solution such as 0.1 M NaOH.*
The addition of two quaternary ammonium groups to the
porphyrin core in the Ga**CHP structure (Figure 1)
significantly increased its solubility in water to 40.3 g mL™",
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while the water solubility of Ga*>*PP was <0.1 g mL™.*'
Despite the modification of the structure by the addition of
ammonium groups, the Ga’*CHP structure remained similar
to the heme structure, and it was still effectively accumulated
by bacterial cells (Figures 6 and S2). Accumulation in bacterial
cells is essential for the effective light-dependent and light-
independent action of the compound. Bacterial cells contain
heme acquisition receptors, the Isd system, and the HrtAB
heme detoxification machinery, which seem to play a role in
the sequestration and utilization of Ga**CHP (Figure 4).
Ga**CHP-mediated aPDI efficacy, as well as its accumulation,
strongly depended on heme or iron availability, further
indicating that natural bacterial systems are responsible for
Ga**CHP uptake. AIsdD, a mutant in the transmembrane
transporter, was the most tolerant to Ga** CHP-mediated aPDI
with the lowest Ga>*CHP accumulation, which indicated the
predominant role of the Isd system in compound recognition
and transmembrane transport. In our previous study on the
meso-derivative Ga**MPIX, we reported that Isd was involved
in intracellular accumulation of Ga**MPIX.*" It was also found
that Isd receptors are involved in the uptake of Ga**PPIX."
Studies by Moriwaki et al. showed that there is stable binding
between Ga**MPs and IsdH receptors, which contain NEAT
domains, supporting the hypothesis that the Isd system might
play a role in intracellular accumulation.’® However, a
thorough study of the receptor—ligand interaction for either
Ga**MPIX or Ga’>*CHP needs to be conducted to evaluate
whether such structural changes are crucial for compound
recognition by the Isd system. To date, there is limited
knowledge concerning the role of heme detoxification in the
process of non-iron metalloporphyrin utilization. The
expression of heme detoxification machinery genes was
upregulated after exposure to Ga**MPs, and the activation of
this system is needed to partly overcome the toxicity of those
compounds.”’ We have previously shown that the AHrtA S.
aureus mutant was more sensitive than the WT to aPDI
treatment with various porphyrin compounds, e.g., PPIX or
Ga**MPIX.”*° The current study revealed the same pattern
for Ga** CHP (Figure 4D). Without light exposure, Ga>" MPIX
was revealed to be the most toxic for the AHrtA mutant
among other compounds, such as Ga**PPIX or PPIX.*
However, Wakeman et al. showed that there was no significant
change in Ga**PPIX accumulation between S. aureus WT and
AHrtB despite higher cytotoxicity under dark conditions.”" In
our case, AHrtA accumulated the highest level of Ga*'CHP
molecules per cell among all tested phenotypes; however, there
was no significant difference in comparison to the WT strain
(Figure 4E). The same observation was made for Ga**MPIX.
All these findings support the hypothesis that HrtAB may not
be a specific or the only export pump of Ga>*MP molecules;
however, by blocking its activity, the toxicity of gallium
compounds may increase in both light-activated and dark
conditions. Since there are currently no HrtAB efflux pump
blockers on the market, this field deserves to be explored due
to its high application potential.

An ideal photosensitizer candidate should exhibit high
phototoxicity with low toxicity in the dark, a high quantum
yield of singlet oxygen production and/or other ROS
photogeneration, and high safety in eukaryotic cells.”” In this
study, we characterized the light-dependent mechanism of
Ga**CHP. In general, for porphyrins, the quantum yield of
singlet oxygen generation is estimated to be between 0.5 and
0.8 Ga*’CHP is a type II photosensitizer that generates
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singlet oxygen with a quantum yield of 0.55 and produces a
low level of the superoxide anion through electron transfer
mechanisms (Figure 3). However, despite the lower quantum
yield of singlet oxygen generation, Ga** CHP was more efficient
in aPDI than Ga**MPIX (quantum yield of singlet oxygen
generation—0.69) (Figure 5).”° The higher efficacy of
Ga*'CHP-mediated aPDI in the reduction of S. aureus might
be explained by the ~10X higher intracellular accumulation of
Ga**CHP compared to that of Ga**MPIX (Figure 6). PS
localization near sensitive targets is a crucial factor for
photodynamic efficacy due to the short diffusion length of
photogenerated singlet oxygen or other ROS. Thus, Ga**CHP
appeared to localize more closely with aPDI-sensitive targets
inside the bacterial cells, leading to higher photodynamic
efficacy.

Host cell safety is critical when exploring new potential
therapeutic agents. The phototherapies presented here had
acceptable (Ga**MPIX) or favorable (Ga**CHP) safety in
vitro when applied to human keratinocytes both with normal
and silenced FLG expression. However, we observed that
Ga**CHP-mediated aPDI was less toxic to keratinocytes
(Figure 9D) than Ga**MPIX-mediated aPDI (Figure 9C), as
measured by the delay in the proliferation of cells. There may
be a difference in the accumulation rate inside eukaryotic cells
between these two PSs, which might correspond to the greater
toxicity. An important factor in aPDI and its potential use in
skin decontamination is exposure time. In PDT, light delivery
should last for a few seconds or minutes and ensure effective
PS excitation. Green light doses were lower for Ga* CHP than
for Ga**MPIX, which in practice corresponds to shorter
irradiation times (~10—20 min for Ga**CHP; 50 min for
Ga**MPIX, 10.6 mW/cm?). It was previously reported that
only 10 s of blue light irradiation (405 nm, 140 mW/cm?) was
sufficient to eliminate >6 log;, viable numbers of S. aureus
using Ga**PPIX. However, this porphyrin excitation was
performed in the Soret band, which is the spectrum with the
highest absorption coeflicient. As a result, a shorter time is
sufficient for providing the optimal energy dose to excite the
compound. However, blue light treatment might be mildly
cytotoxic to eukaryotic cells.”” Excitation with the green Q
band presented in this paper was very effective in activating
Ga**MPIX or Ga**CHP while being safe for eukaryotic cells.
Moreover, we did not observe mutagenic effects (Figure 8).

The main cellular target of aPDI treatment is cellular
proteins. Other biomolecules, such as lipids, sugars, or DNA,
may also be targeted by aPDI depending on the type of PS and
its location. Nevertheless, proteins are the main target of
photogenerated ROS attacks, mainly because they are the most
abundant biomolecules. Additionally, virulence factors such as
the superantigens presented in this work, which are extremely
resistant to physical factors (heat, proteolysis, acidic environ-
ment, and desiccation), can be effectively inactivated by
photogenerated ROS in vitro (Figures 10GH and 11C,D).
aPDI might be a potential method for the inactivation of
bacterial virulence factors. Our team reported that aPDI
treatment reduced the activity of exogenous virulence factors
in S. aureus.>> Additionally, other groups showed the effect of
aPDI (based on 665 nm laser light combined with methylene
blue) on the biological activity of V8 protease, a-hemolysin,
and sphingomyelinase produced by S. aureus.’® White light-
activated Tetra-Py"-Me decreased the activity level of staph-
ylococcal enterotoxin A (SEA) and SEC toxins by approx-
imately 68% according to a reverse passive latex agglutination
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(RPLA) test.’” These results demonstrated that aPDI can
effectively inactivate virulence factors in vitro, but in vivo
verification of this feature is required to demonstrate the
biological relevance of the aPDI-based approach. In our
analyses, we used a very sensitive assay that measures the
superantigen activity of the tested toxins, namely, measurement
of IL-2 produced by toxin-exposed T lymphocytes. SEC and
TSST-1 are potent, nonspecific superantigens for T cells
(stimulating over 50% of the T cell pool) that bind to the T-
cell receptor f-chain (TCR-VJ}) region or major histocompat-
ibility complex (MHC) class II molecules.’® Superantigens are
inducers of proinflammatory cytokines, which promote and
exacerbate skin inflammation in AD patients.”” The production
of enterotoxins by S. aureus is correlated with a more severe
course of AD.”’ However, animal model studies, such as in
vivo mouse model studies, should be conducted to verify
whether aPDI might impact the biological function of SEs.

We hypothesized that singlet oxygen could cause oxidative
damage at the toxin-binding site, possibly diminishing
superantigenicity. A previous report showed that ROS
production led to the modification of prosthetic groups,
modification of amino acid residues, fragmentation, cross-
linking, and protein aggregation.éO Oxidation may also alter the
structure of the cysteine SE loop, which is thought to be
responsible for its emetic activity, and the dodecapeptide
region, which is responsible for epithelial penetration of TSST-
1 in menstrual toxic shock syndrome (TSS).

Another important aspect of aPDI action in the cell is the
change in the level of gene expression. Published data show
that aPDI downregulates the expression of genes related to
biofilm é)roduction and virulence factors in several microbial
species.”"%” Staphylococcal enterotoxin seb gene expression
was significantly downregulated after RB- or new methylene
blue-mediated aPDIL.”” Our experiments indicated a decrease
in sec expression levels under the influence of aPDI, which is
pronounced in the case of Ga®>*CHP, while in the case of
Ga**MPIX, the action of the compound itself cannot be
distinguished from aPDI. In contrast, the analysis of tst
expression levels unexpectedly showed a significant increase
under the influence of aPDI with Ga**CHP but not with
Ga**MPIX. This result is difficult to interpret and most likely
depends on the differences in the properties of both compared
PSs as well as aPDI protocols (optimal for each PS but
different in terms of concentration 1 uM Ga>*CHP vs 10 uM
Ga**MPIX and light dose—1.59 vs 12.7 J/cm?). The
differential expression of both genes may have also resulted
from the different regulatory pathways of the individual
toxins.®> For instance, the alternative sigma factor oB is
involved in the upregulation of the tst gene and the
downregulation of the seb gene.°* The activity of 6B can be
altered by several environmental factors, one of which is
aPDL*® Likewise, the two-component SrrAB system senses the
transition from respiratory to nonrespiratory growth conditions
and regulates the expression of virulence factors such as TSST-
1.** In aerobic growth, SrrAB upregulates the transcription of
the tst gene, while in anaerobic ogrowth, there is a significant
downregulation of the tst gene.”® SrrAB expression may be
altered by the production of singlet oxygen during aPDI
(Figure 12). Such an alteration in this regulatory system has
thus far been documented only after exposure to H,O, and
hypoxia. The AsrrAB mutant was shown to be sensitive to
H,O, exposure and to decrease the expression levels of genes
involved in H,0O, resistance. The SrrAB system regulates the
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transcription of both virulence factor genes and genes involved
in aerobic respiration and H,0, resistance.””* Depending on
the state of the respiratory system, S. aureus can modify its
virulence. Therefore, studying the regulation of gene
expression, especially from the point of view of microorganism
pathogenicity, in response to photooxidative stress is extremely
important for evaluating the safety of the aPDI method.

5. CONCLUSIONS

This study showed the success of aPDI treatment with
Ga**MPs in the decolonization of clinical S. aureus isolates in
planktonic cultures and in an ex vivo porcine skin model. The
novel Ga**MP, Ga**CHP, activated with green light effectively
reduced the survival of clinical S. aureus isolates derived from
AD patients and in aPDI treatment of HaCaT keratinocytes
with both normal and suppressed filaggrin expression. In
addition, the test compound did not show mutagenic activity.
Ga**CHP is an efficient generator of singlet oxygen and can be
recognized by cellular heme transport systems, mainly Isd,
which underlies the efficient accumulation of this compound in
bacterial cells. The Ga*’CHP photodynamic method elimi-
nates the biological activity of the SEC or TSST-1 super-
antigens, which are clinically relevant S. aureus virulence
factors. Green light-activated Ga**MPs (Ga*'CHP-mediated
aPDI) may be a potential therapeutic strategy in the
decolonization of S. aureus on atopic skin.
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5. Manuscript no. 3

Harnessing light-activated gallium porphyrins to combat
intracellular Staphylococcus aureus in dermatitis: Insights from
a simplified model

5.1 Summary of the Manuscript

Intracellular persistence of S. aureus in human keratinocytes is a complex
process dependent on multiple factors such as S. aureus strain, multiplicity of
infection (MOI), or host cell type 40135, To avoid being killed by antibiotics, S. aureus
internalizes into the host cell 4244, The intracellular persistence of S. aureus is
strongly associated with recurrent infections. Therefore, it is important to develop
anti-intracellular methods to control the spread of the bacteria and improve its
intracellular eradication.

