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Abstract 21 

The limited diversity in targets of available antibiotic therapies has put tremendous 22 
pressure on the treatment of bacterial pathogens, where numerous resistance 23 
mechanisms that counteract their function are becoming increasingly prevalent. Here, 24 
we utilize an unconventional anti-virulence screen of host-guest interacting 25 
macrocycles, and identify a water-soluble synthetic macrocycle, Pillar[5]arene, that is 26 
non-bactericidal/bacteriostatic and has a mechanism of action that involves binding to 27 
both homoserine lactones and lipopolysaccharides, key virulence factors in Gram-28 
negative pathogens. Pillar[5]arene is active against Top Priority carbapenem- and 29 
third/fourth-generation cephalosporin-resistant Pseudomonas aeruginosa and 30 
Acinetobacter baumannii, suppressing toxins and biofilms and increasing the 31 
penetration and efficacy of standard-of-care antibiotics in combined administrations. 32 
The binding of homoserine lactones and lipopolysaccharides also sequesters their 33 
direct effects as toxins on eukatryotic membranes, neutralizing key tools that promote 34 
bacterial colonization and impede immune defenses, both in vitro and in vivo. 35 
Pillar[5]arene evades both existing antibiotic resistance mechanisms, as well as the 36 
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build-up of rapid tolerance/resistance. The versatility of macrocyclic host-guest 37 
chemistry provides ample strategies for tailored targeting of virulence in a wide range 38 
of Gram-negative infectious diseases. 39 

  40 
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Introduction 41 

The scope of current antibiotic targets is very limited, with the vast majority of approved 42 
treatments targeting either DNA synthesis, protein synthesis, membrane integrity or 43 
cell-wall biosynthesis, all of which are counteracted by numerous and increasingly 44 
prevalent resistance mechanisms. The ensuing imminent global health crisis has been 45 
documented from several perspectives in recent reportings1–3 and has prompted the 46 
World Health Organization to create a priority pathogen list. Gram-negative bacteria, 47 
which have an outer membrane (OM) that acts as a formidable barrier against a large 48 
number of standard-of-care antibiotics, represent the majority of pathogens on the 49 
priority list4, with carbapenem-resistant Acinetobacter baumannii and Pseudomonas 50 
aeruginosa featuring at the top5. This pressing global challenge emphasises the need 51 
for the discovery of therapies with unique molecular scaffolds and/or mechanisms of 52 
action that evade existing resistance mechanisms and are less likely to lead to drug 53 
resistance6.  54 

A promising alternative to the limited antibiotic scope is the targeting of bacterial 55 
virulence factors, which play a crucial role in the establishment and progression of 56 
infections6. Potential targets have included pore-forming toxins7, homoserine lactone 57 
signaling molecules8–10, bacterial biofilms11,12, metal chelation13 and the bacterial 58 
OM14. Macrocyclic cavity-containing molecules are intensively explored in host-guest 59 
chemistry by supramolecular chemists, due to their tunable molecular preferences. 60 
Specifically, varying steric and conformational preferences enable the differential 61 
encapsulation of specific guests within their inner cavities15. The core structure can 62 
also be readily modified or enhanced with functional groups to add secondary 63 
functionalities16, with several examples emerging of simultaneous interactions taking 64 
place17,18. Recent efforts have also explored the application of functionalized 65 
macrocycles towards antibacterial therapies, for both Gram-positive19 and Gram-66 
negative20 pathogens, including biofilm targeting compounds21. However, the 67 
relationship between structure, function, and mechanism of action remains poorly 68 
understood. 69 

Homoserine lactones (HSLs) are small diffusible signal molecules produced, released, 70 
and sensed by Gram-negative bacteria in a process called quorum sensing (QS) and 71 
are used to coordinate colony-wide responses including biofilm formation, production 72 
of exotoxins and surfactants, motility, and nutrient scavenging molecules22,23. As such, 73 
they form an attractive target for, and have previously been explored as, anti-virulence 74 
strategies24,25. Lipopolysaccharides (LPS) form a major component of the outer leaflet 75 
of the OM in gram-negative bacteria, posing as a formidable barrier against 76 
intracellular antibiotics26.  77 

In this work, we explore the interactions between the synthetic macrocycle 78 
Pillar[5]arene (P[5]a) and two distinct virulence factors: HSLs and LPS. We investigate 79 
the interaction between P[5]a and HSLs and how this shuts down virulence-controlled 80 
responses in bacterial pathogens. Similarly, we study the interactions between P[5]a 81 
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and LPS and how this affects the function of LPS in the outer membrane, resulting in 82 
increased penetration of antibiotics across the OM barrier. Collectively, we investigate 83 
how P[5]a suppresses bacterial virulence in extensively drug resistant isolates and 84 
observe that in the absence of virulence factors, viability of lung epithelial cells 85 
recovers dramatically. The combined interactions of P[5]a with bacterial virulence 86 
factors provides a promising strategy against antibiotic-resistant infections, either 87 
alone or in combination with standard-of-care antibiotics.  88 

 89 

Results 90 

Anti-virulence screen for macrocyle-HSL host-guest interactions. To identify 91 
possible host-guest interactions between cavity-containing macrocycles and bacterial 92 
signaling molecules, we set up an unconventional screening of a set of macrocycles 93 
(Supplementary Table 1) for affinity to six different HSLs (Fig. 1a,b). Although previous 94 
efforts already established a link between size of the internal cavity and binding 95 
affinity9, little is known related to the affinities, preferences and determinants of host-96 
guest interactions with HSLs. To gain a better understanding, and assuming that their 97 
cavity size plays an important role in determining HSL affinity, widely varying types of 98 
macrocycles were selected, primarily to represent a diverse range of inner cavity sizes 99 
(1.5 – 11.7 Å) and molecular weights (172 – 2.260 g/mol). Similarly, HSLs were 100 
selected to represent diversity in their acyl chains, including a branched carbon, 101 
carboxyl groups and hydroxyl groups. We also screened for binding to pC HSL, 102 
containing a terminal para-phenol.  103 

For the screening, we developed a fluorescent E. coli reporter system capable of 104 
detecting the six different HSLs. Each receptor dimerizes and binds to the promoter 105 
linked to EGFP upon addition of its cognate HSL (Fig. 1c, Supplementary  Fig. 1, 106 
Supplementary Table 2). We screened for macrocyclic virulence inhibitors with a 107 
strong signal ratio for each of the HSLs (I1/I0 fluorescence) and minimal effects on 108 
bacterial viability and growth rate (I1/I0 optical density, ±20%, grey dashed lines). We 109 
identified several macrocycle-HSL combinations of interest with a fluorescence signal 110 
ratio over 50% and minimal effects on growth rate, highlighted in blue circles (Fig. 1d, 111 
Supplementary Fig. 1a-e). All host-guest combinations with increased binding, fall 112 
within a limited range of inner cavity sizes, from 3 Å for 4-sulfocalix[4]arene (4-Sc[4]a) 113 
to 7.8 Å for β-Cyclodextrin (β-CD), suggesting that the inner cavity plays a role in the 114 
binding. Among the macrocycles tested, P[5]a showed the highest concentration-115 
dependant signal ratio. Even though P[5]a shows binding with all six HSLs, it ranges 116 
from almost no binding to the C4 HSL (18%), with a very short acyl chain, to  strong 117 
binding to the 3-oxo-C12 (64%) and 3:OH:C14 HSL (96%), both with prolonged acyl 118 
chains (Fig. 1e). 119 
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 120 

Fig. 1 | Host-guest interactions between the macrocycle P[5]a and bacterial homoserine lactones selective for 121 
HSLs with prolonged acyl chains. a) Schematic of the interaction between macrocyclic “hosts” with HSL 122 
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“guests”. b) The molecular structures, abbreviated names and bacterial species of all QS HSLs used in this study. 123 
c) Schematic representation of HSL quorum sensing in Gram-negative bacteria (left), along with a virulence 124 
inhibition approach (right). In short, HSLs produced by select individuals diffuse freely through the outer and 125 
inner membranes and get sensed by intracellular receptor proteins in other community members, promoting 126 
the production of isogenic HSL and a synchronized regulation of activies. Applied virulence inhibition strategy, 127 
where the interaction between the HSLs and macrocyclic host prevents the recognition of HSLs by its cognate 128 
receptor. d) Screening for the interaction between HSLs as seen in (b) and a set of macrocycles reveals several 129 
combinations where the macrocycle interacts with the HSL and where the growth rate in E. coli (I1/I0 OD600) 130 
remains mostly unaffected (threshold, grey dashed lines, ±20%). The interaction is detected through a HSL 131 
biosensor, where the cognate receptor is expressed, and the promotor binding region is fused to GFP. 132 
Interactions between macrocycles and HSLs are observed through a decrease in affintity (I1/I0). e) Concentration-133 
dependent effects of the strongest interacting macrocycle, P[5]a, on the fluorescent expression in E. coli for each 134 
of the six HSLs, indicates increased affinity towards HSLs with longer acyl chains. The data represent average 135 
values of biological replicates ± s.d (n=3 per group). f) Effect of  P[5]a on the growth rate and viability of E. coli. 136 
E. coli incubated with highest tested concentration of P[5]a, 2.5 mM, shows a standard growth curve, including 137 
lag, log and stationary phase. A BacLight bacterial viability assessment shows cell viability in all tested 138 
concentrations of P[5]a after 24h of exposure and no concentration-dependent cell death. The data represent 139 
average values of biological replicates ± s.d (n=3 per group). g) Chemical structure of the synthetic host P[5]a 140 
which demonstrated the strongest interaction with HSLs with longer acyl chains, highlighting the hydrophobic 141 
core cavity (brown box), flanked on both sides by the polycationic hydrophilic residues (orange boxes). h) 142 
Schematic of a combined microbial community, where P[5]a specifically inhibits strains utilizing HSLs with longer 143 
acyl chains for communication and synchronization, as seen in (i) and (j). i) Fluorescence microscopy images of 144 
a combined microbial community of E. coli cells consisting of four different strains with a unique fluorescent 145 
protein (pRhl-mKO2 orange for C4, pLux-CFP cyan for 3-oxo-C6, pCin-GFP green for 3-OH-C14:1 and pRpa-146 
mCherry red for pC HSL) that  each detect a different HSL, demonstrate that P[5]a specifically and preferentially 147 
interacts with HSLs that contain longer acyl chains. The addition of P[5]a results in the inhibition of the pCin-148 
GFP, sensing the long chain 3-OH-C14:1 HSL. Other fluorescent signals in the microbial culture, remained 149 
unaffected. Images representative of average values of biological replicates ± s.d (n=3 per group). Scale bar, 50 150 
µm. j) Flow cytometry analysis on the combined microbial culture in (i), confirming the specific inhibition of pCin-151 
GFP (sensing the 3-OH-C14:1 HSL) upon the addition of P[5]a, indicated by the black arrow. Offset in y-axis added 152 
for clarity purposes. k) P[5]a suppresses the bacterial toxin pyocyanin, a key toxin in P. aeruginosa controlled by 153 
HSL quorum sensing,  in PAO1 after a 24h agitated culture. The data represent average values of biological 154 
replicates ± s.d (n=4 per group). l) P[5]a suppresses the formation of biofilm, also strongly regulated through 155 
HSL quorum sensing in PAO1 after a 24h static culture. The data represent average values of biological replicates 156 
± s.d (n=3 per group). m) P[5]a suppresses the biofilm formation in “superbug” MDR clinical isolates of P. 157 
aeruginosa after a 24h static culture. The data represent average values of biological replicates ± s.d (n=3 per 158 
group). n) P[5]a suppresses the biofilm formation in “superbug” MDR clinical isolates of A. baumannii after a 72 159 
h static culture. The data represent average values of biological replicates ± s.d (n=3 per group). 160 

