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Abstract: Polycyclic polyprenylated acylphloroglucinols (PPAPs) comprise a large group of compounds of
mostly plant origin. The best-known compound is hyperforin from St. John's wort with its antidepressant,
antitumor and antimicrobial properties. Chemical synthesis of PPAP variants allows the generation of
compounds with improved activity and compatibility. Here we studied two synthetic PPAP-derivatives, PPAP
23 and PPAP 53, as to their antimicrobial activity. While PPAP 23 is insoluble in water, PPAP 53, the sodium
salt, is water-soluble. In vitro, both compounds exhibited good and comparable activity against methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecium. Both compounds had no
adverse effects on Galleria mellonella wax moth larvae, even at high concentrations. However, they were unable
to protect the larvae from infection with S. aureus because components of the larval coelom neutralized the
antimicrobial activity; a similar neutralizing effect was also seen with serum albumin. In a septic arthritis model
triggered by S. aureus PPAP23 decreased the formation of abscesses and bacterial load in kidneys, and in a
mouse skin abscess model topical treatment with PPAP 53 resulted in an approximately two-fold reduction in
S. aureus counts. PPAP 23 and PPAP 53 also showed high growth inhibiting activity against anaerobic Gram-
positive pathogenic gut bacteria such as Clostridium perfringens and Clostridium difficile. Based on these results,
we envision potential application of PPAP 23 and PPAP 53 in the topical treatment of wound infections with
Gram+ pathogens, and their oral use in intestinal infections with C. difficile.
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anaerobes
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1. Introduction

Hyperforin is one of the main ingredients of and most likely the one responsible for the
antidepressant, antitumoral and antimicrobial effects of St. John's wort [1-3]. Hyperforin belongs to
the polycyclic polyprenylated acylphloroglucinols (PPAP) and is rather an unstable compound [4].
However, a hydrogenated hyperforin analogue was more stable and showed antimicrobial activity
against various Gram-positive bacteria [5,6]. A breakthrough in PPAP research was achieved with
the total synthesis of >100 defined endo-type B PPAP compounds and of non-natural PPAP analogs
[7-10]. Very recently 30 additional entities based on structure-activity relationship against
methicillin-resistant Staphylococcus aureus (MRSA) were synthesized [11]. All of these compounds
were evaluated for their antibacterial activity and cytotoxicity.

Four of the new compounds, namely, PPAP 14, 19, 22, 23, showed high activity against multiple
resistant Gram+ pathogens such as multidrug-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococcus faecium, and comparatively low toxicity against HL60 cells [12,13].
Despite intensive attempts, it was not possible to isolate PPAP 23-resistant mutants, which is
advantageous for a potential application.

All the results indicate that in Gram+ bacteria PPAP 23 interacts with the cytoplasmic membrane
via its hydrophobic pocket. It also disrupts the respiratory chain by destroying the Fe-S cluster
enzymes and has a mild iron chelating activity, thus interfering with iron metabolism [13] .
Accordingly, supplementation of exogenous iron attenuated its antimicrobial activities. How this
compound performs in animal studies has so far remained elusive.

Here we show that PPAP 23 and the more water-soluble sodium salt PPAP 53 have good
antimicrobial properties against Gram+ pathogens, and both PPAP 23 and 53 are very well tolerated
in the insect and mouse models. However, they are unable to effectively protect against S. aureus
infection. The main reason for this is that the antimicrobial activity of both PPAPs is neutralized by
components of the larval coelom and also by mammalian albumin. We see a possible therapeutic
application in an albumin-deficient milieu, for example, in the context of certain gastrointestinal (GI)
infections, as PPAP 23 has a selective efficacy against intestinal, anaerobic Gram-positive bacterial
pathogens.