To address this problem, I hypothesized that aPDI could be an effective
antimicrobial method for targeting and eliminating the intracellular reservoir of S.
aureus. For that purpose, I proposed the three strategies for implementing aPDI in
a keratinocyte infection model. Strategy 1 was to test the effect of aPDI on S. aureus
released from the initially infected cell, thereby lowering transmission to
downstream host cells. Strategy 2 investigated whether the aPDI affects the
adhesion and internalization of S. aureus, while Strategy 3 involved the examination
of the efficacy of aPDI against intracellular bacteria. (see Fig 6 in Introduction for
more information)

In strategy 1, aPDI using Ga**CHP or Ga**MPIX showed efficacy (~4 logio
reduction in CFU/mL) in eliminating bacteria released from cells that were still
sensitive likewise suspension cultures of S. aureus. This indicates that the metabolic
changes that intracellular bacteria undergo during infection do not alter their
sensitivity to aPDI. Combining green light and gallium metalloporphyrins
might be a practical approach to combat recurrent staphylococcal
infections.

In the Strategy 2, Ga3*CHP-aPDI pretreatment was applied to assess its effect
on the adherence, internalization, and infection progression. aPDI pretreatment
significantly reduced the number of extracellular bacteria and decreased the
adherence of S. aureus to the host cells. However, the number of
intracellular bacteria remained unchanged. The number of bacteria aPDI-
treated and untreated remain unchanged, indicating that the reduced adherence
was the result of quality of bacterial cells rather than their quantity.

Strategy 3 was based on testing the activity of aPDI against intracellular S.
aureus. This strategy was found to be the most challenging and at a high risk of
failure, since Ga3*MPs must first cross the cytoplasmic membrane barrier of
keratinocytes and then reach the intracellular bacteria. I first examined Ga3*MPs
accumulation in host cells to analyze their cellular localization pattern. Ga3*MPIX
diffused throughout cytoplasm, whereas cationic Ga3*CHP was distributed mainly
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in a localized manner, partly in lysosomes. Based on colocalization analyses studied
by fluorescence microscopy, I confirmed that both intracellular S. aureus and
Ga3*CHP colocalized inside host cells in lysosomal structures. In light-independent
action, Ga3*CHP decreased the GFP signal by ~30%. After green light excitation of
accumulated Ga3*CHP in cells, the GFP signal of intracellular S. aureus decreased
by approximately 70%, as determined by flow cytometry measurements. It should
be emphasized that only simultaneous colocalization of Ga3*CHP and bacteria in the
intracellular clusters resulted as effective elimination of intracellular S. aureus.
Combination of Ga3*CHP and green light is a promising anti-intracellular treatment,
with simultaneous moderate phototoxicity on both infected and non-infected
keratinocytes. This is the first study to show that the Q-band excitation of
gallium(III)-coordinated porphyrins can provide high efficacy in elimination of
intracellular S. aureus without extensive photodamage to keratinocytes.
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5.2 Manuscript

Note: Supplementary material from Manuscript no. 3 can
be found in section 9.3. (Attachments).
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Abstract

The cellular interior of non-professional phagocytes such as keratinocytes is a niche for
Staphylococcus aureus to survive antibiotic pressure. When antibiotic pressure is off, reinfection
with staphylococci begins from the intracellular inoculum. This phenomenon is responsible for
recurrent infections. There is a need to develop new antibacterial methods that will be able to
eliminate intracellular bacteria, including those with a multi-drug resistant phenotype. In this
study, we characterized and used a model of keratinocytes (both wild type and mutants with
reduced filaggrin expression) infected with methicillin-resistant S. aureus (MRSA), to verify the
possibility of using light-activated compounds, here exemplified by heme-mimetic gallium (III)
porphyrin (Ga**CHP) and visible light (the approach known as antimicrobial photodynamic
inactivation, aPDI) to eliminate intracellular MRSA. We observed that Ga**CHP accumulated in
infected cells with greater efficiency than in uninfected cells and exhibited accumulation in those
cells that harbor intracellular S. aureus. Using flow cytometry and fluorescence microscopy, we
demonstrated colocalization of intracellular MRSA and accumulated Ga**CHP mainly in
lysosomal structures, and we showed that under the influence of aPDI, MRSA exhibited reduced
adhesion to host cells and significantly reduced (by 70%) GFP signal originating from
intracellular bacteria. Moreover, the use of light-activated Ga*>*CHP resulted in a significant
reduction in the number of extracellular bacteria in the infection system, lowering the potential
for further infection of host cells. For the first time, we used the infectious model to analyze the
toxicity of aPDI in real time, showing that the approach used does not show significant cyto- and

phototoxicity.

Author Summary

Staphylococcus aureus is a highly virulent pathogen that is responsible for about 80% of all skin
infections. During antibiotic treatment, one of the defense mechanisms of Staphylococcus aureus
is the invasion of skin cells — keratinocytes. Intracellular bacteria are not accessible to antibiotics,
which poorly penetrate the interior of host cells. Consequently, such bacteria contribute to
recurrent infections. In our study, we proposed using a combination of a light-activated porphyrin
compound loaded with gallium ions, Ga>’CHP, and visible light as a strategy to eliminate
intracellular staphylococci. We demonstrated that the tested compound localized in the infected
cells along with pathogen, which was an essential condition for effective elimination of
intracellular bacteria. We showed that the proposed approach effectively reduced the infection of
keratinocytes with methicillin-resistant S. aureus, as well as its adhesion to host cells, while
remaining safe for host cells. The results presented here provide a basis for developing an effective

therapy against staphylococci.
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Introduction

Staphylococcus aureus colonizes the skin in about 20% of the world's population and is
responsible for 80% of all detected skin infections worldwide (1,2). Moreover, S. aureus plays a
key role in the pathogenesis of atopic dermatitis (AD) because it is overexpressed in the skin
microbiota and enhances inflammatory responses (3). Staphylococcal infections are difficult to
treat due to multiple virulence factor production and a high antibiotic resistance profile (4).
Despite antibiotics, 30% of patients are reported to develop recurrent staphylococcal infections
after initial treatment (5). Recent scientific reports have shown that one of the defense
mechanisms of S. aureus towards antibiotic action is the invasion of non-professional phagocytes
such as keratinocytes or fibroblasts (6-8). S. aureus internalization occurs through a complex
zipper-like mechanism between fibronectin-binding proteins A and B and fibronectin, which is
recognized by a5pB1 integrin on host cells (9). The internalization process differs depending on
the bacterial strain and host cell type (6). Under antibiotic pressure, S. aureus can persist inside
the host cells for several days as an intracellular phenotype, known as small colony variant (SCV)
(10). This phenotype exhibits changes in the global regulatory networks that can lead to the
alteration in the production of virulence factors or modify the response to antibiotics (11,12).
When antibiotic pressure is abolished, the intracellular bacterium can escape the endosome and
multiply in the cytoplasm. The increased number of bacteria inside the cell leads to cell death,
release of bacterium, and recurrence of the bacterial infection extracellularly (13). Despite the
increasing scientific data, the mechanism and factors contributing to the entry, survival, and exit

of S. aureus from the host interior are still not fully understood.

The intracellular phenotype of S. aureus is caused and maintained by antibiotic action due to poor
penetration of antimicrobials through the cell membrane to achieve efficient intracellular killing
(14). There are many proposed new therapies against intracellular S. aureus (15). Anti-
intracellular strategies are based on modifications of antibiotics to improve their delivery or
stimulating cells to enhance bacterial killing by the host (16-19). Our study investigated
antimicrobial photodynamic inactivation (aPDI) as a potential therapy against intracellular S.
aureus. Its mechanism is based on three components: an oxygen environment, the light at the
appropriate wavelength, and a small molecular weight compound with photodynamic properties
— a photosensitizer (PS) (20,21). An ideal photosensitizer should exhibit a high reactive oxygen
species (ROS) quantum yield with high phototoxicity against pathogens and low toxicity against
eukaryotic cells. The penetration of PS into the microbial cells should be rapid, with prolonged
uptake in the host cells (22,23). Gallium metalloporphyrins (Ga**MPs) are potent PSs in aPDI
that can absorb visible light, e.g., green light used in this work (24-26). Ga*>*MPs, due to their
structural similarity to heme, can be recognized by bacterial heme-acquisition receptors of the Isd

family and efficiently accumulated inside the bacterial cell (27,28). The idea is that the porphyrin
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ring of Ga>*MPs is cleaved inside bacteria, and gallium ions are released to disrupt iron-dependent
metabolism (24). We have previously shown that the Ga**MPs representative, namely cationic
modified gallium porphyrin (Ga**CHP), is water-soluble and exhibits photodynamic potential at
Q-band excitation (at lower absorption peaks) with high antimicrobial activity and low toxicity

to human keratinocytes (29,30).

In this study, a model for infection of human keratinocytes with S. aureus was created and
characterized to achieve a stable bacterial presence inside the host cells. We used this model to
investigate whether light-activated Ga**MPs could be applied to effectively inactivate
extracellular and intracellular S. aureus. In our experimental approach, we used three research
strategies based on photodynamic action (aPDI) (Fig 1). Briefly, Strategy 1 refers to the aPDI
treatment of S. aureus cells that had escaped from an infected cell (Fig. 1 Strategy 1). Strategy 2
is the photodynamic treatment of S. aureus cells before they invade keratinocytes before contact
with host cells (Fig. 1 Strategy 2). Strategy 3 is aPDI treatment of intracellular S. aureus persisting
inside host cells (Fig. 1 Strategy 3). In the current study, we used two Ga**MPs derivatives that
we previously characterized for their antimicrobial efficacy on suspension cells: gallium
mesoporphyrin IX (Ga**MPIX) (26) and cationic gallium porphyrin (Ga>*CHP) (30). We
demonstrated the compounds we studied, in particular Ga*>*CHP are able to effectively penetrate
host cells, localizing mainly in lysosomal structures, where we also detected the presence of
infecting S. aureus. Using excitation of Ga’>’ CHP with green light, we achieved a significant
reduction in the GFP signal originated from intracellular S. aureus by photodynamic action
(aPDI).

69



: aPDI
Antibiotic ON  Antibiotic OFF e Irfastan’ AntbloticoN
Strategy 1 Strategy 2
T H .
G aPDI
S ‘
Infection Antibiotic ON
Strategy 3

Fig 1. Strategies to implement light-activated gallium metalloporphyrins to overcome S.

aureus infecting human keratinocytes.

Strategy 1 is to reduce the potential for recurrent infection. Strategy 2 investigates how pre-
treatment of bacterial inoculum before infection will affect S. aureus adhesion and internalization
in the host cells. In Strategy 3, photosensitizers are incubated in the dark to efficiently penetrate
and localize inside the host cells to reach intracellular S. aureus. After incubation, cells would be

treated with light.
Results

Different MOIs affect the infection and internalization of S. awreus into human

keratinocytes.

First, we developed a model of keratinocyte infection (see Materials and Methods, Fig 11) and
characterized the process of S. aureus internalization to keratinocytes. To confirm the presence of
intracellular S. aureus after infection, fluorescence microscopy images were taken on the first day
after infection. The green fluorescent protein (GFP) signal from the S. aureus USA300 bacteria
(white arrow) was observed in the presence of host cell nuclei stained with HOEST dye (blue
signal, black arrow) (Fig 2A). To confirm the intracellular presence of the pathogen, three-
dimensional images were taken using a scanning fluorescent microscopy (Fig 2B), confirming
that bacteria were localized intracellularly. Then, we examined various multiplicities of infection
(MOI) (0-100) for the viability of S. aureus in medium and inside keratinocytes by studying three
fractions after infection. The fractions were as follows: (i) extracellular, (ii) intracellular, and (iii)

intracellular + adherent S. aureus (Fig 2C). The number of extracellular S. aureus collected from
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the culture medium increased with the higher MOI used for infection. For intracellular S. aureus,
the viability was estimated as 5.6 logjo CFU/mL for MOI 100, 4.8 log;o for MOI 10, and 4.7 logio
for MOI 1 (Fig. 2D). By measuring the GFP signal derived from S. aureus strain, the higher
number of infected cells was observed for both MOI 10 and 100 as compared with MOI 1.
However, there was no significant difference in the rate of intracellular invasion between MOI 10
and 100 inoculum according to the flow cytometry studies (Fig 2E). The addition of the pathogen
and infection delayed the growth rate of HaCaT cells. However, host cells could grow and
proliferate, harboring the intracellular S. aureus. The use of different MOIs was also reflected in
the host growth. The larger the inoculum used for infection, the greater the effect on HaCaT (Fig
2F). The number of viable intracellular pathogens decreased over time, by the mechanism of
induced death of infected cells (Movie S1). Under antibiotic exposure, S. aureus USA300 invades
human keratinocytes. The level of S. aureus USA300 internalization during this process and the
effect of infection on the host cell proliferation strongly depend on the initial MOI used for

infection.
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Fig 2. Effect of S. aureus multiplicity of infection (MOI) on internalization, infection, and

keratinocytes growth.