P[5]a had no observable effect on growth rate in E. coli and a viability assessment 161 
after 24h growth shows that all concentrations tested (up to 2.5 mM), were well 162 
tolerated (Fig. 1f, Supplementary Fig. 2a-e). Looking more closely at the structure of 163 
P[5]a (Fig. 1g), shows that it is a modified pillar[5]arene with a lipophilic core and a 164 
hydrophilic periphery. It contains a cavity which is hydrophobic (4.6 Å), and a 165 
symmetrically-substituted polycationic rim. Fluorescence microscopy and flow 166 
cytometry analysis show that in a combined microbial community, consisting of four 167 
E. coli sensor strains each with a unique fluorescent protein that detects a different 168 
HSL, P[5]a selectively binds the 3-OH-C14:1 HSL with an elongated acyl chain, 169 
resulting in a 102 reduction in fluorescence of the pCin-EGFP sensor strain (Fig. 1h-j). 170 
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In contrast, expression of the other three sensor strains remained largely unaffected 171 
by the addition of P[5]a, suggesting that the host-guest interactions could be utilized 172 
for specific targeting of bacteria with longer acyl chains. The selectivity, we propose, 173 
can be a beneficial approach, to target pathogens more specifically in comparison to 174 
broad-spectrum antibiotic activity. In various environments, such as the human 175 
microbiome, a diverse microbial gut community is essential for the health of its host. 176 
Antibiotic treatment can have a detrimental impact on the microbiome diversity, 177 
deteriorating the overall health of the host, while also leaving them far more vulnerable 178 
to Clostridium difficile infections.  179 

P[5]a inhibits QS-associated virulence in carbapenem-resistant P. aeruginosa 180 
and A. baumannii. To understand the possible implications of the host-guest 181 
interactions between the macrocycles and HSLs in a biological context, we continued 182 
the validation against the clinically relevant P. aeruginosa and A. baumannii, which 183 
both deploy long-chain HSLs (Fig. 1b). Extensive previous work on these pathogens 184 
has elucidated the function of HSLs in QS, an essential regulatory mechanism of 185 
collective virulence in these pathogens27–29. We screened the macrocycles that 186 
displayed the highest affinity, (i.e. P[5]a, α-cyclodextrin (α-CD), β-CD, and 4-Sc[4]a), 187 
for their effects on the production of pyocyanin in P. aeruginosa isolate PAO1. 188 
Pyocyanin is an exotoxin with an observable strong green color that is under direct 189 
regulation of QS, used as a surrogate measure of virulence (Fig. 1k). The addition of 190 
P[5]a resulted in a concentration-dependent reduction in pyocyanin levels, starting 191 
with concentrations of P[5]a as low as 10 µM, with complete suppression at 1 mM and 192 
above. In contrast, macrocycles α-CD, β-CD and 4-Sc[4]a had no effect on pyocyanin 193 
levels (Supplementary Fig. 3a-c). The incubation of macrocycles with purified 194 
pyocyanin confirms that P[5]a inhibits the production of pyocyanin rather than 195 
interacting with existing toxin molecules (Supplementary Fig. 3d). The concentration-196 
dependent effects of P[5]a on pyocyanin production in PAO1 strongly correlates with 197 
the effects of P[5]a on the quorum sensing biosensor in E. coli (Supplementary Fig. 198 
3e). 199 

P[5]a had comparable effects on biofilm formation in PAO1, also strongly associated 200 
with HSL regulated QS, as indicated by the purple stain (crystal violet), with a similar 201 
concentration dependency as observed in the pyocyanin assessment (Fig. 1l). 202 
Because of the increasing pressure of resistance on antibiotic therapy, we tested the 203 
effectivity against top priority carbapenem- and third/fourth-generation cephalosporin-204 
resistant Pseudomonas aeruginosa and Acinetobacter baumannii isolates (Fig. 1m,n, 205 
and Supplementary Table 3). In all cases, we observed a statistically significant 206 
decrease in biofilm formation. The effectivity of P[5]a against strains P. aeruginosa 207 
2798 and A. baumannii 5542, 5707 and 5568 (Fig. 1m,n) is of particular importance, 208 
as these “superbug” pathogens are resistant to nearly all clinical treatments 209 
(Supplementary Table 3).  210 

P[5]a binds prolonged acyl chain HSLs inside its inner cavity. In order to confirm 211 
that the observed virulence inhibition-responses are a result of the interactions 212 
between P[5]a and the HSLs within the core cavity, and to clarify the observed 213 
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preferences for long-branched HSLs, we utilized a dye displacement assay (Fig. 2a)30. 214 
The binding of methylene orange (MO) to P[5]a results in a shift of the absorption 215 
maximum from 470 nm to 392 nm, as reported (Fig. 2b, left)18,31 Subsequent addition 216 
of HSLs releases the MO by competitive binding (Fig. 2b, right). The resulting recovery 217 
of MO absorption at 470 nm allows to determine the binding affinity of HSL-P[5]a 218 
(Supplementary Fig. 4a-c).  219 
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 220 
Fig. 2 | Binding of HSLs occurs inside the cavity of the P[5]a macrocycle, with the length of the prolonged acyl 221 
chain of the HSL playing a key role in the strength of the interaction. a) Schematic representation of the dye-222 
displacement assay, showing the targeted P[5]a-HSL interaction (k1), the P[5]a-MO complex formation (k2) and 223 
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the measured dye displacement assay (k3). The kD for the P[5]a-HSL interaction is the same as k-1 in the scheme. 224 
b) Left: shift in absorption spectra of MO (2.0 µM) titrated with increasing amounts of P[5]a (i.e. k2). Right: the 225 
titration of increasing amounts of 3-oxo-C12 HSL, displaces the MO inside the cavity of P[5]a, resulting in a 226 
recovery of the absorption spectrum, (i.e. k3).  c) Measured optical density at 470 nm of P[5]a-MO complexes 227 
(P[5]a concentration=10 µM, MO concentration=2.0 µM, NaCl concentration=50 mM), titrated against 228 
increasing concentrations of the corresponding HSL (dots), shows increased displacement for HSLs with longer 229 
acyl chains. The data represent average values ± s.d (n=3 biologically independent samples per group). d) Left: 230 
absorption spectra of MO (2.0 μM) titrated with increasing amounts of P[5]a (k2) in 0 and 50 mM of NaCl show 231 
a large decrease in affinity of P[5]a-MO in 50 mM NaCl. Right: absorption spectra of the P[5]a-MO complex 232 
titrated with the HSLs 3-oxo-C8 and 3-oxo-C12 (k3) in 0 and 50 mM of NaCl show no observable difference in 233 
affinity between the 0 and 50 mM NaCl concentrations. The data represent average values ± s.d (n=3 biologically 234 
independent samples per group). Arrows indicate the P[5]a/MO ratio selected for each HSL titration (1:1 and 235 
5:1, respectively). e) NMR spectra (D2O/[D6]DMSO 30 % at 310 K) of P[5]a, the HSLs 3-OH-C14:1, 3-Oxo-C12, 3-236 
Oxo-C6 and C4, and P[5]a combined with each HSL show partial shielding of the HSLs in the complex, indicative 237 
of binding inside the cavity. f) The electron density of the combined surface of P[5]a complexed with 3-OH-238 
C14:1, 3-Oxo-C12, and 3-Oxo-C6 HSLs. g) Hydrophobic/philic maps highlight the shape and extent of hydrophilic 239 
and hydrophobic surfaces of P[5]a in isolation, as well as in 3-OH-C14:1, 3-Oxo-C12 and 3-Oxo-C6. An increased 240 
hydrophobic surface area is seen in the HSLs with longer acyl chains. h) Gene Set Enrichment Analysis (GSEA) 241 
against KEGG and GO gene sets shows a large down-regulation of virulence-associated traits in sequenced mRNA 242 
of PAO1 treated with P[5]a. i) Localization of mRNA products shows a strong downregulation in extracellular, 243 
OM vesicle and OM localized proteins. Number of mRNA products per localization group ranges from cytoplasm 244 
to periplasm 27, 93, 17, 16, 16 and 12 respectively. Box plots show the median (center line), the upper and lower 245 
quantiles (box), and the range of the data (whiskers). 246 

The dissociation constant (kD) between P[5]a and the HSLs was determined, allowing 247 
us to rank the binding affinity of HSLs into the P[5]a cavity (3OH-C14:1≥3-oxo-C12>3-248 
oxo-C8>>3-oxo-C6~pC~C4) (Fig. 2c, Table 1, Supplementary Fig. 5). This is in 249 
agreement with the hydrophobicity decrease expected from the decrease in acyl chain 250 
length, as observed in Fig. 1e. The addition of NaCl affected the association constants 251 
between MO and P[5]a, whereas the dissociation constants between P[5]a and the 252 
HSLs remained unaffected (Fig. 2c, Table 1, Supplementary Fig. 6c). This suggests 253 
that electrostatic interactions do not influence the binding of guests inside the core 254 
cavity. 255 