2. Results

2.1. The PPAP Compounds 23 and 53.

Similar to hyperforin, many of the synthesized derivatives are only poorly soluble in water. For
example, the well-studied PPAP 22 and 23 were soluble in 100% DMSO, 100% ethanol, 80% methanol,
8.2% cyclodextrin/18% DMSO in PBS, and 0.4% Tween 80 / 18% DMSO in PBS. Since high
concentrations of DMSO, methanol, ethanol and (-cyclodextrin are cytotoxic, we selected 0.4%
Tween 80/ 18% DMSO in PBS as a suitable solvent. In Figure 1 it is shown that they chemically differ
in the R2 position: PPAP 23 has a prenyl residue, while in PPAP 22 the R2 position is occupied by an
allyl residue [12]. When tested towards S. aureus USA300, the MIC values of PPAP 22 and PPAP 23
were 2 pg/ml and 1 pg/ml, respectively. When tested towards the human monocytic cell line HL-60,
the ICso values of PPAP 22 and PPAP 23 were 223 ug/ml and 96 pg/ml, respectively [13]. The lower
MIC of PPAP 23 was accompanied by a doubled cytotoxicity compared to PPAP 22. For the
investigation of the mode of action, we have previously focused on PPAP 23 [13]. To improve the
solubility of PPAPs, a sodium salt derivative of PPAP 22 was generated that we named PPAP 53
(Figure 1). In this study, we mainly aimed at investigating whether the water-soluble PPAP 53 had
an advantage over the less water-soluble PPAP 23.
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PPAP 23
molecular mass 440.6
(Dalton)
MIC (ug/mL) 1 4 0.5

Figure 1. Structures of PPAP 23, 22 and 53 used in this work. The PPAPs have similar MIC values (1
to 2 pg/ml) for the multi resistant S. aureus USA300. PPAP 53 is the Na salt of PPAP 22 and is therefore
more water soluble and was dissolved in water. PPAP 23 was dissolved in DMSO.

2.2. PPAP 23 and PPAP 53 Had No Toxic Effect on Larvae But Could Not Rescue Larvae In An Infection
Model

The antibacterial activity of PPAP 23 and PPAP 53 was tested in Galleria mellonella larvae infected
with S. aureus USA300. A dosage of 20 mg/kg (20 x MIC) of PPAP 23 and PPAP 53 was tested on
larvae. When the PPAPs were injected alone, all the larvae survived, showing that PPAP 23 and 53
are well-endured at this dosage (Figure 2A, B). However, when the larvae were infected with 10¢
CFU USA300, all larvae died within 3 days. Treatment with either PPAP 23 or PPAP 53 (dosage: 20
mg/kg (50 ptM)) one hour after bacterial infection didn’t increase the viability of the infected larvae
(Figure 2A,B). As a control we used a comparable dose of vancomycin (20 mg/kg, 13 uM).
Vancomycin could completely protect the USA300 infected larvae (Figure 2C). Since PPAP 23 and
PPAP 53 exhibited good antimicrobial activity in vitro, we asked ourselves why in the in vivo studies
PPAPs were not effective.
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Figure 2. PPAP 23 and PPAP 53 are non-toxic to larvae, but failed to protect larvae from infection
with S. aureus USA300. Ten Galleria mellonella larvae per group, with weight average of 500
mg/larvae, were either non-treated, injected with 10° colony forming units (cfu) S. aureus USA300 (last
right proleg). 1 h after administration of bacteria larvae were treated with 20 mg/kg (45 uM) PPAP 23
(A), or 20 mg/kg (50 uM) PPAP 53 (B), or vancomycin (C) at a comparable dose (20 mg/kg, 13 uM).
Infected larvae without treatment were normally killed by S. aureus after 3 days. The larvae were
maintained at 37 °C and observed for mortality every day over the course of 5 days. A total of three
biological replicates are represented in the graph.