A) Keratinocytes (HaCaT cell line) infected with S. aureus USA300 (green signal, white arrow).
The host cell nucleus was stained (blue signal, black arrow). (B) 3D-dimension image of the co-
culture of HaCaT and S. aureus USA300. (C) Schematic representation of bacterial fractions
collected after each step of co-culture preparation. ‘Extracellular’ refers to free-floating S. aureus
collected from the growth medium after a 2-hour staphylococcal infection; ‘Adherent’ - S. aureus
attached to host cell; ‘Intracellular’ - S. aureus accumulated inside host cell; ‘Intra+Adherent’ —
the combined number of S. aureus in adherent and intracellular fraction. (D) Bacterial viability

was determined by seeding bacteria onto agar plates and counting colony-forming units
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(CFU/mL) in each collected fraction. Different ratios of the number of bacteria to the number of
host cells were used (multiplicity of infection (MOI) 1-100) for infection model preparation. The
significance of infected cell viabilities at the respective p-values is marked with asterisks
[**p<0.01] (E) Percentage of infected, GFP-expressing cells collected immediately after
infection (MOI 0-100) (‘Intrat+Adherent’ fraction) or after 1-hour antibiotic exposure
(‘Intracellular’ fraction). GFP signal was measured by flow cytometry. The significance of
differences among tested samples of infected cell viabilities at the respective p-values was marked
with asterisks [***p <0.001] and calculated with respect to uninfected cells at each time point
(F) Real-time host growth analysis after infection with S. aureus USA300 at MOI 0-100. After 2
hours, the medium was removed, cells were washed, and the antibiotic was implemented to ensure

intracellular maintenance of S. aureus.
The behavior of intracellular S. aureus is strain dependent.

To examine whether there is strain-dependency in staphylococcal invasion into keratinocytes, we
compared keratinocytes infections with two S. aureus strains: the hypervirulent USA300 strain
and the non-virulent strain RN4220. First, we examined the intracellular viability of two bacterial
strains during infection and their persistence under antibiotic pressure for several days after
infection. The non-virulent RN4220 strain exhibited higher intracellular viability, as shown in a
several-day culture model, than the hypervirulent USA300 (5.8 logio vs. 4.2 logio CFU/mL at 1*
day post-infection) (Fig. 3A). RN4220 remained intracellularly longer than USA300, which was
completely titrated out of the cells (reaching the detection limit of 2 log)o) at day 5 post-infection.
The difference in infection between the two strains was also evident in the host growth rate (Fig
3B). RN4220 reduced host cell growth after infection significantly more than USA300.
Nevertheless, host cells harboring bacteria intracellularly could grow and proliferate (Fig 3C and
D). Interestingly, when antibiotic pressure was removed, and the medium was changed to non-
antibiotic (Antibiotic OFF) after the 1% day post-infection (dashed gray line), S. aureus RN4220
continued to persist intracellularly without escaping the host as part of sustained cell growth,
while USA300 was released from the host, causing cell death, restoring extracellular infection,
and causing significant toxicity. A similar effect was observed when the antibiotic pressure was
maintained longer (up to the 3™ day post-infection) for USA300 (Fig S1) showing that even the
low-viable intracellular inoculum was able to escape and resume the infection. We observed the
strain-dependent behavior of S. aureus in the infection process, intracellular persistence, and the

ability to escape from the host for reinfection.
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Fig 3. Characterization of intracellular invasion of hypervirulent (USA300) and non-

virulent (RN4220) S. aureus strains in an infection model over time.

(A) Intracellular viability of two S. aureus strains over time after infection (1-5 days). Significant
differences in USA300 viability at the tested time points were calculated relative to the reference
strain RN4220 with corresponding p-values marked with asterisks [*p <0.05] (B) HaCaT cell
viability over time (1-5 days) after infection with two tested S. aureus strains. The significance of
differences in infected cell viabilities at the respective p-values is marked with asterisks
[*p <0.05; **p<0.01; ***p<0.001] and was calculated for uninfected cells at each studied time
point. Infection of HaCaT cells (A, B) in a medium without antibiotics was performed at an MOI
of 10 for 2 hours; then the cells were cultured under antibiotic pressure until the end of the
experiment. (C, D) Real-time analysis of HaCaT cells growth after infection with S. aureus
RN4220 (C) or USA300 (D). HaCaT cells infection was performed at an MOI of 10 for 2 hours;
no antibiotic (X), culture under antibiotic pressure (Antibiotic ON) or antibiotic removal

(Antibiotic OFF) which was determined at day 1 post-infection.
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Filaggrin deficiency results in higher internalization and longer persistence of S. aureus

inside keratinocytes

In atopic dermatitis patients, there is a high frequency of mutation occurrence in the filaggrin gene
(FLG), which is linked to increased S. aureus skin colonization (31). Filaggrin is a crucial
component of the integrity of the epidermal barrier and stabilizes pH and hydration of the skin to
control, for instance, microbial penetration (32). We hypothesized that filaggrin presence might
be involved in the S. aureus internalization and persistence in host cells post-infection. To test
that, two HaCaT cell lines: with normal (FLG ctrl) and silenced (FLG sh) filaggrin status were
infected with S. aureus USA300. The percentage of infected cells (high expression of GFP) was
measured by flow cytometry through days post-infection under constant antibiotic pressure.
HaCaT without normal expression of filaggrin (FLG sh) showed a significantly higher number of
infected cells after infection compared with cells with normal expression (83%+3.8 vs. 71%=+4.3)
(Fig 4A). This tendency continued until the 5™ day post-infection under the antibiotic pressure.
Intracellular S. aureus persists longer inside keratinocytes with filaggrin dysfunction (up to 7
days). Moreover, we observed a delayed growth of the filaggrin-silenced cell line relative to the
wild-type line due to S. aureus infection (Fig 4B). However, both cell lines are still able to
proliferate with continuous clearance of intracellular infection. Intracellular S. aureus is gradually
titrated out of cells which are eventually able to reach the plateau phase (FLG ctrl cell line at 55
hours of experiment and FLG sh cell line at 85h). Impairment of functional filaggrin in the host

cell may be beneficial for greater internalization of S. aureus and its intracellular persistence.
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Fig 4. Staphylococcal invasion to human keratinocytes in the context of filaggrin status.

A) Percentage of GFP-expressing infected cells in the culture with divergent filaggrin (FLG)
expression. HaCaT cells with normal expression of filaggrin (FLG ctrl) and knockdown of

filaggrin (FLG sh) were infected with S. aureus USA300 at an MOI of 10 for 2 hours. Antibiotic
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pressure was then maintained for up to 7 days. Cells were harvested at each time point after
infection, and the number of GFP-expressing cells was determined by flow cytometry. The
significance of the respective p-values is marked with asterisks [***p <(0.001] and was calculated
with respect to FLG ctrl cells at each time point. B) Real-time growth analysis of both cell lines
infected and non-infected with staphylococcal cells with an MOI of 10 for 2 hours. After the initial

infection, the antibiotic pressure was maintained throughout the whole analysis.
Green light-activated Ga>*MPs efficiently eliminate staphylococcal recurrent infection

Our previous study showed that light-activated Ga**MPs are able to reduce the viability of clinical
S. aureus isolates in suspension cultures in vitro (29). In the current study, we wanted to verify
whether and at what stage of the infection cycle it is possible to use light-activated Ga>*MPs (i.e.,
aPDI) to reduce the number of bacteria that infect host cells. Based on the first proposed aPDI
strategy (Fig 1, Strategy 1), we evaluated the antimicrobial efficacy of Ga**MPs activated with
522 nm light against S. aureus USA300 in the staphylococcal reinfections (Fig 3D, dashed line).
Briefly, cells were seeded on Day 0, S. aureus infection was performed on Day 1, and then cells
were cultivated in a medium with an antibiotic (Antibiotic ON) (Fig SA). On Day 2, the culture
medium was changed to antibiotic-free (Antibiotic OFF), and cells were cultivated for up to 16
hours. Extracellular bacteria that were released from keratinocytes were isolated, washed, and
subjected to aPDI using two Ga**MPs: Ga**MPIX or Ga**CHP to assess their efficacy in reducing
S. aureus survival rates (Fig 5B and 5C). Both gallium compounds effectively eliminated bacteria
released from cells with a maximum reduction in cell count of 4 logio CFU/mL. Ga**CHP was
more effective than Ga**MPIX in reducing bacterial survival at lower light doses, corresponding
to shorter irradiation times. We found that S. aureus, which escaped the host and restarted the
infection, responded to aPDI similarly to bacteria in the logarithmic growth phase rather than the
stationary phase (Fig S2). Despite some adaptive changes of intracellular bacteria that might
promote their overall tolerance, the released S. aureus shows a similar response to aPDI as
sensitive free suspension cultures in the logarithmic growth phase. This demonstrates that aPDI

with Ga*>*MPs can be an effective strategy to combat staphylococcal reinfections.
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Figure 5. Light-activated Ga>**MPs effectively reduce the number of released S. aureus

USA300 from keratinocytes — Strategy 1.

(A) On Day 1, HaCaT cells were infected with S. aureus USA300 (MOI = 10, 2 hours), in a
medium without antibiotics (Antibiotic OFF). Antibiotic was added to remove extracellular S.
aureus, and the cells were cultured under antibiotic pressure until the next day (Antibiotic OFF-
>ON). The antibiotic was then removed (Antibiotic ON->OFF), and HaCaT cells containing only
intracellular S. aureus were left in an incubator for 16 hours. During this time, intracellular S.
aureus was gradually lysed cells and released into the medium. S. aureus cells were harvested and
washed from DMEM medium, then resuspended in TSB. Bacterial suspensions were transferred
to the 24-well plate, proper photosensitizers were then added and, after incubation, illuminated
with green light. Bacterial cells were then diluted and, plated, counted (B and C). Reduction of
light activation of Ga**CHP (B) or Ga**MPIX (C) in the number of S. aureus USA300 bacteria

was calculated in relevance to the untreated cells.
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aPDI reduces the acuity of S. aureus infection and its adherence to the host cell.

We hypothesized that aPDI pre-treatment of the infectious inoculum could affect its further
invasion, adherence to host, and growth of the extracellular bacteria (Fig 1, Strategy 2). To assess
the effect of aPDI pre-treatment on the initial stages of S. aureus invasion, we studied the number
of bacteria in each fraction collected after infection. As a control, we used non-treated infectious
inoculum (Fig 6). Notably, we used the same number of bacteria regardless of the treatment.
Furthermore, we were interested in the course of infection, so higher and lower amounts of
bacteria were used as two MOI values - 10 or 1. For aPDI-treated bacteria, two doses were used:
a Low and a High to reduce bacterial viability to an appropriate number of bacteria. The Low
dose was used to obtain a higher number of bacteria for MOI 10 (Fig 6B, Low), while the High
dose was served to have a lower number of bacteria for MOI 1 value (Fig 6B, High). After
infection, CFU/mL were counted from each fraction collected of: (i) the extracellular fraction
from the growth medium after infection (ii) the intracellular+adherent fraction, obtained from a
cell lysate containing both intracellular and adherent bacteria, or (iii) the intracellular fraction
from a cell lysate where HaCaT cells were washed and cultured under antibiotic pressure for 1 h
before lysis to eliminate adherent bacteria (see Fig. 6A). The aPDI-treated bacteria used as
inoculum for infection behaved differently from the untreated bacteria. Light-activated Ga**CHP
treatment of S. aureus resulted in a significantly reduced number of extracellular bacteria, the
observed decrease was by 2 logio for low dose treatment or 2.8 logjo for high dose treatment as
compared to untreated controls (Fig 6B). Moreover, the high dose aPDI resulted in a significant
reduction in bacterial adherence to HaCaT cells, with a 1.2 logio reduction in CFU/mL count
compared with adherence of untreated bacteria. It is noteworthy that both types of infections, with
aPDI-treated bacteria and non-treated bacteria were applied at the same MOI 1, indicating that
the quality of bacteria but not their quantity influenced the adherence. Interestingly, pre-treatment
of bacteria with aPDI did not affect the number of intracellular bacteria, suggesting that there is a
maximum Yyield of bacterial burden that can invade host cells, and it is not affected by aPDI. Both
aPDI-treated and untreated bacteria penetrated keratinocytes with similar efficiency. However,
aPDI treatment itself significantly affects on the growth of extracellular fraction and bacterial

adhesion to host cells.
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(A) At day 0, HaCaT cells were seeded in a 24-well plate. Then, on Day 1, S. aureus USA300
infection was conducted either with non-treated bacteria or bacteria treated with aPDI. After 2 h,
the growth medium was collected for plating and counting the extracellular fraction. Host cells
were collected for subsequent lysis (intra+adherent fraction) or incubated for 1 hour with

antibiotics to eliminate adherent bacteria to obtain the intracellular fraction. All fractions were
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diluted serially and plated for CFU/mL enumeration. (B) The number of bacteria counted from
each fraction collected after infection with untreated or aPDI-treated S. aureus inoculum. Before
infection, the number of viable S. aureus (10’ CFU/mL) was reduced by aPDI with two dosages:
Low with 1 logjoreduction of CFU/mL (to obtain the ratio between S. aureus and HaCat cells as
MOI 10), and High with 2 log;o reduction of CFU/mL (for MOI 1). Untreated bacteria with an
appropriate MOI of 10 or 1 were used as a control. The number of bacteria used for infection was
the same whether the bacteria were pre-treated with aPDI or were untreated (please see Inoculum).
After infection, several fractions were collected such as Extracellular — referred to as a free-
floating S. aureus collected from the medium after infection; Adherent - S. aureus attached to the
host cell; Intracellular - S. aureus accumulated inside the host cell in the presence of antibiotic
pressure; Intrat+Adherent — combined number of intracellular and adherent S. aureus; Inoculum —
initial number of treated (Low or High) or untreated (MOI 10 or MOI 1) §. aureus used for
infection. The data are presented as the mean + SD of six separate experiments. The significance
of infected cell viabilities at the respective p-values is indicated with asterisks [**p <0.01;