To better understand which chemical interactions are involved and how structural 256 
features influence binding preferences, we used NMR (Fig. 2e). The 1H NMR results 257 
confirm the stronger interaction with the longer 3-Oxo-C12 and 3-OH-C14:1 HSLs, 258 
hence confirming complexation. Minimal changes were observed in C4 and pC HSLs 259 
in the presence of P[5]a, suggesting weak to no interaction (Fig. 2e, Supplementary 260 
Fig. 6).  261 

We used density functional theory modelling (M06-2X)32 to visualize the HSL-P[5]a 262 
interaction (Fig. 2f). The total binding surface areas were generally proportional to 263 
affinity. The large difference in alkyl chain volume between 3-oxo-C12 and 3-Oxo-C6 264 
(70.5 vs 6.3 Å) correlated with their relative affinity. The 3-Oxo-C12 long hydrophobic 265 
chain resides in P[5]a’s internal cavity, making this the most stable complex 266 
(Supplementary Fig. 7a-b). Furthermore, these HSL showed little to no disruption of 267 
the preferred geometry or electronics of the host cavity, highlighting the 268 
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complementarity (Fig. 2g, Supplementary Fig. 8). Notably, the presence of carboxyl, 269 
hydroxyl or absence of functional groups did not have an impactful effect on the 270 
binding affinities, apart from affecting the length of the acyl chain. This further indicates 271 
that binding affinities are largely determined by length and hydrophobicity of the acyl 272 
chain length. 273 

Table. 1 | Binding affinities for host-guest interactions between the macrocycle P[5]a and HSLs, determined 274 
through dye displacement with the MO indicator.   275 

HSL kD (M) in 0 mM NaCl  kD  (M) in 50 mM NaCl 

k-1 MO-P[5]a (0.68±0.08) nM (9.82±0.06) µM 

k-2 3-OH-C14:1 (Cin) (2.00±0.20) µM (a) (2.58±0.07) µM (a) 

k-2 3-oxo-C12 (Las) (1.69±0.05) µM (5.90±0.02) µM 

k-2 3-oxo-C8 (Tra) (18.60±0.60) µM (0.12 1±0.02) mM 

k-2 3-oxo-C6 (Lux) (0.83±0.04) mM (1.36±0.03) mM 

k-2 pC (Rpa) (0.65±0.05) mM (4.36±0.09) mM 

k-2 C4 (Rhl) (15.00±0.60) mM - (b) 

(a) 3OH-C14:1 dataset is limited due to strong scattering. (b) Signal increase is insignificant to be fitted 276 

 277 
mRNA analysis reveals QS target and interplay of effects OM and extracellular 278 
space. Next we analysed the differential transcription of total mRNA in P[5]a treated 279 
and untreated PAO1 to gain more insight into the mode of action (Fig. 2h). Gene set 280 
enrichment using Kyoto Encyclopaedia of Genes and Genomes (KEGG) and Gene 281 
Ontology (GO) terms revealed strong down-regulation of virulence-associated factors, 282 
including biofilm formation, QS and pyoverdine biosynthesis. Localization of the 283 
protein products shows the largest downregulation in products targeted to the 284 
extracellular space and OM vesicles, both of which are strongly associated with 285 
virulent factors in P. aeruginosa, including LPS, exotoxins, proteases and elastases, 286 
and essential components in the early stages of infections and their progression (Fig. 287 
2i)33. We also observed up-regulation in two-component systems, integral membrane 288 
components and membrane gene sets, indicating an interplay of effects caused by 289 
P[5]a at the OM surface. This is in line with previous characterizations of cationic 290 
compounds and peptides, where the positively charged residues are speculated to 291 
interact with negatively charged lipids34,35.  292 
 293 

LPS sequestration is driven by electrostatic interactions. Given the effects of 294 
P[5]a on the bacterial membrane (Fig. 2h,i) and its net positive charge, we 295 
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hypothesized a possible interaction with LPS. LPS is a key component in the bacterial 296 
OM whose phosphate groups contribute to the overall negative charge of the 297 
membrane surface. Dynamic light scattering (DLS) shows that the titration of purified 298 
LPS with increasing concentrations of P[5]a in water results in the formation of larger 299 
complexes, starting at 15 µM and plateauing at 40 µM (Fig. 3a). The titration of these 300 
complexes in water with NaCl reverses and breaks up the larger complexes, 301 
confirming that surface charge interactions are a driving force in the complexation (Fig. 302 
3b,c)36. However, since most physiological conditions occur in relative high levels of 303 
salt, which hinders surface charge interactions, we explored the titration of LPS with 304 
P[5]a in physiological salt buffers 0.5x and 1x PBS. Starting at 50 µM in 0.5x and 1x 305 
PBS, we observed a continuous increase in the presence of large complexes. We 306 
further studied the P[5]a-LPS interaction in high salt (1x PBS) environments using 307 
analytical ultracentrifugation (AUC), to better understand the formed complexes (Fig. 308 
3d). P[5]a and LPS separately required high rotational speeds of 60,000 RPM to 309 
achieve detectable sedimentation. P[5]a-LPS mixtures resulted in rapid sedimentation 310 
at rates as low as 25,000 RPM, suggesting the formation of larger 311 
complexes/aggregates (Supplementary Fig. 9a-c). P[5]a-LPS mixtures showed 312 
noticeable differences in the sedimentation speed of these complexes, as observed 313 
from the sedimentation coefficient range of 3 – 100 S. This range corresponds to 314 
molecular weights ranging from 5x103 up to 1x106 Da.  315 
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 316 
Fig. 3 | P[5]a interacts with LPS in the bacterial OM, enhancing the penetration and potency of co-317 
administered antibiotics. a) P[5]a titrated into a 0.1 mg/ml PA10 LPS  (5-10 µM) solution in water with DLS 318 
shows the formation and assembly of large complexes starting at 15 µM of P[5]a. The data represent average 319 
values ± s.d (n=3 independent experiments per group). Expansion highlights the formation of P[5]a-LPS 320 
complexes in 0.5x and 1x physiological conditions. b) The interaction and aggregation observed in (a) is 321 
reversible by the addition of salt (NaCl), which leads to the dissociation of the larger complexes. The data 322 
represent average values ± s.d (n=3 independent experiments per group). c) Schematic representation of the 323 
NaCl effects on the complexation of P[5]a-LPS. In H2O, P[5]a rapidly induces the formation of P[5]a-LPS 324 
complexes. In higher salt and physiological conditions, an increased quantity of P[5]a is required for the 325 
formation of P[5]a-LPS complexes. d) Analytical ultracentrifugation shows the sedimentation coefficient of P[5]a 326 
alone on the left at 60,000 rpm and P[5]a with LPS of PA10 on the right at 25,000 rpm, revealing the presence 327 
of high-molecular weight structures, up to 1x106 Da. Expansion highlights that a majority of the LPS, 91%, is 328 
present in the larger P[5]a-LPS complexes. e) P[5]a enhances the efficacy of co-administered antibiotics 329 
amikacin, cefepime, ceftazidime, and meropenem in six MDR resistant P. aeruginosa clinical isolates. MIC values 330 
were categorized into three groups according to the Clinical and Laboratory Standards Institute (CLSI)37: 331 
susceptible (below yellow line), intermediate susceptible (between yellow and red line), and resistant (above 332 
red line). f,g,h,i) Serial passaging of PAO1 with the antibiotics aztreonam (f), cefepime (g), meropenem (h), and 333 
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tobramycin (i) as well as co-administration of the antibiotics with P[5]a. Co-administrations greatly slowed the 334 
development of resistance of PAO1 to the respective antibiotic treatment. MIC values were categorized into 335 
three groups according to the CLSI: susceptible, intermediate susceptible, and resistant. Cefepime reached 128 336 
µg/ml after four days, which was the highest concentration of antibiotic included. j) The average time (d) for 337 
PAO1 to double the MIC value required to kill the pathogen, as seen in (f, g, h & i) in both a stand-alone and 338 
combinatory treatment shows that co-administrations reduce the resistance doubling time. k) Schematic 339 
representation of LPS positioned in the OM (left). P[5]a interacts with LPS in the OM, likely affecting the tight 340 
organization of the OM, which improves the effectivity of antibiotics with intracellular targets in a combined 341 
administration. 342 

P[5]a enhances the penetration of the OM of intracellular antibiotics. In order to 343 
explore whether the observed complexation with LPS affects its function in the outer 344 
membrane, we examined clinical isolates with reduced susceptibility to antibiotics 345 
(Supplementary Table 3). We co-administered P[5]a with four standard-of-care 346 
antibiotics with intracellular targets i.e. amikacin, cefepime, ceftazidime, and 347 
meropenem (Fig. 3e). In all combinations with P[5]a, minimum inhibitory concentration 348 
(MIC) values for the clinical isolates were reduced compared to the antibiotic treatment 349 
alone. The stronger reductions were not specific to a clinical isolate strain or type of 350 
antibiotic, indicating that the membrane interference enhances the penetration of all 351 
antibiotics with intracellular targets. This observation is in line with other OM-352 
sensitizers34,38. 353 

We then studied the build-up of resistance in PAO1 towards antibiotic therapy over a 354 
14-day period. Whereas in stand-alone antibiotic therapies of aztreonam, cefepime, 355 
meropenem and tobramycin (Fig. 3f-i), in all administrations encountered resistance, 356 
in the combined administration, no antibiotic encountered resistance. Aztreonam, 357 
cefepime and tobramycin remained fully susceptible, whereas meropenem reached 358 
intermediate susceptible. The average time for resistance levels to double was greatly 359 
increased (Fig. 3j). Collectively, these results emphasize the potential of P[5]a to 360 
revitalize available antibiotic therapies and reduce resistant encounters (Fig. 3k).   361 

Isolates from acute infections often produce elevated levels of endotoxins, proteases, 362 
siderophores and demonstrate increased motility39. In contrast, isolates from chronic 363 
infections often prioritize a mucoid phenotype, lowered doubling times and increased 364 
biofilm production levels. Added to this variation is a plethora of increasingly prevalent 365 
resistance mechanisms. Together, these traits have increased the threshold for novel 366 
treatments significantly40. Consequently, we tested the effectivity of P[5]a against a 367 
large subset of 72 P. aeruginosa isolates, consisting of International Antigenic Scheme 368 
(IATS) serotype collection (19 isolates), a CF chronic collection (20 isolates) and a set 369 
of multidrug resistant (MDR) clinical isolates with ranging antibiotic resistance profiles 370 
(33 isolates) (Fig. 4a, Supplementary Table 3). P[5]a showed widespread activity, 371 
reducing biofilm levels in over 96%, with over 92% significane. However, in one isolate, 372 
the biofilm production was significantly upregulated. We did not observe differences 373 
in the effects of P[5]a on different P. aeruginosa collections, bacterial phenotype, 374 
antibiotic resistance profile or site of isolation. Of note, P[5]a also proved effective 375 
against ΔLasR mutants (+), which have lost the ability to sense the 3-oxo-C12 HSL, 376 
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which is particularly prevalent in P. aeruginosa strains isolated from chronic CF 377 
infections41. Ranking the documented resistant antibiotic profiles (supplementary 378 
Table 1) against the function of P[5]a (Fig. 4b), shows that P[5]a remains effective 379 
against, and evades, most antibiotic resistance mechanisms. 380 