2.3. The coelomic Fluid of the Larvae Antagonized the Activity of PPAP 23 and PPAP 53. We Suspected that
Coelomic Fluid Neutralized the Effect of PPAPs. So, to Mimic the In Vivo Larval Experiment, 10 ug of
PPAP 23 and PPAP 53 Were Added to 100 pl of Sterile Larval Coelomic Fluid and then Incubated with 106
CFU/ml S. Aureus USA300 Overnight. PPAP 23 or PPAP 53 and USA300 Incubated with PBS Served as
Positive Controls. As Expected, No Antibacterial Activity of PPAP 23 and PPAP 53 Towards S. Aureus
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Was Observed in the Presence of the Coelomic Fluid (Figure 3A and B). This Suggests That Components in
the Larval Coelomic Fluid Have an Antagonizing Effect on the PPAPs. This Raised The Question Whether
Mammalian Serum and Albumin, One of the Main Proteins of Blood Plasma, Could Also Neutralize the
Antibacterial Activity of PPAPs
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Figure 3. The bactericidal activity of PPAP 23 and PPAP 53 is reversed by the larval coelomic fluid.
To mimic the in vivo larva infection assay, the ex vivo killing assay was adopted. Bacterial inoculum
of 10° CFU and 10 ug of (A) PPAP 23 and (B) PPAP53 was added to 100 pl of larva coelomic fluid as
the treatment group. Untreated larval liquid and larval liquid treated with PBS were used as controls.
The viability of bacteria in each group was determined by the drop plate method. The bactericidal
effect of PPAP 23 and PPAP 53 on S. aureus is reversed by coelomic fluid.

2.4. Bovine serum and Albumin Abrogated The Bactericidal Activity of PPAP 53

The larval coelomic fluid is very similar to the mammalian blood serum (Fredrick &
Ravichandran, 2012). As coelomic fluid neutralizes the antimicrobial activity of PPAP 53, we were
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curious to determine whether the mammalian serum and its components (mainly serum albumin,
immunoglobulin (IgG) and fibrinogen (Fg)) also showed a similar effect. For this, we determined the
MIC of PPAP 53 on USA300 in the presence of fetal bovine serum (FBS). We could see a 32- fold
reduction in the antibacterial activity of PPAP 53 in the presence of 25% FBS (Table 1). Bovine serum
albumin (BSA) (10 mg/ml) also significantly decreased the in vitro antimicrobial activity of PPAP 53,
while IgG and Fg (at concentrations up to 25 mg/ml) had no effect (Table 1). Hence, albumin is the
main protein in FBS that abrogates the bactericidal activity of PPAP 53. The growth kinetic studies of
USA300 in the presence of PPAPs and/or 1% BSA revealed that the antimicrobial effect of the PPAPs
was neutralized by 1% BSA (Figure 4A,B). The anti-bacterial activity of vancomycin remained
unaffected in the presence of 1% BSA (Figure 4C).

Table 1. Impact of serum components on PPAP 53 activity against S. aureus USA300.

. MIC (ug/ml)
Medium PPAP 23 PPAP 53 Vancomycin
MHB 1 0.5 1
MHB + 25% FBS 32 32 2
MHB + 0.5% BSA 1 8 1
MHB +1% BSA 8 8 1
MHB + 2.5% BSA 16 16 1
MHB + 5% BSA 32 32 2
MHB + 1% I5G 1 0.5 1
MHB + 2.5% IgG 1 05 1
MHB + 1% Fg 1 0.5 1
MHB + 2.5% Fg 1 05 1
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Figure 4. The bactericidal activity of PPAP 23 and PPAP 53 is reversed 1% Bovine serum albumin
(BSA). S. aureus grown overnight in TSB were adjusted to OD= 0.01 in a 48 well plate and 1X MIC
PPAPs and vancomycin with or without 1% BSA were added to the culture. The bacterial growth was
measured using Varioskan LUX Multimode Microplate Reader for every 2h. The bactericidal effect of
(A) PPAP 23 and (B) PPAP 53 (MIC: 0.5-1ug/ml) on S. aureus USA300 is reversed by 1% BSA whereas
the effect of (C) vancomycin remained unchanged.