*#%p <0.001] and it was calculated relative to the respective control to each pre-treatment.
Divergent pattern of Ga>*MPs accumulation inside human keratinocytes

In the next stage of our work, it was important to carefully examine the accumulation of the tested
compounds in host cells before applying Strategy 3 (Fig. 1 Strategy 3), which involves applying
aPDI to intracellular bacteria. First, we investigated the accumulation profile of gallium
compounds, Ga**CHP and Ga’MPIX inside human keratinocytes to check for possible
differences and efficiency of the process. Accumulation of Ga®>"MPs is the first step indispensable
to reach the bacteria inside keratinocytes. The rate of accumulation of both compounds was time
dependent. After 1 hour of accumulation, both Ga*>*CHP and Ga**MPIX were primarily localized
at the cell membrane (Fig 7A). However, over time, we observed differences in the localization
patterns of the gallium derivatives tested. Ga>**MPIX was distributed throughout the cell in the
cytoplasm, while cationic Ga**CHP was mainly localized as intracellular clusters (Fig 7A). Flow
cytometry measurements revealed that after 2 hours of accumulation, 60% of keratinocytes
accumulated Ga**MPIX, while the corresponding value for Ga>*CHP was 7% (Fig 7B). After 6
hours, 75% of the cells accumulated Ga**MPIX and 59% Ga*'CHP, reducing the differences
observed at the 1st and 2nd hours. Interestingly, after 24 hours, nearly every cell accumulated
both compounds at the same level (94%). When measuring the number of molecules of Ga**CHP
or Ga**MPIX accumulated per cell, we also observed the time-dependent uptake (Fig 7C).
Remarkably, despite the accumulation in the cells, none of the tested compounds exhibited a
significant cytotoxic effect against keratinocytes (Fig 7D, E). Even after a 24-hour incubation
with the tested compounds, cells continued to grow, further dividing, and finally reaching the

plateau phase of growth at a similar time, regardless of the incubation time with the compound.
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Based on these results, both compounds accumulate in host cells in a time-dependent manner
without significantly affecting host proliferation and viability. However, the accumulation pattern
of Ga>**MPIX and Ga**CHP inside the cell is highly divergent. It is more likely for Ga>**CHP, than
Ga**MPIX, to reach intracellular S. aureus due to its more localized accumulation inside

intracellular clusters.

A 2h 6h 24h
e . . .
Ga’TMPIX

C

1207 2x10%

9
1004 1.5x10
—
2 1x10Y
] srod I
~h

W Ga*'MPIX
0 Ga*'cHP

]
)

=
=)

B Ga’'MPIX

2.5x10% B Ga*'cHP
2x10%

1.5x10%
1x10%
5x1074

£
Molecules per cell

% of cells that accumulated Ga**MPs w

=

0-
0 1 2 6 M 1 2 624 1 2 6 24

Time of dark incubation [Hours] Time of dark incubation [Hours|

D .
Ga”” MPIX Ga**CHP
8 Dark incubation 8 Dark incubation
7 |Hours| 4 [Hours|
-0 =)
=6 = =6 =
O = _ - ) =
~5 Start of / = ! g 5 Start of = !
- : o e " _
7] incubation =2 5] incubation £
B4 T4
= —4 g /) =
2 — 2 v — 24
1 1
0 0
0 50 100 0 50 100
Time [Hours] Time [Hours]

Figure 7. Divergent pattern of accumulation between two gallium metalloporphyrins in

human keratinocytes.

(A) Images from a confocal florescence microscope presenting accumulation of two gallium
compounds - Ga>**MPIX and Ga**CHP in HaCaT cells after dark incubation (1-24 hours) at 10
uM concentration. (B) Percentage of cells that accumulated Ga**MPs among total number of cells

measured by flow cytometry. Cells were incubated with 10 uM Ga*>"MPIX or Ga**CHP and fixed
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at each time point (1-24 hrs) in the absence of light, and then the fluorescence signal in the cells
was measured by flow cytometry. (C) The number of accumulated Ga>**MPIX or Ga**CHP
molecules (10 uM) in keratinocytes after incubation for the time indicated on X axis, as measured
by the fluorescence intensity of cell lysate. After dark incubation for a particular time, cells were
harvested, counted, and lysed with 0.1M NaOH/1% SDS, to measure the fluorescence of each
accumulated compound. (D, E) Real-time growth analysis of HaCaT cells after dark incubation

(1-24 hours) with 10 uM of Ga**MPIX (D) or Ga**CHP (E).
Ga**CHP accumulates to a greater extent in infected cells.

We next investigated the accumulation of Ga*>*CHP in S. aureus-infected cells. First, keratinocytes
were infected with S. aureus for 2 hours (MOI 10) in a medium without antibiotics, then antibiotic
was introduced to remove extracellular bacteria and maintain intracellular invasion. For
comparison, uninfected cells were cultured separately. The next day, the Ga>*CHP was added to
the infected cell culture, and cells were incubated in the dark. After 2, 4, and 6 hours of incubation,
cells were collected to detect a red fluorescence signal from the compound accumulated in both
infected and uninfected cells (Fig 8A). We observed an increase in the accumulation level over
time, measured as the percentage of keratinocytes (infected or non-infected) showing
fluorescence produced by Ga’**CHP. We observed a very interesting correlation in that infected
keratinocytes accumulated more Ga** CHP compared with uninfected cells. This was most evident
after a longer incubation (Fig. 8A, 6 hour). Then, we analyzed the compound’s accumulation only
in the fraction of infected cells containing both signals: red fluorescence from the cationic
Ga’"CHP compound (Ga**CHP+) and green signal from the S. aureus strain USA300 (GFP+)
(Fig. 8B). Over time, the accumulation of a gallium compound in the infected cell fraction
(Ga**CHP+/GFP+) increased. After 6 hours of incubation, the number of infected cells
simultaneously possessing both signals increased up to 25%, indicating that the cationic gallium
compound accumulates in infected cells. This indicates that the cationic Ga**CHP may colocalize

with intracellular bacteria.
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Figure 8. The accumulation rate of Ga**CHP in infected cells.

(A) Accumulation of Ga**CHP in infected and uninfected cells. The cells were infected with S.
aureus USA300 (MOI 10) for 2 hours in medium without antibiotic, then the cells were washed
and covered with medium with antibiotic. In parallel, uninfected cells were cultured. The next
day, incubations was started in the dark with a concentration of 10 pM of Ga**CHP. After the
incubation time, cells were washed and collected, then the percentage of cells having a
fluorescence signal derived from Ga®*'CHP was measured by flow cytometry. The accumulation
results were compared with uninfected cells. (B) The number of cells harboring both signals:
GFP+ and Ga’"CHP+ after dark incubation with Ga**CHP in infected cells. The significance was
calculated between two compounds, and respective p-values are marked with asterisks

[***p <0.001].
Intracellular S. aureus colocalizes with Ga** CHP in keratinocyte lysosomes

Ga’'CHP accumulated inside the cells in distinct clusters, thus in the next step, we wanted to
identify the organelles in which the studied compound localizes. Fluorescence dyes specific for
the Golgi apparatus, mitochondria, or lysosomes, respectively, were used to determine the
localization of the compound (Fig S3, Table S1). To assess the colocalization, images were
analyzed for two colocalization coefficients: the Pearson correlation (significant colocalization >
0.5) and overlap coefficient (> 0.6). High localization of the compound in lysosomes was
observed, but this was not the only site of accumulation. The overlap coefficient between
Ga**CHP and LysoTracker™ Deep Red in lysosomes was 0.65 with a Pearson’s correlation of
0.46 (Fig 9), indicating partial localization in those eukaryotic clusters. We also observed some

Ga’>'CHP accumulation in the mitochondria (although to a far lesser extent compared with
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lysosomes), and no confirmed localization in the Golgi apparatus (Table S1). Then, we examined
the localization of S. aureus inside keratinocytes. However, we did not confirm the lysosomal
localization of the bacteria, measured by both - the overlap coefficient and the Pearson’s
correlation (Table S2). Interestingly, when Ga**CHP was incubated with S. aureus-infected
keratinocytes, colocalization between S. aureus and Ga**CHP occurred. Moreover, simultaneous
staining of lysosomes and detection of signals from S. aureus (GFP) and Ga*>"CHP indicated the
colocalization of these signals in the lysosomes. We thus hypothesized that certain metabolic
changes caused by two factors (infection and presence of Ga**CHP) can promote the

colocalization of S. aureus inside the lysosomes.

Ga**CHP LysoTracker

Ga** CHP
+ Lysosome

S. aureus
+ Lysosome

S. aureus
+ Ga**CHP

S. aureus
+Ga’'CHP
+ Lysosome

Figure 9. Colocalization of intracellular S. aureus and Ga**CHP in lysosomes.

Confocal images of S. aureus-infected keratinocytes (HaCaT) at 1% day post-infection, incubated
in the dark for 6 hours with cationic Ga**CHP (10 pM). The green signal represents intracellular
S. aureus USA300-GFP, the red signal is Ga**CHP, while the blue signal is from lysosomes. All

colocalization parameters are detailed in Table S2 in Supporting Information Captions.
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Light-activated Ga*>*CHP reduces the number of infected keratinocytes.

After establishing the colocalization of intracellular bacteria and Ga**CHP we proceeded to
analyze the effect of aPDI on intracellular and intra-lysosomal S. aureus according to Strategy 3
(Fig. 1 Strategy 3). To this end we applied excitation with green light of Ga** CHP accumulated
in cells and checked how it would affect the total number of infected cells. For this purpose, on
the first day, we infected keratinocytes, removed extracellular bacteria, and left only intracellular
bacteria due to the use of antibiotics in the culture. The next day, we added Ga**CHP to the cells,
incubating for 2 or 6 hours in the dark. After incubation, we irradiated the infection model with
the green light at doses of 6.36 or 12.72 J/cm? (Fig 10A). Using flow cytometry, we measured the
number of infected cells by tracing the GFP signal originating from intracellular S. aureus. As a
control (100%), the GFP signal was analyzed for infected cells that were not subjected to aPDI
(without Ga**CHP addition and irradiation). Incubation of cells with Ga**CHP in the dark reduced
the number of cells expressing GFP to ~70%, regardless of incubation time. However, when green
light irradiation was added, a significant decrease in the number of GFP-expressing cells to 37-
27% was observed which was not dependent on incubation time and the light dose applied (Fig
10B). Treatment with light alone did not reduce the number of infected cells. For Ga>*MPIX,
which did not accumulate in intracellular clusters, we did not observe any decrease in the number
of infected cells after green light illumination (Fig S4). Colocalization of both the photosensitizer
and the bacteria is crucial for effective reduction of the intracellular S. aureus during the aPDI

process.

To verify how aPDI treatment affects the survival and growth of host cells, we analyzed the real-
time growth of infected and non-infected cells after illumination with green light (6.36 J/cm?)
following a 2-hour incubation with Ga>*CHP in the dark (Fig 10 C-E). We observed that
incubation of cells with Ga*>*CHP followed by light application delayed the proliferation rate of
both infected and uninfected cells. Interestingly, after aPDI, infected cells exhibited a higher
overall growth rate (0.03 CI/h) than uninfected cells (0.019 CI/h) until reaching the plateau phase.
However, uninfected cells restored growth much faster immediately after aPDI compared to
infected cells (as reflected by the ACI parameter: 2.78 vs. 1.8, for non-infected vs. infected cells,
respectively). The plateau phase for uninfected cells was reached faster (131 h, Clmax=5.9) than
for infected cells (140 h, Clmax = 6.9). After aPDI treatment, both - infected and uninfected cells
show significant slowdown in growth and a delay in entering the plateau phase compared to
untreated cells. Despite some phototoxicity of aPDI, which reduces the rate of cell proliferation
after treatment, both infected and uninfected cells can overcome photodamage and begin to
proliferate until the plateau phase is reached. This indicates a lack of significant photo- and

cytotoxicity against host cells.
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Figure 10. Light-activated Ga>*CHP impacts the number of GFP-expressed cells with no

severe host damage.