  381 

Fig. 4 | P[5]a enhances the penetration of co-administered antibiotics. a) Effect of P[5]a on biofilm inhibition 382 
after a 24h static culture formation in a panel of P. aeruginosa isolates, consisting of P. aeruginosa IATS 383 
serotypes, a set of isolates from cystic fibrosis patients suffering from chronic infections, and a set of MDR clinical 384 
isolates, derived from various sites of infection. (+) Isolates with iridescent and metallic sheen of the colony 385 
surface, that is typical for a ΔlasR mutant. The data represent average values of biological replicates ± s.d (n=3 386 
per group). b) Effect of P[5]a on biofilm inhibition in marked resistant clinical isolates of panel seen in (a). P[5]a 387 
successfully inhibited biofilms in resistant isolates, independent of the type or mechanism of action of the 388 
antibiotic. The colors of the antibiotics correspond to the antibiotic class. Only isolates marked as resistant 389 
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respective to antibiotic treatment were included. Number of resistant isolates per type of antibiotic ranges from 390 
Piperacillin-tazobactam to Ciprofloxacin 7, 12, 35, 15, 13, 9, 35, 8, 9, 12, 12 and 11 respectively. Box plots show 391 
the median (center line), the upper and lower quantiles (box), and the range of the data (whiskers). c) Effect of 392 
P[5]a on pyocyanin toxin suppression over a 14 day period. P[5]a successfully suppressed toxin levels throughout 393 
the 14 days, with no observable decrease in effectivity. Expansion highlights the effects of P[5]a on toxin 394 
suppression of recultured MIC50 isolates from the cefepime (left) and meropenem (right) resistant stand-alone 395 
development experiments (Fig. 3g,h respectively). As tolerance, and subsequently resistance, develops rapidly 396 
to these antibiotics, P[5]a remains effective in suppressing toxins. d) P[5]a disrupts biofilms formed by highly 397 
resistant clinical isolates of P. aeruginosa in vitro; mean biofilm mass remaining after 16 h of treatment with 398 
P[5]a. The data represent average values of biological replicates ± s.d (n=4 per group). Two-tailed paired t-test 399 
**P < 0.01 *P < 0.05. e) Fluorescence microscopy images of formed biofilms by P. aeruginosa isolates, 400 
demonstrate the eradication of formed biofilms by P[5]a after 16 h of treatment. Images are representative of 401 
three independent experiments. Scale bar, 200 µm.  402 

Given the widespread activity against clinical isolates and reduced resistance 403 
development against antibiotics in combined administrations, we next tested the 404 
resistance development in vitro (Fig. 4c). PAO1 was repeatedly passaged in the 405 
presence of P[5]a, where pyocyanin levels remained suppressed throughout the 14-406 
day study. Next, we re-treated all MIC50 cultures of PAO1 that were repeatedly 407 
passaged with the antibiotics cefepime and meropenem (Fig. 3g,h, respectively). Even 408 
as PAO1 developed rapid tolerance and resistance to the antibiotics, P[5]a remained 409 
fully effective (cefepime, zoom-in left and meropenem, zoom-in right in Fig. 4c). 410 
Recent efforts have uncovered that antibiotic tolerance precedes the development of 411 
resistance to antibiotics42,43. Neither tolerance nor resistance mechanisms to 412 
antibiotics impacted the function of P[5]a in vitro, supporting the potential of non-413 
bactericidal and/or bacteriostatic virulence-targeting strategies with reduced selective 414 
pressure6,7,25.  415 

Like the OM, the biofilm is generally negatively charged and mainly arises from LPS 416 
and extracellular polymeric substances44,45. We assessed whether P[5]a could also 417 
disrupt existing biofilms by exposing four highly resistant P. aeruginosa biofilms to 418 
P[5]a for 16 h after a 24h formation period (Fig. 4d,e). Significant eradication of the 419 
biofilm was observed in all cases except P. aeruginosa isolate 5550. In P. aeruginosa 420 
isolate 5842, the biofilm mass was reduced by more than 75%.  421 

P[5]a protects A549 human lung cells against endotoxin and exotoxin-induced 422 
cell death.  423 

Biological membranes have striking similarities, with glycerophospholipids present in 424 
both eukaryotic bilayer membranes, as well as the inner leaflet of the bacterial OM, 425 
and LPS present in the OM outer leaflet. We observed interactions between P[5]a and 426 
the OM, which resulted in permeabilization of the OM. So, we next turned to A549 427 
epithelial cells with a bilayer membranes consisting of glycerophospholipids, major 428 
effector cells which constitute physical barriers against pathogens. We determined the 429 
effects of P[5]a on A549 epithelial cell viability using trypan blue staining, displaying 430 
low toxicity towards A549 cells and no observable membrane-lytic activity (Fig. 5a). 431 
This further suggests that the interactions with the bacterial OM occur through 432 
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interactions in the membrane outer leaflet, where LPS is inserted, rather than 433 
impacting the inner leaflet consisting of glycerophospholipids. 434 

We next checked whether P[5]a could protect epithelial cells against the full virulence 435 
arsenal of a clinically relevant pathogen. P[5]a protected A549 cells against apoptosis 436 
by PAO1 in a dose-dependent manner, with full protection at concentrations above 1 437 
mM (Fig. 5b,c). The dose-dependence of P[5]a required to achieve complete 438 
protection in A549 against PAO1 was comparable to the amounts required to inhibit 439 
the virulence factors (pyocyanin, 3-oxo-C12, LPS, biofilm), suggesting that these 440 
virulence factors are the key cytotoxic agents utilized by the pathogen during infection.  441 

 442 
 443 
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 444 
Fig. 5 | P[5]a protects A549 human epithelial cells against TNFR-1 dependent apoptosis by P. aeruginosa 445 
infection. a) Trypan blue viability assessment of A549 epithelial lung cells treated with varying concentrations 446 
of P[5]a. The data represent average values of biological replicates. Mean (± SEM) (n=3 per group). b) A549 447 
epithelial cells challenged with PAO1 for 16 h show apoptosis. P[5]a recovers PAO1 incuded apopotosis in a 448 
concentration-dependent manner. The data represent average values of biological replicates ± s.d (n=3 per 449 
group). c) Fluorescent microscopy images of  A549 epithelial cells as seen in (b), either untreated, P[5]a-treated, 450 
or challenged with PAO1 for 16 h. A concentration-dependent recovery of cell death is seen when treated with 451 
P[5]a. Scale bar, 50 µm. d) Normalized expression values obtained from mRNA sequencing show that the 452 
addition of 0.1 mM and 2.5 mM is well-tolerated with no significant changes in gene regulation. A549 cells 453 
challenged by the bacterial pathogen PAO1 show strong activation of cellular stress, inflammatory and cell death 454 
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responses. The addition of P[5]a treatment to the challenged A549 cells results in a concentration-dependent 455 
reduction in cellular stress, inflammatory and cell death responses, and also increases the defensive responses 456 
against bacteria (n=3); adjusted P value, 0.01. e) VENN-diagram of the gene regulatory network overlaps affected 457 
by infection and treatment. f) Log2FC expression changes related to differentially expressed GO Biological 458 
Process gene sets; I, II, II corresponds to diagrams in (e).  459 

To further understand the protective effects of P[5]a during bacterial infection, we 460 
analyzed total mRNA from the A549 epithelial cells (Fig. 5d). P[5]a alone had minimal 461 
effects on A549 epithelial cells,  with none of the differentially expressed genes altered 462 
by more than log2FC ± 1.2. Furthermore, we did not observe responses indicating 463 
changes in the stability of the bilayer membrane. The addition of PAO1 to A549 cells 464 
greatly altered expression levels, with gene set enrichment (GO Biological Processes) 465 
showing major changes in inflammatory response, response to molecules of bacterial 466 
origin, chemotaxis, cell death and regulation of cell proliferation (Fig. 5e,f). The biggest 467 
increase was observed in the chemokine ligands (CCL20, CXCL1, CXCL2, and 468 
CXCL3) together with surface receptor (ICAM1), which all play key roles in immune 469 
and inflammatory responses28. The addition of P[5]a to infected A549 epithelial cells 470 
elicits a concentration-dependent reduction in the inflammatory response, chemotaxis, 471 
cell death, response to molecules of bacterial origin, and regulation of cell proliferation 472 
gene sets. The most significant dose-dependent reduction in expression was 473 
observed in chemokines CCL20, CXCL1, CXCL8 and ICAM1. We observed increased 474 
expression in adrenomedullin (ADM) and colony stimulating factor 2 (CSF2), both 475 
implicated in the defensive response to bacterial infection46,47, indicating that reduced 476 
stress and inflammatory responses increase the bacterial clearance capabilities.  477 

P[5]a sequesters LPS endotoxin in vitro and in vivo and protects against 478 
inflammatory responses.  479 