2.5. PPAP 53 Reduced Growth of S. Aureus USA300 in Subcutaneous Abscesses

Since BSA inhibits the activity of PPAP53, we also analyzed whether topical application of
PPAP53 could inhibit bacterial growth in skin abscesses. To this end, we used a mouse skin abscess
model that closely resembles staphylococcal skin infections in humans [14]. Since USA300 is known
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to induce severe skin infections, we induced skin abscesses by subcutaneous injection of USA300 into
the flanks of mice. Interestingly, topical application of PPAP53 on filter paper discs two hours and
24h after infection significantly reduced bacterial loads in skin abscesses (Figure 5), indicating that
PPAP53 can penetrate skin tissues and reach subcutaneous abscesses to limit bacterial growth.
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Figure 5. PPAP 53 treatment significantly reduced bacterial load in skin abscesses. C57BL6] mice
s.c. inoculated with S. aureus USA300 strain (105 colony-forming units/mouse) and sterile dextran
beads were treated twice, two hours and 24 hours after infection with PPAP 53 dissolved in PBS
(500pg/kg) or with PBS (n = 9). After 48 hours the abscesses were excised, homogenized and cfu was
determined. Statistical evaluations were performed using the Mann—Whitney U test. Data are mean

values + standard error of the mean. *P <0.05.

2.6. PPAP 23 Showed A Beneficial But Not Fully Protective Effect on S. Aureus Septic Arthritis Mouse
Model

Since we obtained different results in the insect and mammalian model, we checked whether
PPAP 23 had a protective effect in the mouse model of septic arthritis caused by S. aureus Newman.
PPAP 23 was injected intraperitoneally at a dose of 100 pg PPAP 23/mouse twice daily from day 2 of
infection with S. aureus Newman. Visible symptoms of septic arthritis started on day 2 post Newman
infection and worsened till day 7. We didn’t observe any difference between the clinical severity of
septic arthritis in mice treated with PPAP 23 and the control group (mice treated with vehicle (0.5%
Tween 80 in PBS) (Figure 6A). During the span of the study, we also didn’t observe any significant
difference in the loss of body weight of mice in two groups after infection (Figure 6B). Nevertheless,
the abscesses in the kidneys of mice treated with PPAP 23 were significantly less with respect to
abscess score and cfu/kidney as compared to that of the mice treated with the vehicle (P < 0.05; Figure
6C). The bacterial load in the kidneys of PPAP 23 treated mice was >25-fold lower than the one treated
with the vehicle (P<0.05; Figure 6D). The bacterial load and the abscess score in the kidneys were
significantly correlated (r=0.95; P<0.001). This indicates that PPAP 23 treatment had a slight, but
favorable effect on the clearance of S. aureus in septic arthritic mice.
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Figure 6. PPAP 23 treatment significantly reduced the abscess formation and bacterial load in kidneys
in mice with S. aureus septic arthritis. NMRI mice inoculated with S. aureus Newman strain (4 x
10° colony-forming units/mouse) were treated with PPAP 23 dissolved in 0.5% tween 80 in PBS
(100pg/mouse; n = 5) or same volume of 0.5% tween 80 in PBS (n = 5) twice a day starting on day 2
after inoculation with bacteria and continuing until the animals were euthanized on day 7. The
severity of clinical arthritis (A) and the body weight development (B) in the mice were observed for 7
days after infection. Kidney abscess scores (C) and persistence of S. aureus in kidneys (D) from the
mice euthanized 7 days after infection. Statistical evaluations were performed using the Mann-
Whitney U test. Data are mean values + standard error of the mean. *P < 0.05.

2.7. PPAP 23 and PPAP 53 Showed Activity Against Gut, Gram+ Anaerobic Pathogens

We previously showed that PPAP 23 and 53 has good antibacterial activity against aerobic and
facultative aerobic Gram+ bacteria[13]. The effect of PPAPs on anaerobic gut microbiota has not been
studied so far. Here we found that PPAP 23 and 53 had good bactericidal activity against various
Gram+ anaerobic pathogenic gut bacteria such as Clostridium perfringens, Clostridium difficile, and
other disease associated species (Table 2); while some commensal anaerobic gut species were
unaffected by PPAP 23 and 53.

Table 2. IC»s values of PPAP 23 and PPAP 53 against some of the anaerobic bacterial strains.