(A) Scheme of the experiment. On day 0., HaCaT cells were seeded in a 24-well plate. On day 1.,
S. aureus USA300 (MOI 10) was added to start a 2-hour infection. Next, the medium was replaced
with antibiotic-medium (Antibiotic OFF->ON) to eliminate extracellular bacteria and maintain
intracellular invasion. On day 2., Ga**CHP was added to the medium for 2 or 6 hours for dark
incubation, then cells were washed, and the green light was applied at the proper dose. (B)

Percentage of infected cells after aPDI. The number of GFP-expressing cells after 2- or 6-hour
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dark incubation followed with either dark treatment or green light illumination. Cells were
collected, fixed and GFP signal was measured by flow cytometry. All results were calculated in
reference to the untreated control (cells with no compound and no light exposure). (C) Table
containing growth characteristics of individual treatments of infected or uninfected cells. The
following parameters were taken into account in the analysis: CI after aPDI — CI measured
immediately after aPDI treatment (at 55™ hour of the experiment); ACI with the characteristics of
the growth rate immediately after aPDI treatment, calculated as the difference in the growth of
cells after aPDI treatment (from 55 h of the experiment) and cells in the middle of logarithmic
growth (~100 h of the experiment); Clmax- Maximum CI achieved at the beginning of the plateau
phase; Time to plateau phase - time at which cells enter stationary growth phase; Growth rate
calculated as the total rate of increase in the logarithmic phase of growth after treatment to time
of reaching the plateau phase of the analysis curve. (D, E) Real-time growth analysis of HaCaT
cells uninfected (D) or infected (E) after dark incubation at 2 hours with 10 uM of Ga**CHP and
with or without light illumination of 6.36 J/cm?. The Cell Index (CI) was measured by the RTCA
device every 10 minutes. Experiments were conducted until the cells reached the plateau phase

of growth.
Discussion

In patients with chronic and recurrent skin infections, such as patients with AD, the problem of
staphylococcal infections is extremely important. The interaction of S. aureus with the skin is the
subject of intensive research. On the one hand, answers are being sought to the question of
whether there are specific characteristics that allow the bacteria to adapt to living on the skin. On
the other hand, the subject of interest is host cells, which are not just passive players in the game
defined as 'host-pathogen interaction. Methods are constantly being developed to control the
spread of staphylococci on skin that is primarily affected by the disease, such as atopic dermatitis.
Antibiotics can and are used to combat staphylococci infecting the skin, but the frequent use of
antibiotics leads to the selection of strains resistant to the drug used. In this case, other methods
are needed, preferably ones that can combat infections caused by drug-resistant bacteria. Such a
method is the photodynamic method described in this article as aPDI. It is a method with proven
efficacy against S. aureus, but also against other microorganisms, including drug-resistant ones
(21). To date, however, it has not been shown whether the use of aPDI is effective against

intracellular bacteria.

Staphylococcus aureus was initially described as an extracellular pathogen, but recent scientific
reports indicate its ability to invade intracellularly non-professional phagocytes, including
keratinocytes. In this way, the bacteria avoid the effect of antibiotics whose penetration into host

cells is hindered (6,33). In our study, we established and described keratinocyte infection model
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with multidrug resistant S. aureus for implementing aPDI on the different stages of S. aureus
infection: adherence, internalization, intracellular persistence, or release of bacteria from the host
cell (Fig 1). In this study, we used the keratinocyte model of the HaCaT cell line and keratinocytes
with reduced filaggrin function as a simplified model of AD. The results of our study presented
in this work remain in agreement with previously published data showing that in patients with
AD, the impairment in the FLG gene is correlated with increased S. aureus colonization (32,34).
We observed a higher internalization and longer intracellular persistence of S. aureus in
keratinocytes without functional filaggrin (Fig. 4). Higher intracellular S. aureus persistence
might be responsible for chronic staphylococcal infections in atopic dermatitis and an increased

risk of reinfection after initial antibiotic treatment (35).

Once internalized, S. aureus is exposed to two selective pressures: antibiotic and intracellular
environment of the host. The pathogen undergoes drastic changes in the transcriptome for induced
persistence (36,37). Nevertheless, intracellular persisters exhibit metabolic activity despite
adaptive changes. Moreover, it has been shown that intracellular phenotype could manifest greater
tolerance to antibiotics (38). The reservoir of intracellular S. aureus is strongly linked to the
recurrence of infection (39—41). Under favorable conditions (i.e., the absence of antibiotic), S.
aureus USA300 could escape, and restart the infection, even with a lower intracellular load (Fig
3D, Fig S1). The same observation was made by Rollin et al., where S. aureus resumed
extracellular infection after maintaining intracellular inoculum for up to 10 days under selective
antibiotic pressure (42). Bacteria that are released from the host might contribute to therapeutic
failures. In our study, we evaluated the efficacy of aPDI action (Strategy 1) in eliminating S.
aureus released from the host cells, that regrown from the intracellular inoculum. Based on our
results bacteria released from cells were still sensitive to aPDI likewise suspension cultures of S.
aureus grown in vitro (Fig. 5). The adaptive changes that occur during infection did not alter the
bacterial sensitivity to aPDI. This indicates that the combination of green light and Ga**MPs might

be an efficient strategy to combat recurrent staphylococcal infections.

In Strategy 2, we assessed the effect of aPDI pretreatment on S. aureus adherence and
internalization. Treatment with Ga**CHP of initial inoculum before infection significantly
decreased the adherence of bacteria to keratinocytes. In our previous study, the light-activated
Ga’"CHP was shown as an efficient singlet oxygen producer (29). The singlet oxygen, generated
during aPDI pre-treatment, might affect the structure of bacterial surface proteins responsible for
their attachment to the host (43). It was shown that aPDI reduces biofilm adherence to abiotic
surfaces (44). Our results show for the first time that aPDI using green light induced Ga**CHP
reduces the adhesion of S. aureus to a biotic surface, namely keratinocyte (Fig. 6). Interestingly,
pre-treatment with aPDI did not significantly change the level of internalization of S. aureus,

regardless of inoculum size (MOI 10 vs. MOI 1) and aPDI strength (High vs. Low), the number
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of intracellular S. aureus did not change (Fig. 6). This indicates a particular priority of S. aureus
action during infection, which is dominated by internalization. This happens until a certain
capacity of host internalization is achieved. Finally, the bacterial inoculum also showed a weaker
proliferation rate after aPDI treatment, which we observed as a significant reduction in the growth

of extracellular fraction.

In a study by Akilov et al., some limitations have been presented that need to be overcome for
aPDI to be an anti-intracellular therapy (45). The ideal situation would be to kill infected
keratinocytes while non-infected one would be spared. To achieve this, a major challenge must
be faced: the accumulation of PS inside host cells and perhaps inside intracellular vesicles where
the pathogen may reside. For this reason, investigating the intracellular localization of both the
pathogen and the PS is key to verifying the potential of aPDI as a method that works on
intracellular pathogens. The second important issue is the effective concentration of PS in cells,
which depends not only on the accumulation process, but also on the potential efflux of PS or the
unwanted interaction of PS with host cell biomolecules. Ga**MPs studied by us revealed the
divergent cellular localization pattern in keratinocytes. In general, the accumulation of porphyrins
into eukaryotic cells occurs through a slow passive-diffusion process with partial accumulation
within mitochondria (45,46). In our study, cationic Ga*>*CHP is colocalized in cellular organelles,
mostly in lysosomal structures (Fig 9), and partially in mitochondria (Fig S3B). The presence of
cationic quaternary ammonium moieties in the structure of Ga**CHP might promote increased
uptake and tracking to lysosomes through electrostatic attraction (47,48). At this stage of research,
it is difficult to determine whether Ga**CHP first accumulates in lysosomes, attracting bacteria to
these structures, or whether bacteria capture Ga®>*CHP via highly specialized heme import systems
and consequently end up in lysosomes. On the one hand, the environment of the lysosome is
nutrient-poor, which favors the bacterial cell in changing its phenotype to a dormant one, and thus
more resistant to antimicrobials. On the other hand, in a poor environment, a pathogen such as S.
aureus produces highly specialized proteins that efficiently capture nutrients such as heme or its
structural analogs, as demonstrated in this work and our previous studies (Fig. 8) (26,29).
Interestingly, we did not confirm the lysosomal localization of intracellular S. aureus itself (Fig.
9; S. aureus + Lysosome). However, simultaneous colocalization of intracellular bacteria with
Ga*"CHP in the lysosomal structures of the host was confirmed (Fig. 9; S. aureus + Ga>*CHP +
Lysosome). The presence of both: S. aureus and Ga>* CHP may influence metabolic changes that
favor the colocalization of S. aureus inside lysosomes. Therefore, there is a high probability that
Ga*"CHP will reach intracellular bacteria or even be intracellularly accumulated by them through

heme receptor acquisition systems as a part of the light-independent action of Ga**MPs.

According to Strategy 3 presented in this study, we tested the effectiveness of aPDI on the

intracellular load of S. aureus in the non-professional phagocytes as keratinocytes. So far, there
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are a few studies on the aPDI effectiveness in the anti-intracellular approach. For instance,
efficient aPDI killing of intracellular S. aureus in HeLa cells was achieved with red light and a
conjugate of the cell-biding domain of phage endolysin (CBD3) and silicon phthalocyanine
(700DX) (49). Furthermore, blue light-activated gallium-substituted hemoglobin on silver
nanoparticles was used against intracellular S. aureus, which persisted inside professional
phagocytes (50). Both examples use high-molecular-weight bioconjugates, which may have more
difficulty accumulating inside eukaryotic cells than low-molecular-weight compounds. Previous
studies on aPDI efficacy in this field have mainly focused on the infection model involving either
cancer cell line or professional phagocytes as macrophages (49,50). Our study is the first
evaluation of the aPDI efficacy on the infection model of S. aureus inside non-professional
phagocytes such as human keratinocytes. Accumulation of bioconjugates may be difficult for non-
professional phagocytes, due to the lower accumulation capacity of these cells (51). We used
small molecular weight compounds - gallium metalloporphyrins rather than bioconjugation with
bulky molecules. The addition of a positive charge gained by quaternary ammonium moieties
increases the compound’s hydrophilicity, which might be important for the lysosomal localization
of photosensitizer inside eukaryotic cells (52). This was observed in the case of intracellular
localization of hydrophilic sulphonated tetraphenyl porphyrins (53). Moreover, it has been
reported that adding a cationic charge was necessary for effective photokilling and higher
accumulation of benzophenoxazine in the intracellular pathogen Leishmania (54). Ga>* CHP was
previously reported by us as a biocompatible and safe agent both in vitro and in vivo studies (30).
Green light excitation of Ga**CHP did not exhibit pronounced phototoxicity in studies on HaCaT

cell cultures alone (29), nor in our infectious model (Fig. 10) as discussed below.

Previous studies on aPDI in an anti-intracellular approach have mainly focused on intracellular
photokilling efficacy without testing eukaryotic safety as a part of the infection model (49,50).
Monitoring aPDI phototoxicity was focused on uninfected cell cultures separately rather than on
infected cells, harboring the intracellular S. aureus (49,50). This approach does not reflect the
actual impact of aPDI on infected cells, especially since the infection itself contributes to a
significant reduction in host growth. In our approach, we monitored growth in real-time during
ongoing infection, subsequent dark accumulation with Ga>*CHP, and green light irradiation until
the plateau phase. After aPDI with Ga*>*CHP both infected and uninfected cells exhibited some
phototoxicity reflected as growth delay (Fig. 10 D vs. E). Surprisingly, uninfected cells’ growth
rate was relatively slower than that of the infected cells, despite higher survival immediately after
aPDI. Nevertheless, both infected and uninfected cells eventually reached a plateau phase,
indicating that the photodamage could be overcome by cell line. aPDI combined with Ga**CHP
is a promising anti-intracellular treatment, which exhibited a low phototoxicity impact on

keratinocytes despite the infection status. One limitation of this study is the inability to distinguish
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whether aPDI causes elimination of only intracellular bacteria without damaging keratinocytes,

or the bacteria together with keratinocytes that incorporate them.

Overall, this research presents the application potential of light-activated compounds for: 1)
elimination of staphylococcal recurrent infections, ii) decrease of the infection process and
bacterial attachment to the host cells, iii) reduction of the intracellular S. aureus. We highlighted
the great importance of the simultaneous colocalization of a photosensitizer and intracellular
bacteria within the host’s intracellular clusters for efficient reduction the number of infected cells
in the aPDI process. This study reveals the broad spectrum of aPDI application to overcome

staphylococcal intracellular infections.