Recognizing the important role that virulence factors play during the establishment 480 
and spread of bacterial infections in their eukaryotic hosts, we further investigated the 481 
direct interactions between P[5]a and purified 3-oxo-C12 and LPS, and the 482 
seubsequent effects on A549 epithilial cell viability. In bacteria, the 3-oxo-C12 HSL 483 
freely diffuses through bacterial membranes where it is utilized as a signaling 484 
molecule. However, in mammalian cells, the 3-oxo-C12 HSL interacts with bilayer 485 
membranes and results in the disruption of lipid domains. This results in the release 486 
of pro-inflammatory cytokines, TNFR1 signalling lymphocyte cell death, and an 487 
excacerbation of airway inflammation48. Similarly, LPS is a well-known pathogen-488 
associated molecular pattern of which the Lipid A region is recognized by the toll-like 489 
receptor TLR4, resulting in the release of inflammatory cytokines, cell death 490 
responses, increased airway barrier permeability, and lung inflammation. A549 cells 491 
that were treated with purified 3-oxo-C12 or LPS showed an observable increased cell 492 
death at the first time point of 2h, increasing steadily over time. The addition of P[5]a 493 
prevented epithelial cell death, both with 3-oxo-C12 and LPS, protecting the A549 cells 494 
over a 24h period (Fig. 5a,b). These results show that i) the interaction rapidly impairs 495 
the ability of 3-oxo-C12 and LPS to disrupt lipid bilayer domains ii) the interaction is 496 
stable over time (over a 24h period) and iii) the formed complexes do not dissociate.  497 
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 498 
Fig. 6 | P[5]a  sequesters toxins and protects against LPS endotoxin induced inflammatory responses in A549 499 
epithelial cells and in C57BL/J6 mice. a) The addition of P[5]a sequesters the 3-oxo-C12 HSL, protecting A549 500 
epithelial cells against apoptosis over a 24h period. The data represent average values of biological replicates ± 501 
s.d (n=4 per group). Two-tailed paired t-test ***P < 0.001; **P < 0.01; *P < 0.05. b) The addition of P[5]a protects 502 
A549 epithelial cells against LPS-induced apoptosis over a 24h period(P.a. serotype 10, 20 µg/ml). The data 503 
represent average values of biological replicates ± s.d (n=4 per group). Two-tailed paired t-test ***P < 0.001; 504 
**P < 0.01; *P < 0.05. c) LPS endotoxin sequestration study design. P[5]a is administered intertrachaelly one 505 
hour prior to the addition of challenging agent, LPS (P.a. serotype 10, 10 µg/kg). BALF fluid is collected after 4 506 
and 24 h and quantity of WBCs and neutrophils in BALF is quantified, along with inflammatory cytokines. d) 507 
Effects of P[5]a, dosed i.t., on LPS-stimulated total WBC counts in BALF. e) Effects of P[5]a, dosed i.t., on LPS-508 
stimulated total neutrophil counts in BALF. f-i) Effects of P[5]a, dosed i.t., on LPS-stimulated (f) TNF-α, (g) IL-&, 509 
(h) CXCL1 (KC) and (i) CXCL2 (MIP-2) counts in BALF. One animal (3 mg/kg, 4h) died immediately after i.t. 510 
treatments. Statistical analysis was performed by One Way ANOVA followed by Dunnett’s test for multiple 511 
comparison, and Grubb’s test was performed to exclude outliers. All groups vs veh/LPS treated group, *p<0.05, 512 
**p<0.01, Mean (± SEM) (n=10 animals per group). 513 
 514 
We next investigated whether P[5]a protects against lung inflammation in female 515 
C57BL/6J mice challenged with LPS. The intranasal administration of LPS, detected 516 
by the TRL4 receptor, results in the induction of a strong inflammatory response which 517 
is characterized by infiltration of neutrophils and white blood cells into the extracellular 518 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 1, 2023. ; https://doi.org/10.1101/2023.03.01.530582doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.01.530582
http://creativecommons.org/licenses/by-nc-nd/4.0/


 21 

matrix and by the release of cytokine that play a fundamental role in lung tissue 519 
damage (Fig. 6c). Three increasing concentrations of P[5]a (0.1, 0.5 & 3 mg/kg) were 520 
administered intertracheally (i.t.). At 24h, 3 mg/kg P[5]a resulted in a 30% total 521 
reduction of LPS stimulated white blood cells (WBC) and neutrophils in 522 
bronchoalveolar fluid (BALF), although not statistically significant (Fig. 6.d,e, 523 
respectively). At 4h, and at 0.1, 0.5 mg/kg dosages of P[5]a, no observable differences 524 
were seen. Next, we looked at the release of inflammatory cytokines in response to 525 
LPS stimulation. At 4h, apart from IL-6 no significant differences were observed in 526 
cytokine levels between LPS stimulated and P[5]a treated groups (Supplementary Fig. 527 
11). However, at 24h, significant reductions were observed in cytokine levels upon the 528 
treatment of P[5]a. Importantly, TNF-ɑ levels, a signature pro-inflammatory cytokine 529 
responsible for immune cell regulation and cell apoptosis, were significantly reduced 530 
even at the lowest dose of 0.1 mg/kg (Fig. 6f, Supplementary Fig. 12,13,). Also the 531 
cytokine IL-6 and chemokines CXCL1 and CXCL2, key chemoattractants for 532 
macrophages and neutrophils, showed statistically significant reductions at the lowest 533 
dose of 0.1 mg/kg (Fig. 6g,h,i). Overall, these results show that P[5]a not only 534 
prevented epithelial cell damage, cell death and increased defensive responses, it 535 
also reduced their virulence-induced inflammatory activation. The latter is of major 536 
importance in vivo, because uncontrolled inflammatory responses lead to pulmonary 537 
exacerbations and extensive tissue damage49.  538 

 539 

Discussion 540 
Antibiotic therapy is the mainstay of treatment against bacterial infection. However, 541 
their large-scale use combined with a limited spectrum of bacterial targets has fuelled 542 
resistant encounters, putting pressure on both existing  therapies as well as the 543 
development pipeline.  544 
Herein, we utilize a novel anti-virulence screen of host-guest interacting macrocycles, 545 
and identify a water-soluble synthetic Pillararene, P[5]a (Supplementary Fig. 546 
14,15,16), that is non-bactericidal/bacteriostatic. It presents a mechanism of action 547 
that involves binding to HSLs (inner cavity) and LPS (cationic rim), key virulence 548 
factors in Gram-negative pathogens. 549 
We demonstrated that  P[5]a effectively binds HSLs with different chain lengths with 550 
binding constants in the micromolar ranges. We observed an improved binding as the 551 
HSL guest alkyl chain length increases, suggesting that hydrophobic interactions 552 
contribute to the recognition process. This view is both quantitatively and qualitatively 553 
supported by NMR, dye displacement and modelling of hydrophobic/hydrophilic maps, 554 
showing that the longer hydrophobic alkyl chains are placed deep into the aromatic 555 
cavity of P[5]a. The addition of NaCl did not have a large influence on the binding 556 
constants of the HSLs (independent of the length of the alkyl chains), suggesting that 557 
electrostatic interactions do not contribute to the recognition process and binding 558 
stability. The binding of the HSLs resulted in the inhibition of QS associated virulence 559 
responses, including toxins, motility and biofilms. Combined, these results suggest 560 
P[5]a could function as an effective anti-virulence strategy, particularly in pathogens 561 
that utilize HSLs with long hydrophobic acyl chains.  562 
 563 
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On the other hand, we observed that electrostatic interactions play a key role in the 564 
binding of P[5]a to LPS on the OM, a highly impermeable barrier to otherwise effective 565 
antibiotic treatments. LPS on the OM is arranged and stabilized by divalent cations 566 
that form electrostatic bridges between the Lipid A domain4, mainly Ca2+ and Mg2+. 567 
We hypothesize that the binding of P[5]a is mediated by the positively charged 568 
residues on the functionalized rim of P[5]a, which interact with the anionic Lipid A 569 
moiety. We observed that the interaction with LPS results in disruption of the OM 570 
organization, facilitating the access and potency of standard-of-care antibiotics to its 571 
intracellular targets, independent of their MoA (Fig. 3e). We also show that this 572 
synergy could be exploited to reduce resistance development in vitro and potentially 573 
revitalize antibiotic therapy (Fig. 3e,f,g,h,i). Supported by previous reports of cationic 574 
macrocycles12,21 and the rational that LPS is a major component of bacterial biofilms45, 575 
we investigated the eradication of formed biofilms by P[5]a. However, given the 576 
complexity of the composition of bacterial biofilms, future efforts are required to 577 
understand in depth the interactions that govern the eradication.   578 
LPS is also the target of the antibiotic polymyxin B (PMB),. Polymixins competitively 579 
displace cations from the Lipid A domains, resulting in destabilization of the OM. 580 
However, where PMB also induces the depolarization or destabilization of cytoplasmic 581 
membrane, bacterial viability assessments (Fig. 1f) showed that P[5]a did not have 582 
any observable effects on the cytoplasmic membrane. We speculate that the effects 583 
of P[5]a on the bacterial membrane might be more comparable to SPR74134 and the 584 
OM targeting antibiotics (OMPTAs)50–52. These molecules retain the ability to disrupt 585 
the outer leaflet of the bacterial OM, where LPS inserted, but lack the capability to 586 
interact with the bacterial OM inner leaflet consisting of glycerophospholipids and the 587 
cytoplasmic membranes. This is further supported an absence of lytic effects of P[5]a 588 
on eukaryotic lipid bilayer membranes, which are also composed of 589 
glycerophospholipids (Fig. 5a,b,c,d,e, supplementary Fig. 11).  590 
 591 
Validation against MDR clinical isolates shows that P[5]a remains active against 592 
pathogens with an extensive variety of antibiotic resistance mechanisms, including 593 
carbapenem resistant top priority A. baumannii and P. aeruginosa. Furthermore, P[5]a 594 
has no bactericidal/bacteriostatic effects, making the development of rapid resistance 595 
unlikely53. This is supported by the effective suppression of toxins throughout a 14-596 
day period. In addition, as tolerance, and later resistance, developed to the antibiotics 597 
cefepime and meropenem over a 14-day treatment, at each timepoint, these isolates 598 
remained fully susceptible to P[5]a. Altogether, these results highlight the potential 599 
impact that novel bacterial targets and strategies can have over standard-of-care 600 
antibiotics, evading antibiotic resistance mechanisms and avoiding bacterial 601 
resistance build-up mechanisms; potentially circumventing some of the key 602 
bottlenecks currently faced in anti-infective development. A key question that remains 603 
is whether clinical isolates with resistance to colistin and PMB, of which 4-604 
aminoarabinose and phosphoethanolamine modifications of the Lipid A are the 605 
primary mechanisms of resistance, affect the activity of P[5]a54. Interestingly however, 606 
P[5]a remained active against ΔLasR isolates, which lack the 3-oxo-C12 HSL receptor 607 
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(Fig. 4a). This suggests that the compound’s polypharmacology could be a potent 608 
strategy to overcome partial resistance. As such, the dual mechanism of action of 609 
P[5]a previously reported18, has in this work been exploited to target both the 3-oxo-610 
C12 HSL (inner cavity, hydrophobic interaction) and LPS (outer polycationic rim, 611 
electrostatic interactions), and provides a promising approach to tackle bacterial 612 
resistance. 613 
 614 
We observed that binding of P[5]a to both 3-oxo-C12 and LPS results in direct-acting 615 
sequestration of their toxic properties, both in vitro and in vivo. Toxins collectively 616 
disrupt tissue barriers, impede the host’s immune defences against pathogens, and 617 
help promote bacterial growth and colonization and increase chances of successful 618 
infection7. 3-oxo-C12 and LPS challenged A549 cells were fully protected upon the 619 
addition of P[5]a (Fig. 5a,b). The binding of LPS also further supports the specific 620 
interaction of P[5]a with the Lipid A moiety, since specifically the Lipid A-region  is 621 
recognized by the TLR4 receptor that results in cytokine release and cell death 622 
responses. Furthermore, the addition of P[5]a to A549 cells challenged with PAO1, 623 
showed a dose-dependent recovery of cell death, indicating that toxins and other 624 
virulence factors play a central role in cell death responses and the spreading of 625 
infections, which is consistent with previous observations (Fig. 5c-g)6,7.  626 
 627 
Our data provides a compelling argument for pursuing macrocycle-based virulence 628 
inhibitors as a new paradigm for the treatment of bacterial infections. Their dual 629 
functionality of inhibiting virulence through HSL sequestration in their inner cavity, 630 
together with OM potentiating effects that sensitize pathogens to antibiotics, supports 631 
the use of P[5]a as a stand-alone as well as combinatory treatment with existing anti-632 
infectives. Our findings also present a promising outlook on the use of rational design 633 
host-guest chemistry towards the synthesis of dual-acting molecules that can be used 634 
in the treatment of antibiotic resistant bacterial pathogens. 635 
 636 