PPAP 231IC»s  PPAP 53 ICss

Strai
rains (M) (M)
Pathogenic Closfr%'dium di]‘ﬁcile <2 >80
G Clostridium perfringens <2 5
Ruminococcus gnavus <2 5

gut anaerobes —
Clostridium ramosum <2 10
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Streptococcus salivarius <2 5
Dorea formicigenerans 4 10
Streptococcus parasanguinis 4 10
Roseburia intestinalis 4 10
Coprococcus comes 4 10
Collinsella aerofaciens 4 10
Eubacterium rectale 4 5
Commensal gut Clostridium bolteae 22 10
anaerobes (+/-) Parabacteroides merdae 22 5
Clostridium saccharolyticum 22 10
Fusobacterium nucleatum subsp. > 45 40
Nucleatum
Bacteroides vulgatus 22 5
Bacteroides uniformis > 45 10
Bacteroides thetaiotaomicron > 45 20
Bacteroides fragilis NT 22 10
Yersinia pseudotuberculosis >22 2.5
Yersinia enterocolitica WA-314 > 45 >80
Pathogenic Vibrio cholerae > 45 80
G(-) Shigella sonnei 53G > 45 >80
gut anaerobes Shigella flexneri > 45 > 80
Salmonella enterica typhimurium 545 >80
LT2
Salmonella enterica typhimurium > 45 > 80

3. Discussion

The polycyclic polyprenylated acylphloroglucinols (PPAPs) represent a large group of natural
products. In particular, the diverse biological activity of these compounds has spurred chemical
synthesis and concomitant derivatization. The current database comprises more than 850 structures
with different bioactivities [3,15-18]. The development of a seven-step synthetic approach enabled
the total synthesis of a large variety of structurally diverse endo type B PPAPs [7,8]. In previous
studies, we mainly focused on the antimicrobial mode of action of PPAP 23. We could show that
PPAP 23 mainly targets the bacterial cytoplasmic membrane of Gram+ bacteria, it inactivates Fe-S
cluster enzymes and induces a breakdown of the bacterial membrane potential [12,13] . Because of
their small size (~400 Da) PPAP 23 and 53 makes them good candidates for drugs.

Here, we focused more on the in vivo activity of PPAP 23 and we included in our study the new
water-soluble sodium salt derivative of PPAP 22, named PPAP 53 (Structures in Figure 1). Through
its water solubility, we expected an increased antibacterial activity, and indeed, the MIC (ug/ml)
against S. aureus USA300 was lowered from 1.0 to 0.5 (Table 1). The first animal model in which we
tested the two PPAPs was the wax moth larval model of Galleria mellonella, which is widely used to
study the infectivity of pathogenic bacteria or the in vivo efficacy of antibiotics [19]. Both PPAPs were
well tolerated by larvae at the concentration used suggesting that the PPAPs do not induce toxic side
effects.

However, when the larvae were challenged with USA300, both PPAPs failed to protect the
infected larvae from killing by USA300 because of their neutralization by components of the coelomic
fluid. Unfortunately, BSA also caused neutralization of our PPAPs, while other common serum
proteins such as fibrinogen or immunoglobulins showed no neutralizing effect (Table 1). Despite this
not-so-promising perspective, and because the insect system and the mammalian system are
significantly different, we investigated the efficacy of PPAPs in two different mouse models: In the
mouse skin abscess model S. aureus simulates a typical skin disease which allows the testing of
antimicrobial agents by targeted application to mouse skin. First, we showed that topical treatment of
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the skin with PPAP 53 did not cause local or systemic signs of toxicity, indicating that PPAP 53 was skin
tolerable. In the USA300 abscess model, USA300 was injected subcutaneously into the shaved flanks
of mice after adsorption to silica nanospheres to hold the bacteria in a specific location in the skin
tissue and allow abscess formation. The topical treatment with PPAP 53 caused a twofold reduction in
bacterial counts (Figure 5). Since the bacteria were administered subcutaneously but PPAP 53 was
applied on the surface of the skin, it can be assumed that PPAP 53 can also penetrate and show activity
into deeper layers of the skin. In the septic arthritis mouse model, we investigated the antibacterial
activity of PPAP 23. This compound did not lead to a full protection from USA300 infection; however,
the formation of kidney abscesses was decreased and also the bacterial load was reduced (Figure 6).
In these two mouse models we demonstrated that both PPAPs are well tolerated and significantly
reduced bacterial load.