Material and Methods

Bacterial strains and growth conditions

In this study, we used two GFP-expressing S. aureus strains: hypervirulent USA300 (AH3369)
derived from A. Horswill (55) and non-hypervirulent, agr-deficient RN4220 from BEI Resources,
USA. Both strains were grown in trypticase soy broth (TSB, bioMérieux, France) at 37 °C with
10 pg/mL of either chloramphenicol for USA300 or trimethoprim for RN4220 to sustain the GFP
plasmid. To obtain bacteria in the stationary phase of growth, overnight cultures were grown for
16-20 hours and diluted to 0.5 McFarland (~10” CFU/mL). For infection, stationary overnight
cultures were diluted to 1:100 in flask and grown with shaking (150 rpm/37°C) to obtain
logarithmic phase up to 2 hours then diluted to 0.5 McFarland for further investigations.

Cell line and culture media (Antibiotic ON/OFF)

The human immortalized keratinocyte HaCaT cell line was used in this study. As the cell line for
the filaggrin deficient cell line (FLG sh), we used knockdown cells after lentiviral particles FLG
shRNA (sc-43364-V) infection, characterized previously (56). Control cells were treated with an
empty vector (FLG ctrl). Culture medium with antibiotic (Antibiotic ON) consisted of Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 4.5 g/L glucose, | mM
sodium pyruvate, 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM l-glutamine, and 1 mM
nonessential amino acids. The medium without antibiotic (Antibiotic OFF) was based on the
previously given composition of DMEM HaCaT growth medium but without the addition of
streptomycin and penicillin. All media components were derived from Gibco, Thermo Fisher
Scientific, USA. Cells were grown in a standard humidified incubator at 37 °C in a 5% CO;

atmosphere.
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Co-culture methodology

To obtain intracellular S. aureus, we proposed the infection model protocol, provided in detail on
Fig 11. Briefly, HaCaT cells were seeded in the antibiotic-free medium (Antibiotic OFF) prior to
infection day, referred to as Day 0, at a density of 10° cells/per well in a 24-well plate (Corning,
USA). The next day (Day 1), overnight S. aureus cultures were diluted 1:100 in the 10 mL of
TSB with proper antibiotic to sustain the plasmid in the flask. Cells were grown for 2 hours with
150 rpm shaking at 37°C to achieve logarithmic growth. Bacterial suspensions were diluted in
TSB to 0.5 McFarland (~2 x 10’ CFU/mL), and depending on the MOI for infection, the
appropriate concentration of bacteria was added to the growth medium of HaCaT cells. After 2
hours of infection incubator at 37 °C in a 5% CO; atmosphere, cells were washed with PBS, and
the medium was changed to contain the standard cultures antibiotics (Antibiotic ON). During the
following days (Day 2-7), either the antibiotic pressure was maintained, or the medium was

changed for non-antibiotic (OFF) to release bacteria from the host.

To investigate the S. aureus fraction to count CFU/mL, we collected each fraction at the proper
time point of the infection model preparation. For extracellular S. aureus, the fraction was
collected from the growth medium after 2 hours of infection. For the intra+adherent fraction, after
infection, cells were washed three times with PBS, and trypsinized with TrypLE™ Express
(Thermofisher Scientific, USA). Cells were collected, washed, centrifuged, then resuspended in
the 0.1% TritionX-100 in MiliQ for 30 minutes for cell lysis. For intracellular S. aureus, 2 hours
after the addition of S. aureus infectious inoculum, cells were washed, and the growth medium
was change to fresh medium with antibiotic (Antibiotic ON) for kill the adherent and extracellular
bacteria. After 1 hour incubation with antibiotics, the cells were washed and harvested. After that,
samples were washed and lysed with lysis buffer. Each fraction was serially diluted and placed

on TSA agar plate for CFU/mL counting.

To prepare the fraction of S. aureus from different stages of infection for analysis on the flow
cytometer. After infection, cells were washed with PBS, then trypsinized and harvested. Culture
medium was used to neutralize the trypsin, and the cells were washed with PBS and resuspended
in BD Cytofix/CytoPrem™ kit (BD Biosciences, USA). After a 20-minute incubation in the dark
with pre-fix buffer, the cells were centrifuged, washed twice, and resuspended in PBS for further

analysis on flow cytometer.
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Figure 11. Methodology of the infection model preparation.

On the Day 0, HaCaT cells were seeded at the 24-well plate in a non-antibiotic medium
(Antibiotic OFF). On day 1, S. aureus overnight cultures were diluted and grown by 2 hours to
achieve a logarithmic growth phase. Afterward, cultures were diluted and transferred to the cells
at a proper multiplicity of infection. Then, after 2 hours of infection, the growth medium was
changed to antibiotic (Antibiotic ON) to put antibiotic pressure on intracellular invasion. On days
2-7, the antibiotic pressure was maintained or lifted by changing the medium to non-antibiotic

(Antibiotic OFF) to release extracellularly intracellular S. aureus.
Gallium compounds

The synthesis and structure characterization of cationic gallium porphyrin (Ga**CHP) and Ga3*
mesoporphyrin IX chloride (Ga*"MPIX) was previously described in detail (29,30). The initial
stock of Ga*>"CHP was prepared in Milli-Q water, while Ga>**MPIX in the 0.1 M NaOH solution.

Compound accumulation

The intracellular accumulation of each photosensitizer inside human keratinocytes was analyzed
by two methods: flow cytometer analysis and measurements of fluorescence intensity of cell
lysates. Ga**MPIX or Ga**CHP at 10 uM were added to the medium of HaCaT cells either
infected or uninfected. After dark incubation at the desired time, the external photosensitizer was
removed, then cells were trypsinized and collected. Cells were either fixed with BD
Cytofix/CytoPrem™ kit for flow cytometry analysis or counted and then lysed with 0.1M
NaOH/1%SDS buffer for fluorescence lysate measurements. The fluorescence intensity of each

sample was measured with an EnVision Multilabel Plate Reader (PerkinElmer, USA) at the
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following emission/excitation wavelengths: Ga**MPIX at 406/573 nm and Ga*>*CHP at 406/582
nm. Accumulation calculations for each PS were made from a compound calibration curve
prepared in the lysis solution. The uptake values are presented as PS molecules accumulated per
HaCaT cell number in the well. The molecular weight of Ga**CHP was calculated to be 907.08
g/mol, and that of Ga>"MPIX was estimated to be 669.85 g/mol.

Flow cytometry

Prepared fixed cells were analyzed by GFP signal originating from S. aureus that was detected
with the green detector channel (exc 488 nm, ems 525/30 nm). For the accumulation of
photosensitizer - the PS signal detected the Red Detector channel (exc 642 nm, ems 664/20 nm).
Cells were analyzed using Guava easyCyte™ flow cytometer and guavaSoft 3.1.1. software

with an analysis of 10,000 events.
Light activation of Ga**MPs (Strategy 1, 2 and 3)

For the light-activation of gallium compounds, we used a light-emitting diode (LED) light
emitting green 522 nm light (irradiance= 10.6 mW/cm?, FWHM= 34 nm) to excitement either
Ga*"MPIX or Ga*>*CHP. The excitement of gallium compounds within Q-bands at the emission
spectra of lamp with the excitement of gallium compound was previously characterized in our

previous research (57).

We applied light-activation of gallium metalloporphyrins on the infection model at different
stages of the preparation, based on our proposed strategies (Fig 2). In strategy 1, HaCaT cells
were infected with S. aureus at MOI 10 for 2 hours in an antibiotic-free medium (Antibiotic OFF).
Then, cells were washed with PBS, and the medium was changed to antibiotic (Antibiotic ON).
The next day, the medium was removed, adherent cells were washed with PBS, then the antibiotic-
free medium was again applied (Antibiotic OFF) and cultivated for 16-20 hours to release the
intracellular S. aureus from the host. Then, the medium was collected and centrifuged (10 000
rpm, 5 min), and bacterial sediment was resuspended in 1 mL of fresh TSB. The 10 pL of the
bacterial sample was taken to count the number of bacteria released from the co-culture. The
bacterial aliquot of 450 uL was mixed with 50 uL of 10x concentrated PS, then incubated in the
dark with shaking at 37°C. The light illumination was applied, and surviving bacteria were serially

diluted and placed on the TSA agar plates for CFU/mL counting.

For bacteria pre-treatment with aPDI at Strategy 2, the overnight S. aureus was diluted to 0.5
McFarland (107 CFU/mL), then 900 pL of bacterial aliquots were placed on the 24-well plates
with 100 pL of 10x concentrated photosensitizer, followed by 10 min dark incubation with
shaking at 37°C. Then, samples were illuminated. For a low dose of aPDI, 1 uM of Ga**CHP was

used with 2 J/em? dose of green light (1 logio of reduction in bacterial survival, final bacterial
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concentration of ~10° CFU/mL), while for a high dose, we used 1 uM of Ga**CHP and 5 J/cm?
(2 logio of reduction, final bacterial concentration: ~10° CFU/mL). Samples were centrifuged
(10 000 rpm/5 min), then resuspended in 100 pL of fresh TSB before addition to the 10° HaCaT
cells to start the infection. Untreated cells were added at the proper MOI (10 or 1) as a

corresponding control.

In strategy 3, either Ga**MPIX or Ga**CHP at 10 uM concentration was added to infected cells
at the 1* day post-infection. Then samples were left for dark incubation in the CO» incubator for
2 or 6 hours. The PS-containing medium was replaced with PS-free medium for green light
illumination at dose of either 6.36 J/cm? or 12.72 J/cm?. Afterwards, cells were prepared for flow
cytometry analysis. The same protocol was conducted for real-time growth analysis of the cells
on the xCELLigence device, however, after illumination, cells were left for measurements of the

Cell Index parameter.
Real-time growth analysis

For real-time analysis of cell growth dynamics, HaCaT cells were seeded the day before at a
density of 10* per well on an E-plate (ACEA Biosciences Inc., USA) on the xCELLigence real-
time cell analysis (RTCA) device (ACEA Biosciences Inc., USA). The next day, cells were treated
as appropriate to the experimental purpose; either infection with proper MOI was conducted, or
photosensitizer was added to the dark incubation studies. The Cell Index (X-axis) monitored the
change in the flow of electrons between electrodes on the E-plate. The flow of impendence
depends on the cell type, the density, its shape, and the degree of adhesion to the well (58). The
CI parameter was monitored every 10 minutes until the plateau phase of the cell growth was

reached.
Confocal imaging

Specimens were imaged using a confocal laser scanning microscope (Leica SP8X equipped with
an incubation chamber for the live analysis) with a 63x oil immersion lens (Leica, Germany). Cell
nucleus for intracellular persistence studies and 3D-dimension images was stained with HOEST
33342 dye (Thermofisher Scientific, USA). For lysosomal staining the LysoTracker™ Deep Red
(Sigma-Aldrich, USA) was used; for mitochondria — Mito RED (Sigma-Aldrich, USA); for the
Golgi apparatus — GOLGI tracker NBD c¢6 ceramide (Thermofisher Scientific, USA). Pixel
intensities were quantified and evaluated using the Pearson's correlation or the overlap coefficient
to derive the colocalization rate (%). Quantitative analyses of colocalizations were performed

using Leica Application Suite X, version 3.5.2.18963.
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Statistics

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, Inc., CA, USA).
Quantitative variables were characterized by the arithmetic mean and the standard deviation of
the mean. Data were analyzed using one-way or two-way ANOVA with Dunnett’s multiple

comparison test.
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6. Summary

Upon illumination with green light in the Q-band, gallium(III)-coordinated
porphyrins photogenerated the singlet oxygen with low but detectable levels of
superoxide anion production. Acting as a Type Il photosensitizer, gallium(III)-
coordinated porphyrins continued to exhibit photodynamic properties despite
structural modifications. In light-dependent pathway, Ga3*MPs exhibited the
antimicrobial action reflected in the reduction of S. aureus viability, tested in
suspension cultures, or staphylococcal biofilms models: in vitro and ex vivo. By using
green light as a light source, gallium(IIl)-coordinated porphyrins did not cause
extensive phototoxicity to human cells, while still maintaining a strong antimicrobial
effect. When looking for suitable aPDI conditions for clinical applications, a balance
between antimicrobial efficacy and toxicity to human cells should be sought. The
combination of green light and Ga3*MPs can provide an equilibrium between those
two factors.

Despite the minor modification implemented in the structure of Ga3*MPIX
(vinyl groups) or Ga3*CHP (cationic moieties), both gallium compounds were still
strongly accumulated through an iron- and heme-dependent acquisition mechanism
with recognition by receptors from the Isd system. Interestingly, by blocking the
heme efflux pump, we observed the increased toxicity of gallium(III)-coordinated
porphyrins in both pathways: light-dependent and light-independent.