MATERIALS AND METHODS 637 

Our research complies with all relevant ethical regulations; 638 
Italian Legislative Decree No. 26/2014 and European Directive No. 2010/63/UE. The 639 
study was conducted in accordance with national legislation, under approval of the 640 
internal Aptuit Committee on Animal Research and Ethics and under authorisation 641 
issued by the Italian Ministry of Health (Italian Ministry of Health Authorisation Project 642 
– Internal Code No. 30004-B64).  643 
 644 
Cell lines, bacterial strains & growth conditions 645 
A full table of cell lines, bacterial strains, and plasmids used in this study are listed in 646 
Supplementary Table 1. E. coli strain Top10 was used for cloning and plasmid 647 
construction, while strain CY008 (BW25113 ΔlacI ΔaraC ΔsdiA; Bennett lab, Rice 648 
University, Texas, US) was used for all fluorescence measurements.  649 
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Individual cultures were grown overnight in Luria Broth (LB) with appropriate 650 
antibiotics (ampicillin, 100 μg mL−1, and kanamycin, 50 μg mL−1) at 37°C.  651 
P. aeruginosa and A. baumannii clinical isolates were obtained from several sources: 652 
CF clinical isolate panel was obtained from Dr. A. Bragonzi, group leader of the 653 
Infections and Cystic Fibrosis Unit at the San Raffaele Institute.  654 
Clinical isolates of P. aeruginosa and A. baumannii were obtained from the Helsinki 655 
University Hospital (HUS) collection, or isolated from patients by Chief Physician Dr. 656 
A. Pätäri-Sampo. The collection of the isolates fully complied with the Act on the Status 657 
and Rights of Patients” (785/1992). As such, information collected on the clinical from 658 
HUS isolates was limited and in no way traceable to individual patients and the 659 
information documented was restricted to the bacterial serotype, site of isolation and 660 
antibiotic resistance profile.  661 
“Global Priority superbugs” were obtained from the ATCC collection of clinically 662 
relevant, drug resistant strains with source metadata and genotypic and phenotypic 663 
characterization.  664 
A549 human lung carcinoma cells were treated with TrypLE (Thermo Fisher Scientific) 665 
prior to the start of the experiment, split, counted, and aliquoted into 96-well plates at 666 
20,000 mammalian cells per well. The cell counts were estimated using a TC20 cell 667 
counter (BioRad). Cells were grown for 24 h at 37°C in DMEM (Gibco) with 10% fetal 668 
bovine serum (Gibco), 1× PenStep (Sigma), and 1× GlutaMAX (Gibco). After the 24 h 669 
growth period, cells were washed with warm 1x PBS. 670 
 671 
 672 
Cloning 673 
Plasmids were constructed as previously described55. Briefly, fragments were cloned 674 
into two different vector backbones, pACYC (amp) for the receptor proteins and 675 
pColE1 (kan) for the AHL promoters, which were fused to the fluorescent proteins. All 676 
sequences were verified through DNA sequencing. Fluorescent proteins ECFP, 677 
EGFP, mKO2, and mCherry were tagged with the LAA degradation tag sequence. 678 
Plasmids are described in Supplementary Information Table 2. 679 
 680 

Materials 681 
Homoserine lactones (HSLs; N-Butyryl-L-HSL (C4), N-(ß-Ketocaproyl)-DL-HSL 682 
(>98%) (3-oxo-C6), N-(p-Coumaroyl)-L-HSL (>94%) (pC), N-(3-Oxoocatnoyl)-L-HSL 683 
(>97%) (3-Oxo-C8) and N-(3-Oxododecanoyl)-L-HSL (>98%) (3-oxo-C12) were used 684 
as received from Sigma-Aldrich. N-(3-Hydroxy-7-cis-tetradecanoyl)- L-HSL (>95%) (3-685 
OH-C14:1) was used as received from Cayman Chemical. Organic solvents were 686 
purchased from Sigma-Aldrich and VWR. Methyl orange was purchased from Sigma-687 
Aldrich. Lipopolysaccharides, purified through phenol extraction from Pseudomonas 688 
aeruginosa 10, was purchased from Sigma-Aldrich.  12-crown-4, 2-hydroxymethyl-12-689 
crown-4, 1-Aza-15-Crown-5, 15-Crown-5, 4-sulfocalix[4]arene, 18-Crown-6, 690 
Cucurbit[6]uril hydrate, (2-hydroxypropyl)-ɑ-cyclodextrin, ɑ-cyclodextrin, 691 
Calix[6]arene, 4-tert-butylcalix[6]arene, Methyl-β-cyclodextrin, (2-hydroxypropyl)-β-692 
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cyclodextrin, β-cyclodextrin, 2-hydroxypropyl-ƴ-cyclodextrin, ƴ-cyclodextrin and 693 
Calix[8]arene were purchased from Sigma Aldrich & Merck. The P[5]s was 694 
synthesized according to reported procedures with full characterization56,57. Briefly, 695 
1,4-bis(2-hydroxyethoxy)benzene was converted to 1,4-bis(2-bromoethoxy)benzene  696 
in the presence of carbon tetrabromide and triphenylphosphine in acetonitrile. In the 697 
next step, the decabromopillar[5]arene was obtained from the reaction of reacting 1,4-698 
bis(2-bromoethoxy)benzene and paraformaldehyde in the presence of boron 699 
trifluoride diethyl etherate in dichloromethane under argon atmosphere. In the final 700 
step, the decabromopillar[5]arene is refluxed with trimethylamine in ethanol, with the 701 
final P[5]a collected as a precipitate after washing with more ethanol. The 702 
Calix[4]resorcinarene was previously synthesized by us with full characterization 703 
therein58. 704 

 705 

Biofilm Inhibition assay 706 

A total volume of 200µL was prepared for each sample, and measured in a 96-well 707 
plate (Corning) at 20 °C. Each sample was blank subtracted and zeroed at 570 nm 708 
using a Cytation 3 (AHDiagnostics) or Hidex Sense (Hidex) plate reader. The samples 709 
were prepared in triplicates, and the average and standard deviation shown. P. 710 
aeruginosa was cultured overnight in LB medium containing 1% D-Glucose, and A. 711 
baumannii - in LS-LB (0.5% NaCl, 0.1% tryptone, 0.5% yeast extract) + 1% D-glucose 712 
Overnight P. aeruginosa and A. baumannii cultures were diluted 1:100 in a transparent 713 
96-well plate with 200 μL LB medium containing 1% D-Glucose. A concentration of 714 
1mM P[5]a was added from a 100× stock or equivalent concentration of distilled H2O. 715 
Cultures were incubated for 24 h at 37°C. The supernatant was then removed, and 716 
wells were washed three times with sterile 1× PBS, once with ice-cold methanol to fix 717 
the biofilm, and left to dry. A 0.1% crystal violet solution (Sigma-Aldrich, >90%) was 718 
added to stain the biofilm for 15 minutes, followed by three washing steps with distilled 719 
H2O to remove unbound dye. 96% EtOH was added to solubilize the biofilm, left for 720 
30 minutes under mild shaking. The solution was then transferred to a new sterile 96-721 
well plate, and OD570 was measured. 722 

 723 

Dye displacement assay, fitting and binding constant determinations 724 

A total volume of 200µL was prepared for each sample, and measured in a 96-well 725 
plate (Corning) at 20 °C. Each sample was blank subtracted, and zeroed at 650 nm 726 
using a Cytation 3 (AHDiagnostics) or Hidex Sense (Hidex) plate reader. The samples 727 
were prepared in triplicates, and the average and standard deviation shown. Binding 728 
constants were obtained by Reactlab Equilibria® software (Jplus consulting), fitting 729 
the averaged spectra of each sample between 390 and 490 nm. Dissociation 730 
constants were calculated as the inverse of the association constants. Full binding 731 
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asymptotes were simulated by Reactlab EQSIM2 software (Jplus consulting) with the 732 
parameters obtained from fitting. 733 

The MO-P5a binding constant determination (k2): A constant concentration of MO 734 
(2.0x10-6 M) was titrated with increasing amounts of P5a, at 0 and 50 mM of NaCl 735 
(Figure S1a-b).  Both wavelengths of independent triplicates were successfully fitted 736 
to a 1:1 binding model (Figure S1c).  737 

The P5a-HSL binding constant determination (k1): A concentration of MO-P5a 738 
complex was titrated with increasing amounts of HSLs. In order to ensure the complex 739 
formation, different conditions were used at 0 and 50 mM of NaCl.  740 

• NaCl = 0 mM: [MO] = [P5a] = 2.0x10-6 M 741 
• NaCl = 50 mM: [MO] = 2.0x10-6 M; [P5a] = 1.0x10-5 M  742 