Despite these positive effects in the animal model, one must assume that neutralization by serum
albumin undermines the efficacy of the two PPAPs. With a concentration of 35-50 mg/ml in the
human blood, serum albumin is the most abundant protein in vertebrates. Albumin is well-known
to bind to a broad spectrum of small molecules or compounds mainly via two binding sites in the
subdomain ITA (site 1) and subdomain IIIA (site 2) [20,21]. Because of their small size and/or their
hydrophobicity, PPAPs belong precisely to the class of compounds that are bound by albumin.
Although PPAP 53 is water soluble in contrast to PPAP 23, its activity is also neutralized by albumin,
most likely by being bound by albumin.

While we have relatively high albumin levels in most body regions and organs, in the
gastrointestinal tract the albumin level is comparatively low with only 0.01-0.24 mg/g wet weight of
feces, which is 100 to 1000 times lower than the blood levels [22]. Furthermore, it has been
demonstrated that when added to feces, albumin is degraded within a few hours [23]; and the
albumin concentration in the gastrointestinal tract of patients with inflammatory bowel disease (IBD)
is even lower than in healthy individuals [13,24]. Therefore, it is likely that the antimicrobial activity
of PPAPs is not impaired at such a low albumin concentration in the gastrointestinal tract.

With this in mind, we asked to what extent the PPAPs inhibits the growth of anaerobic intestinal
bacteria. Intriguingly, some of the most pathogenic anaerobic gastrointestinal (GI) bacteria were
susceptible to PPAP 23/53. These include Clostridium difficile causing colitis and Clostridium perfringens
causing diarrhea and food poisoning [25,26]. Other GI bacteria sensitive to PPAP 23 were
Parabacteroides distasonis, Clostridium ramosum, and Ruminococcus gnavus. Clostridium ramosum is
sometimes observed to cause bacteremia [27]. Reports show emerging antimicrobial resistance in
Parabacteroides distasonis, an aerotolerant gut anaerobe with pathogenic and probiotic effects on
human health [28]. Ruminococcus gnavus is associated with inflammatory bowel disease, particularly
Crohn's disease, and the production of inflammatory polysaccharides [29] (Table 2). Our results
suggest the potential application of the PPAPs as a nutritional supplement for the treatment of
intestinal dysbiosis caused by Clostridium difficile. This possible application of PPAP 23/53 is not so
far-fetched if we compare it with the application of hyperforin. Hyperforin also binds with high
affinity to serum albumin which affects its anti-inflammatory effect [30,31]. Hyperforin or St. John's
wort extract are administered orally. This means that the active compound reaches the intestine and
passes the intestinal epithelial cells as an interactive interface. For instance, hyperforin is similar to
PPAP 23 in its poor water solubility and high hydrophobicity. The advantage of PPAP 23 over
hyperforin is that it has lower cytotoxicity and is photochemically stable; PPAP 23 possessed an IC50
value of only 96 pg/ml, which is 15-fold less toxic than hyperforin [12].

4. Materials and Methods

4.1. Bacterial Strains, Growth Conditions and Antibiotics

S. aureus USA300 was grown in Tryptic Soy Broth (TSB, Difco) at 37°C with continuous shaking.
MIC studies were carried out in Mueller Hinton Broth (MHB). Bovine serum albumin (BSA), fetal
bovine serum (FBS), IgG from bovine serum, and fibronectin from bovine plasma were purchased
from Sigma. For the MIC studies, FBS and BSA were dissolved in the MHB to attain the desired
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concentrations, followed by sterile filtration. Bovine IgG and fibronectin were dissolved in 0.9% NaCl
and sterile filtered before further dilution in MHB. PPAP 22, PPAP 23 and PPAP 53 were synthesized
in the research group of Bernd Plietker. For BSA-interaction studies we used FDA-approved ligands
known to bind human serum albumin.