In the light-dependent pathway, Ga3*CHP effectively reduced virulence
factors (SEC, or TSST-1) at the level of gene expression or protein production pool,
but most importantly in terms of biological activity. Ga3*CHP-mediated aPDI
reduced the biological functionality of both SEC and TSST-1 as superantigens. ROS
produced in the photodynamic process can cause modifications and oxidations of
sensitive amino acid residues of toxins to promote their inactivation.

In this thesis, the efficacy of light-dependent action of Ga3*CHP was
examined on the infection model of human keratinocytes with S. aureus. This was
the first study to demonstrate such potential of aPDI in eliminating recurrent
staphylococcal infection released from host cells. The aPDI response of the released
bacteria did not change and remained as sensitive as the standard suspension
culture after treatment. Moreover, bacterial adherence, but not internalization, was
significantly reduced after aPDI pretreatment. This indicates that aPDI affected the
quality of bacterial adherence to the host. Furthermore, combination of Ga3*CHP
and green light significantly reduced the GPF signal derived from intracellular S.
aureus, which may indicate that the number of bacteria was reduced. It should be
emphasized that due to the simultaneous -colocalization of Ga**CHP and
intracellular S. aureus in host lysosomes, such aPDI efficiency was achieved. It may
be possible that Ga3*CHP, which is a heme analog, may be accumulated by
intracellular S. aureus as part of a Trojan Horse strategy. However, further
accumulation studies on intracellular S. aureus should be encouraged to confirm this
thesis.
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Besides, the applied aPDI anti-intracellular conditions was examined against
infected and uninfected human keratinocytes. The aPDI treatment showed moderate
phototoxicity to both types of keratinocytes. Nevertheless, cells were still able to
proliferate until they reached the plateau phase, despite their infection status. To
date, this is the first study that consider the additive effects of infection and aPDI
on host viability and proliferation rate, measured in real time. Those findings create
a broad new field of aPDI applications as a method with anti-intracellular potential.
Further research should be conducted with other photosensitizers commonly used in
aPDI to find the best therapeutic option with the highest effectiveness against
intracellular S. aureus with low phototoxicity to human cells.

The findings presented in this thesis lead to the following conclusions:

1. Gallium(III)-coordinated porphyrins, specifically cationic-modified Ga3*CHP,
are efficient photosensitizers in aPDI against S. aureus,

2. Upon green light illumination, Ga3*CHP is less phototoxic than Ga3*MPIX to
keratinocytes,

3. Both, Ga**CHP and Ga3*MPIX can be naturally recognized by the existing heme
recognition and detoxification system in S. aureus

4. Ga3*CHP-based aPDI is an effective strategy for reduction the biological
activity of virulence factors such as staphylococcal enterotoxin C and toxic shock
syndrome toxin-1,

5. Application of aPDI with either Ga3*MPIX or Ga**CHP is highly effective
against S. aureus released from keratinocytes,

6. Application of aPDI with Ga3*CHP before infection changes the process of the
infection and reduces bacterial adhesion to keratinocytes,

7. Cationic Ga3*CHP and S. aureus colocalize in the lysosomal structures of
keratinocytes, ensuring the accumulation of the compound by the bacterium,

8. The combination of light and accumulated Ga**CHP reduces the number of
intracellular S. aureus in keratinocytes indicating the potential of Ga3*CHP-
based aPDI in the eliminating intracellular S. aureus,

9. The combination of Ga3*CHP and green light did not promote the extensive
photo-toxicity towards keratinocytes.
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Bacterial strains characterization

Table S1. Drug resistance of S. aureus 1814/06 and 4046/13 MDR strains used in this study.

Antibiotic

S. aureus 1814/06

S. aureus 4046/13

FOX

ERY

CLI

QDA

MUP

SXT

VAN

TEI

TET

DK

TGC

MIN

CIP

GEN

FA

RIF

TLV

DAP

NnNnnDn D n DO nnnlnln/ 0 00

NN AO DD N OO 0NN TN nwnw 00

Legend: R- Resistance S- Susceptible; FOX- fosfomycyn, ERY-erytromycyn, CLI- clindamycin , QDA- quinupristin-
dalfopristin, MUP-mupirocin , SXT- trimethoprim-sulfamethoxazole, VAN- vancomycin, TEI- teicoplanin; TET- tetracycline;
DK-Dicloxacillin ;TGC- tigecycline; MIN- minocycline; CIP- ciprofloxacin; GEN- gentamycin; FA- fusidic acid; RIF-

rifampicin; TLV- telavancin , DAP- daptomycin
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Chemicals used in the study

3.5+
3.0 — Ga’>*MPIX [0.1M NaOH]

55 — Ga’'PPIX [50:50 0.1M NaOH:DMSO]

2.0 — Ga’'PPIX [0.1M NaOH]

1.57

Absorbance

1.0
0.5

0.0-
400 500 600

Wavelenght [nm]

Figure S1. Absorbance spectra of Ga®*MPIX or Ga**PPIX in different solvents. Absorbance spectra of 10 uM stock of
Ga*MPIX or Ga**PPIX initially diluted in different type of solvents (0.1 M NaOH or 0.1 M NaOH:DMSO) were dissolved in
PBS buffer. Stock solution (1 mM) Ga**MPIX in 0.1 M NaOH (blue line) was dissolved in PBS to a working concentration of
10 pM. stock solution (ImM) Ga®*PPIX in an organic solution 50:50 (v: v) 0.1M NaOH: DMSO (red line) or in an aqueous
solvent of 0.1M NaOH (green line) were dissolved in PBS to a working solution of 10 uM. Each spectrum recorded is the mean
of three independent replicates.

A) B)

/
o- *
o0 0 NH,
. HO NH NH,
NH, i
HN_NH OH 0 NH
NH 0
PPIX PPIXArg,
Formula: C34H34N404 Formula: C46H62N1408
Mass: 562.658 g/mol Mass: 911.061 g/mol

Figure S2. Molecular characteristic of compounds used in this study. A) Protoporphyrin IX (PPIX) B) Protoporphyrin IX
diarginate (PPArg).
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Gallium MPs delayed staphylococcal growth light-independently

Table S2. Staphylococcal growth under exposure to porphyrin compounds, calculated in the reference to the Fig 3.

Treatment Parameters of S. aureus growth
Mmax Td Amax Time of S. aureus growth at the end of
[ODsoo/h] [hours] [ODsoomax] obtained exponential phase [%]
stationary
phase [min]
Ga**MPIX 0.15 4.65 0.621 480 77.43 + 0.67 ***
Ga*PPIX 0.126 5.5 0.52 450 67.6 +0.8 ***
PPIX 0.282 2.45 0.75 390 101.9+1.08
PPIXArg; 0.282 2.45 0.76 390 1045+1.2
Untreated 0.354 1.95 0.77 390 100

Legend: pmax- maximum specific growth rate during exponential phase of bacterial growth; Td- Time of duplication, also
known as generation time; Amax- maximal absorbance value with maximal bacterial density; Time of the obtained stationary
phase - defined as the point of curve flattening; S. aureus growth at the end of exponential phase [%] at 240 min as the inflection
point of the exponential growth curve calculated in the reference to control- untreated cells (100%). Significance at the
respective p-values is marked with asterisks [***p < 0.001] with respect to untreated S. aureus 25923 cells.
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ROS detection and Quenchers in Ga**MPIX phototreatment
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Figure S3. ROS detection and quenching in Ga**MPIX-mediated phototreatment. Cell-free suspensions of Ga**MPIX
were incubated with ROS-detecting fluorescent probes: hydroxyl radical — HPF (3'-(p-hydroxyphenyl) Sigma—Aldrich, USA)
(A) or singlet oxygen - Singlet Oxygen Sensor Green reagent (SOSG, Thermo Fisher Scientific, USA) (B) upon irradiation
with LED light as indicated in the legend. Ga**MPIX was dissolved in PBS buffer, and then each fluorescent probe was added
in darkness to a desired concentration of 5 uM. The fluorescence signal for both probes was detected immediately after green
light irradiation at 12.72 J/cm? and 31.8 J/cm? doses, measured on an EnVision Multilabel Plate Reader at excitation/emission
of 488/525 nm for SOGS and 490/515 nm for HPF. The values are the means of three separate experiments. (C) S. aureus
25923 (~10” CFU ml) was incubated with 10 uM of Ga**MPIX exposed to LED-light at a dose of 25.44 J cm (referred to
as aPDI). A type Il quencher (0.1 mM sodium azide, NaNs), type | quencher (10 mM Mannitol, 1.35 units of superoxide
dismutase - SOD, and 10 units of catalase - CAT), and a mixed type I/1l quencher (0.1 mM tryptopxhan) were, respectively,
pre-incubated with the mixture of PS and bacterial suspensions for 10 min prior to illumination. The experiment was conducted
in three independent biological repetitions. Significance at the respective p values is marked with asterisks [* p <0.05; ***
p<0.001].
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Phototreatment of S. aureus with Ga®**MPIX or Ga**PPIX reduced
bacterial viability after additional wash-step

Table S3. Phototreatment of S. aureus strains with Ga*>*PPIX or Ga>*MPI1X with green LED light with wash-step.

Strain Mean reduction of survival (logio CFU/mL)" £ SD
Ga**MPIX Ga*PPIX Light only

Light (+) Light (-) Light (+) Light (-)

25923 5.26 + 0.38+0.54 2.25+0.16** 0.615+0.6 0.24 £ 0.26
0.83****

4046/13 3.00 + 0.26 £ 0.19 1.26 £ 0.2%*** 0.25+0.2 0.08 £0.01
0.13****

1814/06 522+ 0.93+0.13 354+ 0.28 £ 0.048 0.8 +0.09
0.39**** 0.52****

5N 2.18 + 0.68** 0.1+ 0.39 0.84 £ 0.69 -0.11 £0.05 0.14 £0.28

! phototreatment conditions: 10 uM Ga**PPIX or Ga**MPIX; green LED light 31.8 J/cm?; logio CFU/mL reduction was
assessed with respect to non-treated cells, initial number of cell ~10” CFU/mL, cells were incubated with proper PS for 10
min, then washed once with PBS buffer and resuspended into fresh TSB medium. Light (+)- light dependent; Light (-)- light
independent; light only- bacterial cells irradiated without any PS applied. Significance at the respective p-values is marked
with asterisks [*p < 0.05; **p < 0.01; ***p < 0.001, ****p<0.0001] with respect to Light only treated cells.
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Ga**MPIX-mediated photoinactivation of SCVs

A)
B)
Ga**MPIX concentration [pg/mL]
MIC! SCV oo

25923 0.54 34

4046/13 0.54 277

1814/06 17.3 138

5N 17.3 >277

Newman WT 2.16 138

AllrtA 1.08 69

AHIsA 2.16 138

AlsdD 2.16 138

Figure S4. A, B) SCVs generated after Ga**MPI1X-mediated aPDI treatment. S. aureus 25923 bacteria plated on TSA
plates (100 pl aliquots) survived after treatment (1 M Ga®*MPPIX, 25.4 J/cm?) with (A) or without (B) iron in the culture
medium. The microscopic photographs of plates were taken under a Leica MZ10 stereoscopic microscopy (Leica, Germany).
C) Effect of light-independent action of Ga**MPIX on several staphylococcal strains used in this study.
Overnight bacterial cultures were adjusted in fresh MHB medium to 0.5 McFarland, 100-fold diluted and finally transferred
with or without PS to a 96-well plate. After 20 hours of incubation in 37°C, cells was plated to TSA agar plates and morphology
of colonies were tested. * MIC referred as compound concentration when the inhibition of bacterial growth was significantly
delayed; 2 SCVw00%] - Concentration of Ga>*MPIX in which only SCV morphology was detected (100%). D, E, F) Efficiency
of green light irradiation in SCVs photokilling after 20 hours exposure to Ga®**MPIX [138 pg/mL]. S. aureus Newman
WT was exposed to SCVi00%) concentration of Ga>*MPIX, then cells were illuminated with green light dosage of 12.72 J/cm?
(E) or 25.44 Jlcm? (F). Untreated cells were left for dark control (D). After that, cells were plated to TSA agar plates and
microscopic photographs was taken under Leica MZ10 stereoscopic microscopy (Leica, Germany).
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Impairment in the HrtA detoxification efflux pump promotes dark toxicity
of Ga®>*MPIX

Table S4. S. aureus Newman and its isogenic mutants growth under exposure to gallium- MPs, calculated in the
reference to the Figure 8.