Samples were prepared by adding a constant volume (2 µL) of varying concentration 743 
of HSLs in pure DMSO into 198 µL of the abovementioned solutions.   744 

 745 

Pyocyanin Assay 746 

A total volume of 200µL was prepared for each sample, and measured in a 96-well 747 
plate (Corning) at 20 °C. Each sample was blank subtracted and zeroed at 695 nm 748 
using a Cytation 3 (AHDiagnostics) or Hidex Sense (Hidex) plate reader. The samples 749 
were prepared in quadruplicates, and the average and standard deviation shown. 750 
Overnight PAO1 cultures were diluted 1:100 in 200 μL LB medium. Varying 751 
concentrations of P[5]a were added from a 100× stock or equivalent concentration of 752 
dH2O. Cultures were incubated for 24 h at 37°C. The culture fluid was obtained via 753 
centrifugation at 16.3 × 1000 g for 15 min and passed through 0.22 μm syringe-driven 754 
filters. The cell-free solution was transferred to a new sterile 96-well plate, and OD695 755 
was measured. 756 

 757 

Fluorescent E. coli reporter system  758 

The fluorescent reporter system of 6 E. coli strains detecting 6 different HSLs (Fig. 1b) 759 
was developed in this study to screen macrocycles that affect bacterial signaling. To 760 
create the reporter strains, E. coli CY008 strain was transformed with two plasmids 761 
(Supplementary Table 2): one with a gene encoding a receptor protein unique to a 762 
certain HSL, under a constitutive promoter, and the second one has a gene for a 763 
fluorescent protein (EGFP, for the reporter system; and EGFP, mKO2, CFP, and 764 
mCherry for combined microbial communities) under an inducible promoter specific to 765 
the certain HSL. The externally added HSL binds to the receptor protein triggering its 766 
dimerization. Upon the dimerization, the receptor protein binds to the promoter and 767 
activates the fluorescent protein gene expression. 768 
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To test the macrocycle interference with HSLs, the overnight cultures of the each 769 
reporter E. coli strains were diluted 1:1000 and grown until OD600 of 0.2  at 37o C with 770 
220 rpm shaking. Then the cultures were transferred to the 96 well plate and mixed 771 
with the corresponding HSLs (10-6 M) and 0 - 2.5 mM of macrocyclic compound. 772 
Macrocycles were dissolved in 1X PBS, unless otherwise indicated (Supplementary 773 
table 1, last column). For those macrocycles where DMSO was required for solubility, 774 
final concentrations in the assay were kept at 1%. The plate was incubated at 37o C 775 
with 180 rpm shaking. The absorbance OD600 and fluorescent signal development 776 
were monitored with Cytation 3 plate reader (BioTek). The stronger the binding 777 
between the macrocycle and HSL, the less free signaling molecule is present that can 778 
activate fluorescence expression in the E. coli. 779 

The interactions of the macrocycles with the HSLs were detected by decrease of the 780 
ratio of the fluorescence intensities at 6 hours with the macrocycle added (I1) and 781 
without the macrocycle (I0). 782 

 783 

Flow cytometry 784 

The E. coli strains producing EGFP, mKO2, CFP, and mCherry in response to HSLs 785 
were analyzed at a low flow rate in a FACSTMAria III system (BD Biosciences, San 786 
Jose, CA) using 488 nm, 561 nm, 405 nm and 633 nm lasers, correspondingly. For 787 
each sample, 10,000 events were measured. Data for the CFP/DAPI-A (450-40), 788 
GFP/FITC-A (530-30), mKO2/PE-A (582-15) and mCherry/PE-Cy5-A (670-14) 789 
channels were collected as pulse area, and the compensation procedure was 790 
performed to avoid overlapping signal collection. 791 

 792 

Biofilm Eradication assay 793 

A total volume of 200µL was prepared for each sample, and measured in a 8-well 794 
coverglass chambers (Nunc Lab-Tek) at 20 °C. The samples were prepared in 795 
triplicates, and the average and standard deviation shown. Biofilms of the extensively 796 
resistant P. aeruginosa isolates 2978, 5550, 5832 and 5842 were established by 797 
culturing for 24 h in 8-well coverglass chambers (Nunc Lab-Tek) filled with LB medium 798 
containing 1% D-Glucose, starting from an overnight culture diluted 1:100. The 799 
medium was removed and subsequently treated with 45.2 µg P[5]a or PBS for an 800 
additional 16 h, as previously reported59. The biofilms were then washed with water, 801 
and FM1-43FX (Invitrogen) was added to stain the bacterial cell membrane. The 802 
biofilm was fixed in 16% paraformaldehyde, 2.5% glutaraldehyde and 4.0% acetic acid 803 
in 0.1 M phosphate buffer (pH 7.4) overnight at 4°C. Biofilms were visualized using an 804 
Axio Observer Z1 microscope (Carl Zeiss, Jena, Germany). Green fluorescent signal 805 
was obtained using excitation light at 470 nm, while collecting the emitted light of 515–806 
535 nm. 807 

 808 
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Viability assessment of A549 cells 809 

A total volume of 200µL was prepared for each sample and measured in a 96-well 810 
tissue culture treate plate (Corning). Each sample was blank subtracted and zeroed 811 
at 600 nm using a TC20 cell counter (BioRad). The samples were prepared in 812 
biological triplicates, and the average and standard deviation shown. The master mix 813 
contained 450 µl DMEM medium (10% FBS, 1x PenStrep, 1x Glutamax) and either 814 
2.5 mM or 100 µM of P[5]a. Cells were incubated for 16 h at 37°C. After the 815 
experiment, the adhered cells were treated with TrypLE (Thermo Fisher Scientific) and 816 
mixed with free cells from the supernatant. The collected cells were mixed 1:1 with 817 
TrypanBlue (BioRad) and counted. 818 

 819 

Cytotoxicity Assay 820 

A549 cells were grown as described above. The samples were prepared in biological 821 
triplicates, and the average and standard deviation shown. Before the experiment, the 822 
cells were treated with TrypLE (Thermo Fisher Scientific), split, counted, and aliquoted 823 
into 96-well plates at 50,000 mammalian cells per well. Cells were grown for 16 h at 824 
37°C in DMEM with the following additives: 10% fetal bovine serum (Gibco), 1× 825 
PenStep (Sigma) and 1× GlutaMAX (Gibco). The cells were then washed with 37°C 826 
PBS, and 50 µL of “master mix” was added to each well for each condition. The master 827 
mix contained 450 µl DMEM medium without any additives, CellTox Green Dye 828 
(CellTox™ Green Cytotoxicity Assay, Promega), either 2.5 mM or 100 µM of P[5]a. 829 
The fluorescence was read with a Hidex Sense (Hidex) plate reader with 490 nm 830 
excitation source and a 520 nm emission filter. Cells were incubated for 16 h at 37°C. 831 
The final results were based on the difference in fluorescence between 2 h and 5 h 832 
measurement time points. The linear range and sensitivity of the experiment was 833 
determined using DMSO as the toxic agent.  834 

 835 

Mammalian cell line infection model 836 

A549 cells were grown and prepared as described in “Cytotoxicity assay”. Cells were 837 
either challenged with i) 10 µM of purified 3-oxo-C12 HSL, ii) 100 µg of purified LPS, 838 
or ii) 50 µl of OD600 = 2 P. aeruginosa. The fluorescence was read with a Hidex Sense 839 
(Hidex) plate reader with 490 nm excitation source and a 520 nm emission filter. Cells 840 
were incubated for 16 h at 37°C. The final results were based on the difference in 841 
fluorescence between 2 h and 5 h measurement time points. Phase contrast and 842 
fluorescent images were acquired using an Axio Observer Z1 microscope (Carl Zeiss, 843 
Jena, Germany). Green fluorescent signal was obtained using excitation light at 844 
470 nm, while collecting the emitted light of 515–535 nm. Red fluorescent signal was 845 
obtained using excitation light at 590 nm, while collecting the emitted light of 615–846 
675 nm. 847 

 848 
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Analytical Ultracentrifugation 849 

Sedimentation velocity experiments were carried out in a Beckman Coulter Optima 850 
analytical ultracentrifuge. All experiments were performed at 20oC using standard 2-851 
channel centerpieces in an An-60 Ti rotor. P[5]a and lipopolysaccharide  from 852 
Pseudomonas aeruginosa 10 (Sigma-Aldrich)were measured at 75 µM and 0.5 g L-1 853 
concentrations, respectively. Measured mixture of P[5]a and lipopolysaccharide were 854 
obtained by mixing P[5]a and lipopolysaccharide in ratio 4:1 (final concentration in 855 
mixture: 125uM of P[5]a and 0.5 g L-1 of lipopolysaccharide). 0.5 x PBS buffer was 856 
used for all samples. Sedimentation velocity experiments were performed in 857 
absorbance mode at 260, 290 and 305 nm wavelengths and at two rotor speeds: 858 
25,000 and 60,000 RPM. Data analysis were performed by Sedfit and Ultrascan 859 
software.  860 

 861 

Dynamic light scattering 862 

A total volume of 300 µL was prepared for each sample and measured in semi-micro 863 
PMMA cuvettes (Brandtech scientific) at 20 °C. Each sample was blank subtracted, 864 
and zeroed. The hydrodynamic diameter (Dh) of the assemblies was measured using 865 
a Malvern Instruments DLS device (Zetasizer Nano ZS Series) with a 4 mW He-Ne 866 
ion laser at a wavelength of 633 nm and an avalanche photodiode detector at an angle 867 
of 173°. The samples were prepared in triplicates, and the average and standard 868 
deviation shown. 100 mg L-1 of purified LPS from PA10 (phenol extracted) was 869 
dissolved in either 300 µL distilled H2O, 0.5x or 1x PBS buffers and titrated with P[5]a 870 
(0.1-17.5 mg L-1) to achieve the desired ratio. Because the volume addition did not 871 
exceed 5 % of the total sample volume, no dilution corrections were included. for the 872 
titration of LPS-P[5]a complexes (40 µM P[5]a), a 0.01-0.5 M solution of NaCl was 873 
used to disassemble the formed complexes.  874 

RNA-sequencing 875 

The RNA from A549 cells and P. aeruginosa PAO1 was extracted using an RNeasy 876 
Mini Kit (Qiagen), prepared and sequenced using a method designed based on the 877 
Drop-seq protocol60  and further described in (Supplementary methods Sequencing). 878 
The read alignment and RNA-seq data analysis are further described in 879 
(Supplementary methods Read alignment and RNA-seq data analysis). 880 