4.2. Synthesis of PPAP 53

In a heated 5 ml finger schlenk under air-atmosphere, 1.0 eq. of PPAP 22 or PPAP 23 was
dissolved in dry tetrahydrofuran THF (1.0 M) and treated with NaH (1.0 eq.) at 0°C if not stated
otherwise. The resulting solution was stirred for one hour at room temperature until complete
dissolution as monitored via TLC. The solution was then layered with n-pentane, the precipitation
filtered off and washed with n-pentane. Yield: PPAP22 (77 mg, 0.2 mmol, 1.0 eq.) was treated with
NaH (60% in mineral oil, 8.0 mg, 0.2 mmol, 1.0 eq.) to yield PPAP 53 as a white powder (49.6 mg, 0.12
mmol, 61 %).

4.3. Bacterial Growth Kinetics

S. aureus grown overnight in TSB were adjusted to OD=0.01 in a 48 well plate and 1X MIC PPAP
53 and/or 1% BSA were added to the culture. The bacterial growth was measured using Varioskan
LUX Multimode Microplate Reader. The instrument carries out a kinetic measurement at optical
density 578 nm, every 1 h for a total of 24 hr, at 37°C with continuous shaking.

4.4. Antibiotic Susceptibility Testing

The susceptibility of the microbe towards an antimicrobial compound was measured through
the minimal inhibitory concentration (MIC) test [32]. The MIC values were determined by the method
of microdilution, following the Clinical and Laboratory Standards Institute document M07-A9
guidelines [33]. Here, PPAP 23/53 were serially diluted in MHB to a volume of 50 pl in a 96-well
microtiter plate, to which 50 pl of 106 CFU/ml USA300 were added. USA300 without PPAP served as
the positive control and MHB alone served as the negative control. The plate was then incubated for
18 hours at 37°C with continuous shaking. The lowest concentration of either PPAPs that inhibited
the visible growth of a microorganism was considered the MIC [34] .

4.5. Galleria Mellonella Infection Model

The larvae of Galleria mellonella purchased from Reptilienkosmos (Germany) were grouped
based on their weights. S. aureus USA300 cells were grown overnight in TSB, washed with PBS and
adjusted to an ODszs of 0.1. Ten pl of bacterial suspension corresponding to 106 CFU of USA300 was
injected into the last right proleg of each larva; and 10 pl of either PPAP 23 or PPAP 53 corresponding
to a dose of 20 mg/kg was injected into the left proleg of each larva in the treatment group. Untreated
larvae and larvae injected with PBS served as control groups. Ten larvae in each group were
monitored over 5 days at 37 °C. The experiment was carried out three times and the survival curves
of the larvae were plotted by GraphPad Prism [35].

4.6. Ex Vivo Killing Assay of Galleria Mellonella Larvae

The Galleria mellonella larvae were crushed, coelomic fluid was extracted and sterile filtered. A
single larva yielded approximately 100 pl of larval liquid. To mimic the in vivo larva infection studies,
the same quantity of PPAP and same CFU of bacterial suspension were used for the ex vivo killing
assay. Here, 10° CFU of USA300 and 10 pg of PPAP were co-incubated with 100 pul of coelomic fluid
in a 48 well plate. Untreated coelomic fluid and coelomic fluid treated with phosphate buffered saline
(PBS) served as controls. The plate was incubated overnight at 37 °C, with a shaking speed of 20 rpm
resembling the movement of larvae. The bacteria in each group were quantified by the drop plate
method[36].