S_. aureus Treatment Parameters of Staphylococcus aureus growth curve
isogenic
mutant Mmax Td Amax Time to reach Growth at the end of
[ODsoo/h] | [hours] | [ODsoomax] | Stationary phase | exponential phase [%]
[min]
WT Untreated 0.498 1.39 0.645 330 100
Ga’*MPIX 0.414 1.67 0.568 330 93+144
Ga’*PPIX 0.39 1.7 0.45 390 74 +0.66
AHrtA Untreated 0.52 1.32 0.654 360 100
Ga>*MPIX | 0.36 1.9 0.586 480 82+2.3
Ga**PPIX 0.35 1.95 0.54 480 7715
AlsdD Untreated 0.474 1.46 0.75 330 100
Ga>*MPIX 0.336 2.06 0.57 360 90 +2.93
Ga’*PPIX | 0.37 1.86 0.49 360 73+ 4.4
AHtsA Untreated 0.47 1.48 0.7 330 100
Ga>*MPIX 0.43 1.62 0.63 390 90+1.6
Ga’*PPIX | 0.39 1.77 0.5 390 72+ 15

Legend: pmax- maximum specific growth rate during exponential phase of bacterial growth; Td- Time of duplication, also
known as generation time; Amax- maximal absorbance value with maximal bacterial density; Time to reach stationary phase -
defined as the point of curve flattening; S. aureus growth at the end of exponential phase [%] at 270 min as the inflection point
of the exponential growth curve calculated in the reference to control- untreated cells (100%).
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Ga**MPIX accumulation under confocal microscopic image

14,6 pm

Figure S5. Ga®**MPIX uptake in S. aureus Newman and its isogenic mutant (AHrtA, AlsdD and AHtsA) in the presence

of iron. Overnight bacterial cultures were diluted and incubated with photosensitizer for 2 hours at 37°C with shaking. Then,
washed once with PBS buffer. Specimens were imaged using a confocal laser scanning microscope Leica SP8X with a 63x oil
immersion lens with excitation of 405 nm and fluorescence emission in 551-701 nm (Leica, Germany)
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Figure S6. Ga**MPIX uptake in S. aureus Newman and its isogenic mutant (AHrtA, AlsdD and AHtsA) in the absence

of iron. Overnight bacterial cultures were diluted and incubated with photosensitizer for 2 hours at 37°C with shaking. Then,
washed once with PBS buffer. Specimens were imaged using a confocal laser scanning microscope Leica SP8X with a 63x oil
immersion lens with excitation of 405 nm and fluorescence emission in 551-701 nm (Leica, Germany)
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Figure S7. Maximal Fluorescence Intensity Amplitude in ROl measured on confocal microscopic images of uptake in
S. aureus Newman and its isogenic mutant (AHrtA, AIsdD and AHtsA). Overnight bacterial cultures were diluted and
incubated with Ga®*MPIX for 2 hours at 37°C with shaking. Then, washed once with PBS buffer. The values represented on
graph are the highest amplitudes of fluorescence measured in ROl length of 12.59 pmm.
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Ga3"MPIX does not promote extensive and prolonged cytotoxicity or
phototoxicity against human keratinocytes
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Figure S8. Effect of aPDI with Ga**MPIX on the HaCaT cell line model with one-wash step. A) MTT cell viability assay.
HaCaT cells were exposed to various concentrations of Ga®*MPIX. Control cells (0 uM) to which no test compound was added.
After incubation with Ga®*MPIX, cells were washed with PBS and either irradiated with green light (31.8 J/cm?) represented
by gray bars (Phototoxicity) or kept simultaneously in the dark (black bars for Cytotoxicity). Each result is the mean + SD of
the mean. Significance at the respective p values is marked with asterisks (* p <0.05) for untreated cells (0 uM, Cytotoxicity).
B) Cell growth dynamics. Cells were seeded at 10* cells/well and after obtaining a cell index (CI) 2, cells were treated with
Ga**MPIX in the dark, incubated at 37 °C for 10 minutes. The samples were washed once then illuminated with a green light
dose of 31.8 J/cm?, while the HaCaT cells or PS-only treatment was allowed to incubate in the dark at room temperature. The
Cl (represented at the Y axis) was measured for each condition every 10 min. The x-axis shows the experiment duration in
hours. The values presented are the average of the seven technical repetitions
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Photoactivated gallium porphyrin reduces Staphylococcus aureus colonization on the skin and

suppresses its ability to produce enterotoxin C and TSST-1

Klaudia Szymczak, Grzegorz Szewczyk, Michal Rychtowski, Tadeusz Sarna, Lei Zhang,

Mariusz Grinholc, Joanna Nakonieczna (#)
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1. Heat generation during irradiation
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Figure S1. Temperature measurement over time. Bacterial cells were incubated in Tryptic soy
broth (TSB) medium or phosphate buffer saline (PBS) for 10 minutes in the dark at 37 °C (Dark). The
cells were then exposed to light (LED, 10.6 mW/cm?) at 522 nm for up to 60 min. Temperature was
measured at successive time points corresponding to specific light doses (indicated on the X axis).



2. Accumulation of Ga3*MPIX and Ga3*CHP

10 minutes 2 hours

Figure S2. Ga**MPIX and Ga**CHP uptake in S. aureus 25923. Overnight bacterial cultures were
diluted and incubated with 10 uM of each photosensitizer for 10 minutes or 2 hours at 37°C with
shaking. Then, washed once with PBS buffer. Specimens were imaged with a Leica SP8X confocal laser

scanning microscope with a 100x immersion lens with excitation at 405 nm and fluorescence emission
at 551-701 nm (Leica, Germany).
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3. Effect of Ga’**CHP and Ga3*MPIX aPDI on S. aureus biofilm
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Figure S3. Effect of Ga>*CHP and Ga**MPIX aPDI on S. aureus 5N biofilm viability. Overnight
bacterial cultures were diluted to 10 CFU/mL and placed into 96-well microtiter plate. Then, after 4h
incubation at 37°C the medium was removed, replaced with 200 puL of fresh medium, and incubated at
37 °C for 20 h. Afterward, the biofilm was washed, and then 30 minutes of incubation with
photosensitizer (Ga’>*CHP or Ga’*MPIX; 0-25 uM) started, then washed once and illuminated with 522
nm light at the doses indicated in the legend. After dispersing and serial dilutions, samples were plated
on TSA plates to evaluate the impact on the biofilm viability.
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4. Evaluation of bacterial viability of S. aureus XEN40 on ex vivo
porcine skin model
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Figure S4. Evaluation of bacterial viability of S. aureus XEN40 on ex vivo porcine skin model after
Ga’*CHP-mediated aPDI treatment. S. aureus XEN40 strain was applied to clean porcine skin grafts
24 hours before treatment. A 200 uL of MiliQ or 10 uM of Ga**CHP was applied on the graft and
incubated at 37 °C for 10 min prior to irradiation (12.72 J/cm?). Then, bacteria were collected with a
sterile swab into 300 uL PBS. Samples were centrifuged (Smin x 14 000 rcf) and resuspended in 100
pL. Bacterial suspensions were serially diluted and placed into TSA agar plates for CFU counting.
Results are the mean of the S. aureus reduction in bacterial viability after either photosensitizer-, light-
or aPDI- treatment in respect to untreated cells. Significance at the respective p-values is marked with
an asterisk (* p < 0.05) with respect to the “aPDI” group by Dunnett's multiple comparisons test.

128



5. The cyto- and phototoxicity of gallium compounds against indicator
strains used in the Ames test
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Figure S5. The cyto- and phototoxicity of gallium compounds against indicator strains (E. coli
uvrA and TA1535). E. coli uvrA (A, B) and TA1535 (C, D) strains were exposed to both gallium
compounds: Ga**MPIX (A, C) or Ga**CHP (B, D) either in the dark or under green light
conditions. For the light-activated treatment groups, after 10 minutes of incubation with
compounds, cells were exposed to the green light at the proper dosage (25.4 J/cm? for
Ga**MPIX or 1.59 J/em? for Ga’>*CHP). Then, cells were serially diluted and placed on the TSA
agar plates to examine the bacterial viability.
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6. Supplementary information on qRT-PCR

Table S1. Primers used into qRT-PCR analysis (“F-forward; “R”-Reverse)

Gene

Primer sequence (5’-3%)

gmk

F: AATCGTTTTATCAGG ACC

R: CTTCACCTTCACGCATTT

sec

F: AATAAAACGGTTGATTCTAAAAGTGTGAA

R: ATCAAAATCGGATTAACATTATCCATTC

tst

F: TCATCAGCTAACTCAAATACATGGATT

R: TGTGGATCCGTCATTCATTGTT

srrAd

F: AGCATGTGTGGGAGGTATGA

R: CCTCTTGGCCATTACTTGCTT

srvB

F:AGCCGGCTAAATAGTGTCGT

R:ATGGCATTTTCGGTTTCTTG

130



Table S2. QRT-PCR conditions used in this study.

Step Temperature Time Cycles

Pre-incubation 95°C 5 min 1
95 °C 15s

Amplification 60 °C 15s 45
72 °C 15s
95°C 5s

Melting curves 1
65°C->97°C 1 min

Cool down 40 °C 30s 1
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9.3 Supplementary Materials from Manuscript no. 3

Supporting information captions

Harnessing light-activated gallium porphyrins to combat intracellular
Staphylococcus aureus in dermatitis: Insights from a simplified model.

Klaudia Szymczak!, Michat Rychtowski?, Lei Zhang®, Joanna Nakonieczna'”

https://drive.google.com/file/d/1gyq29yGoXZ3APQPzTSiIdkI8XyerziOS/view?usp=sharing

Movie S1. Cell death of infected HaCaT cell under antibiotic pressure (Antibiotic ON)
Fluorescence S. aureus USA300 bacteria (green signal), HaCaT cells Transmitted Light (gray

signal). 17-hour time lapse microscopy analyze, 15-min interval.
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Fig S1. Recurrent infection of S. aureus USA300 at 3d day post-infection
Infection of HaCaT cells in a medium without antibiotics was carried out at an MOI of 10 for 2
hours, then the cells were cultured under antibiotic pressure (Antibiotic ON) until the medium

was changed to with or without antibiotic (Antibiotic OFF) at 3¢ day post-infection.
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Fig S2. Photoinactivation of S. aureus USA300 with gallium metalloporphyrins at bacterial
logarithmic or stationary growth phase.

Two photosensitizers, Ga>*CHP (A, B) and Ga>*MPIX (C, D), activated with green (522 nm)
light were used to evaluate the S. aureus USA300 susceptibility to aPDI during logarithmic (A,
C) or stationary phase (B, D) of growth. The bacterial reduction was calculated with respect to
the untreated cells. Each experiment was performed in three independent biological replicates.

The data are presented as the mean + SD of three separate experiments.
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Fig S3. Colocalization of intracellular Ga**CHP in Golgi apparatus and mitochondria.

Intracellular localization of Ga**CHP in human keratinocytes after 6 hours of incubation. Analysis
was performed with compounds’ colocalization in the Golgi apparatus (A) and mitochondria (B).
The red signal represents Ga**CHP, while the green signal is from either Golgi (A) or
mitochondria (B). Areas of colocalization are marked in white. All colocalization parameters are

detailed in the Table S1.

Tabele S1. Coefficients of Ga** CHP accumulation in the specific cellular compartments.

Type accumulation The Pearson’s Overlap coefficient
coefficient
Ga**CHP + Lysosome 0.4695 0.65
Ga**CHP + Golgi apparatus 0.18 0.44
Ga’*'CHP + Mitochondria 0.39 0.61

The results are reported as Pearson correlation coefficients and colocalization rates (%). The
Pearson’s coefficient ranges from -1 to +1 with a statistically significant score colocalization
value above 0.5. The overlap factor ranges from 0 to 1 with co-localization values above 0.6. The
quantitative analysis of colocalization was performed with Leica Application Suite X version

3.5.2.18963.
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Table S2. Coefficients of Ga** CHP and S. aureus colocalization within lysosomal structures

of human keratinocytes.

Type of image The Pearson’s Overlap
coefficient coefficient
Ga**'CHP + Lysosome 0.4695 0.65
S. aureus + Lysosome 0.19 0.3064
S. aureus + Ga>*CHP 0.5085 0.6
S. aureus 0.67 0.7
S. aureus +Ga**CHP
+Ga**CHP S. aureus 0.6145 0.6352
+ Lysosome + Lysosome
Ga**CHP 0.6759 0.7563
+ Lysosome

The results are reported as Pearson correlation coefficients and colocalization rates (%). The

Pearson’s coefficient ranges from -1 to +1 with a statistically significant score colocalization

value above 0.5. The overlap factor ranges from 0 to 1 with co-localization values above 0.6.

The quantitative analysis of colocalization was performed with Leica Application Suite X

version 3.5.2.18963
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Figure S4. Light-activated Ga>*MPIX has no impact on the number of GFP-expressed
cells.

Percentage of infected cells after aPDI with Ga>**MPIX. The number of GFP-expressing cells
after 2- or 6-hour dark incubation followed with either dark treatment or green light
illumination. Cells were collected, fixed and GFP signal was measured by flow cytometry.
All results were calculated in reference to the untreated control (cells with no compound and
no light exposure).
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