 881 

NMR Spectroscopy 882 

1H NMR spectra were recorded on a Bruker Avance DRX 400 spectrometer. 5 mM 883 
stock solutions of the receptors (4-Sc[4]a, P[5]a and β-CD), the HSLs (C4, pC, 3-Oxo-884 
C6, 3-Oxo-C12 and 3-OH-C14) were prepared. Pure receptors and HSLs were 885 
prepared to a 2.5 mM sample concentration by adding 250 µL of stock solution to 250 886 
µL of pure solvent (D2O or LB). For 1:1 host-guest (receptor-HSL) mixtures, 250 µL of 887 
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the host and 250 µL of the guests were measured for a 2.5 mM concentration of both 888 
the host and the guests. The spectra were calibrated using D2O signal as an internal 889 
standard.  890 

 891 

Theoretical and Computation Calculations 892 

All structures were computed by applying the Gaussian 09 suite of programs61 using 893 
the Minnesota M06-2X, a hybrid metaGGA62 exchange-correlation functional together 894 
with the Pople’s 6-311G** basis set, and the integrated equation formalism polarized 895 
continuum solvation model (IEFPCM) to consider solvent effects. To further validate 896 
the selection of this basis set and level of theory for both long-ranged and short-ranged 897 
interactions within the systems, all optimizations were repeated using the long-range 898 
dispersion-corrected functional (ωB97X-D)63,64 and the combined basis sets; 899 
LANL2DZ for Br, and 6-311G** for the rest of atoms. This level of theory is reported to 900 
be appropriate for modelling the H-bonding and dispersive non-covalent host-guest 901 
interactions. All minima were confirmed by the presence of only real vibrational 902 
frequencies. Thermochemical quantities were evaluated at 298 K. Single-point 903 
calculations were also performed at M062X/6-311+G** level on M062X/6-311G** 904 
optimized geometries. Structure visualization was performed using GaussView 905 
v5.0.8.4 and Maestro 1165. In addition, quantum theory of atom in molecule (QTAIM) 906 
was applied for a topological analysis of the key interactions within the cavity of a host 907 
and their density characteristics using AIM2000 software. The charge distribution was 908 
analyzed using a molecular electrostatic potential surface (MESP) map. 909 

To study the relationship between structure and activity of different host-guest 910 
systems, the molecular electrostatic potential (MEP) and the MESP shift, which is the 911 
most useful electrostatic property, were investigated. Molecular surface electrostatic 912 
potential shifts for the host-guest complexes were calculated as a valuable recognition 913 
tool in host-guest assembly, in which the density cube of P[5]a, guest fragments and 914 
complexes were calculated to generate an isosurface. We then mapped the values of 915 
the ESP shift within the complex onto these isosurfaces. The molecular orbitals 916 
(HOMO and LUMO) of the complex due to binding of different ligands (3-OH-C14, 3-917 
Oxo-C12, 3-Oxo-C6) in the P[5]a binding pocket were computed at the M062X/6-918 
311G** level.  919 

To further evaluate the key intermolecular interactions, QTAIM analysis was applied. 920 
A topological analysis of the electron density was carried out with Bader’s quantum 921 
theory of atoms in molecules (QTAIM) using AIM2000 software.  922 

 923 
MIC determination 924 
The MICs of active bacterial cultures in the presence of antibiotics and/or P[5]a were 925 
determined via the Mueller broth microdilution assay according to Clinical and 926 
Laboratory Standards Institute (CLSI) guidelines37. The assays were performed in 96-927 
well polystyrene flat bottom microtiter plates (NUNC). Briefly, a single colony was 928 
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inoculated in 5 mL LB medium and grown to the end-exponential growth phase in a 929 
shaking incubator at 37°C. Cultures were subsequently diluted to an OD600 (optical 930 
density) of 0.002 (equivalent 1 × 108 CFU mL-1) in fresh LB medium. 100 μL of LB 931 
medium with different concentrations of antibiotics, and in P[5]a where applicable, 932 
were serially diluted in a sterile 96-well plate. Afterwards, 100 μL of the diluted bacteria 933 
were pipetted into 96-well plates. In each plate, the grown bacteria with the maximum 934 
concentration of carrier and medium were considered as positive and negative 935 
controls, respectively. The 96-well plates were then statically incubated overnight at 936 
37°C to allow bacterial growth.  937 
 938 
 939 
Multistep P[5]a resistance development study 940 
The ability of a susceptible P. aeruginosa lab strain to develop resistance against P[5]a 941 
was assessed using an adaptation of a multistep resistance study by repeated daily 942 
subculturing in the presence of P[5]a, carried out over 14 days. Briefly, P. aeruginosa 943 
O1 cultures were grown overnight with 1 mM P[5]a in LB medium, then the OD of 944 
bacteria was adjusted to an OD600 of 0.002.Bacterial cells were cultured for 24 h 945 
under constant agitation. Afterwards, the culture fluid was obtained via centrifugation 946 
at 16.3 × 1000 g for 15 min. Culture fluids were passed through 0.22 μm syringe-driven 947 
filters. The cell-free solution was transferred to a new sterile 96-well plate, and OD695 948 
was measured using a Cytation 3 plate reader (AHDiagnostics). The cultures were 949 
used for a subsequent dilution with fresh P[5]a.  950 
 951 
 952 
Multistep antibiotic resistance development study 953 
The ability of a susceptible P. aeruginosa lab strain to develop antibiotic resistance in 954 
the presence or absence of P[5]a was assessed using a multistep resistance study by 955 
repeated daily subculturing in the presence of the half-MIC value of the active antibiotic 956 
concentration. This was carried out over a period of 14 days according to CLSI 957 
guidelines. Briefly, P. aeruginosa O1 cultures were grown in Mueller broth medium, 958 
then the OD of bacteria was adjusted to an OD600 of 0.002.Bacterial cells were 959 
treated by the aggregator at half-MIC concentration; after a 24 h incubation period, the 960 
MICs were tested by a microdilution assay.  961 
 962 
In vivo sequestration of LPS in C57BL/6J mice 963 
This study was subject to legislation under the Italian Legislative Decree No. 26/2014 964 
and European Directive No. 2010/63/UE. The study was conducted in accordance 965 
with national legislation, under approval of the internal Aptuit Committee on Animal 966 
Research and Ethics and under authorisation issued by the Italian Ministry of Health 967 
(Italian Ministry of Health Authorisation Project – Internal Code No. 30004-B64). 968 
General procedures for animal care and housing are in accordance with the current 969 
Association for Assessment and Accreditation of Laboratory Animal Care 970 
recommendations. Sex was considered in the study design. Only female mice were 971 
selected for this study, since male mice show greater fluctuations in body temperature 972 
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and sickness behavior in response to immune challenges by lipopolysaccharides66. 8-973 
week-old female C57BL/6J mice (Charles River France) were used for the LPS-974 
induced lung inflammation model.   975 

- Intratracheal P[5]a administration. 976 
All animals were anaesthetized (4.0-4.5% isoflurane; 2l/min O2) and placed on an 977 
angled dosing table placed within a fume hood. The animals were positioned on their 978 
backs and suspended on a wire by their top two teeth. The animals’ tongues were 979 
gently pulled out to one side using forceps. A cannula connected to PE 100 tubing and 980 
a 100µl Hamilton syringe were inserted into the trachea. 50µl of vehicle or P[5]a were 981 
dosed into the lungs. The animals were maintained in an upright position for a few 982 
seconds before being returned to their home cage. 983 

- Intranasal LPS challenge.  984 
One hour after i.t. administration of vehicle or P[5]a, all animals were anaesthetized 985 
(4.0-4.5% isoflurane; 2l/min O2). Once an adequate level of anesthesia was reached, 986 
the animals were i.n. dosed with LPS (50µl/mouse) using a P100 pipette (Gilson). The 987 
animals were held upright for a short period of time after dosing to allow for substance 988 
distribution down the respiratory tract. The animals were then placed into a recovery 989 
cage and, once fully conscious, were returned into their home cage.  990 

- BALF collection and inflammatory cell counts 991 
Four or twenty-four hours after challenge, animals were sacrificed using a combination 992 
of isoflurane and an intraperitoneal injection of thiopental sodium (300 mg/kg). The 993 
trachea was exposed and a guiding cannula connected to a syringe was inserted. 994 
Lungs were washed three times with 0.4ml of PBS. The recovered BALF was 995 
centrifuged at 800 x g for 10 min at 4°C. Pellets were re-suspended in 200µl of PBS 996 
and cells were counted using an automatic cell counter (Dasit). BALF supernatant was 997 
aliquoted and stored at -80°C for subsequent analysis of mediator levels.  998 

- Analysis of inflammatory mediators in BAL fluid.  999 
The quantification of IL-1β, IL-6, VEGF-A, MIP-1α, MIP-2, TNFα, KC, IL-17A and 1000 
MCP-1 was carried out using an electrochemiluminescence based immunoassay 1001 
(MSD technology) according to the instructions provided in the kit.  MSD plates were 1002 
read using a Meso Sector S 600. 1003 

- Data handling and analysis. 1004 
The effect of the agents dosed via the i.t. route was evaluated against LPS-induced 1005 
pulmonary inflammation (neutrophilia) at 4 and 24h after the challenge. Data obtained 1006 
are presented as mean +/- SEM and visualized in graphs. Statistical analysis was 1007 
performed using GraphPad Prism 8 by One Way ANOVA followed by Dunnetts’s test 1008 
Multiple Comparison Test. 1009 
 1010 
 1011 
 1012 
Data availability 1013 
The authors affirm that all data necessary for confirming the conclusions of the 1014 
article are presented within the article, materials & methods, in the figures, 1015 
supplementary information or in the bacterial serotype excel  data file. The RNA 1016 
sequencing of A549 epithelial cell data generated in this study have been deposited 1017 
and are available in the NCBI Gene Expression Omnibus database under accession 1018 
code GEO Submission GSE182853 [add hyperlink here]. The RNA sequencing of 1019 
Pseudomonas aeruginosa data generated in this study have been deposited and are 1020 
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available in the NCBI Gene Expression Omnibus database under accession code 1021 
GEO Submission GSE182847 [add hyperlink here]. The optimized structure data for all 1022 
compounds generated in this study have been deposited and are available in 1023 
Borealis database under accession code VF7T7J 1024 
[https://doi.org/10.5683/SP3/VF7T7J]. 1025 

 1026 
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