4.7. Mouse Model for Hematogenous S. Aureus Arthritis
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Female NMRI mice (6- 7 weeks) were used for the experiment. Mice were kept under standard
environmental conditions of temperature and light, and were fed laboratory chow and water ad
libitum. Pre-made batches of bacteria (Newman strain) were thawed, washed and diluted to desired
concentration. Ten NMRI mice (5 mice/group) were inoculated intravenously (i.v.) into the tail vein
with 0.2 ml of S. aureus Newman with expected dose (4x10cfu/mouse). PPAP 23 was dissolved in
0.5% Tween 80 in sterile PBS. The mice were injected with 0.2 mL of the PPAP 23 (100pg/mouse) or
same volume of vehicle intraperitoneally every 12 hours, starting at day 2 and continuing until day
7 after infection. The mice were regularly weighed and examined for clinical arthritis by observers
blinded to the groups. Observers blinded to the treatment groups visually inspected all 4 limbs of
each mouse [37]. The arthritis index was constructed by adding the scores from all 4 limbs for each
animal as described before. On day 10, the mice were sacrificed and kidneys were aseptically
removed and blindly assessed by one investigator (T.].) for abscesses. A scoring system ranging from
0-3 was used (0- healthy kidneys; 1- 1 to 2 small abscesses on kidneys without structure changes; 2-
more than 2 abscesses, but <75% kidney tissue involved; and 3- large amounts of abscesses with >75%
kidney tissue involved)[37]. Thereafter, the kidneys were homogenized and then up to 5 serial
dilutions 1:10 in PBS were performed followed by spreading of 100 pl of bacterial suspension onto
horse blood agar plates. The plates were cultured for 24 hours at 37°C and the bacteria quantified as
CFUs.

4.8. Mouse Model of Subcutaneous Abscess Formation

Six-eight week-old, female C57B1/6] mice were obtained from Envigo. 105 CFUs of S. aureus
USA300 were mixed with sterile dextran beads (Cytodex 1, Sigma) and the mixture (0.2 ml) was
injected subcutaneously (s.c.) into the shaved flanks of mice as previously described [14]. Two hours
and 24 hours after infection, mice were treated either with PBS or with PPAP53 (500 pg/kg) in PBS
using filter paper discs, Fixomull stretch and Finn chambers under anesthesia (isofluorane). Mice
were euthanized 48 hours after infection. The abscesses were isolated, homogenized, plated on agar
plates and cfu was determined.

4.9.1C25 Values of PPAP 23 Against Some of The Anaerobic Bacterial Strains

PPAP 23 was diluted in dimethyl sulfoxide (DMSO) to a concentration of 4.5, 2.2, 0.4 and 0.2 mM
(£100x) in a v-bottom 96-well plate (Greiner Bio-One) and stored at -20°C. Modified Gifu Anaerobic
Medium broth (mGAM) (produced by Nissui Pharmaceuticals) was used for preparing drug plates
(u-bottom plates, Nunclon delta surface, Thermo Fisher), due to robust growth of our selected species
of the gut microbiome and enteropathogens. The drug plates contained 50ul/well of 2x concentrated
PPAP 23, were sealed with Aluminum Foil Lids and stored at -20°C max. 4 weeks until use.
Consumables and medium were pre-reduced at least 2 days before inoculation in an anaerobic
chamber (Coy Laboratory Products Inc., 2% H2, 12% CO», rest N2). Bacteria were grown twice
overnight in mGAM under anaerobic conditions, drug plates were thawed and brought in the
anaerobic chamber overnight. The second overnight culture was diluted in mGAM to an OD of 0.02
and 50ul was added to all wells of the drug plate to reach a total volume of 100ul /well containing
19%DMSO, bacteria with an OD of 0.01 and 45, 22, 4 and 2uM PPAP23, respectively. In the case of
Bilophila wadsworthia, mGAM was supplemented with 60mM sodium formate and 10 mM taurine.
Plates were sealed with breathable membranes and incubated at 37°C. We measured the OD at 578nm
after a 60sec shaking step for 20h by using a microplate spectrophotometer (Epoch2, BioTek, Gen5
software, version 3.05) and an automated microplate stacker (BioStack 4, BioTek). Three biological
replicates were tested and growth curves were analyzed according to [38] with a cutoff of 25% (drug
concentration inhibiting 25% of bacterial growth).

5. Conclusion

Here we show that PPAPs 23 and 53 have the potential to be used in the future in the treatment
of topical and gastrointestinal infections and the decolonizing unwanted Gram+ gut pathogens. The
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selective activity of the PPAPs will be an advantage over other conventional antibiotics. However,
we still need to know more about their antidepressant and anxiolytic properties.
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