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Abstract:

Multidrug-resistant Pseudomonas aeruginosa is a common nosocomial respiratory pathogen
that continues to threaten the lives of mechanically-ventilated patients in intensive care units and
those with underlying comorbidities such as cystic fibrosis or chronic obstructive pulmonary
disease. For over 20 years, studies have repeatedly demonstrated that the major siderophore
pyoverdine is an important virulence factor for P. aeruginosa in invertebrate and mammalian hosts
in vivo. Despite its physiological significance, an in vitro, mammalian cell culture model to
characterize the impact and the molecular mechanism of pyoverdine during infection has only
recently been developed. In this study, we adapt a previously-established murine macrophage-
based model for human bronchial epithelial cells. We demonstrate that pyoverdine-rich
conditioned medium from P. aeruginosa disrupts epithelial integrity in a manner that depends on
protease activity and the type Il secretion system. Disrupting pyoverdine production, whether
genetically or chemically, mitigates this damage. Interestingly, this damage did not require
exotoxin A or PrpL (protease V), two previously-characterized toxins regulated by pyoverdine.
We also examined the effects of exposure to purified pyoverdine on lung epithelial cells. While
pyoverdine accumulates within cells, the siderophore is largely sequestered inside early

endosomes, showing little cytotoxicity. This is in contrast to other, more membrane-permeable


mailto:kirienko@rice.edu
https://doi.org/10.1101/2023.01.26.525796
http://creativecommons.org/licenses/by-nc/4.0/

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.26.525796; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 made

available under aCC-BY-NC 4.0 International license.

iron chelators and siderophores such as pyochelin. However, pyoverdine may indirectly contribute
to lung inflammation by potentiating these iron chelators in promoting the production of

proinflammatory cytokines.

Key Words: Pseudomonas aeruginosa, Virulence, Siderophores, Lung Epithelial Cells, Protease,

Neutrophilic Inflammation, Inflammasome

Introduction:

Multidrug-resistant Pseudomonas aeruginosa is one of the most common respiratory
pathogens infecting patients in intensive care units, especially those who are mechanically-
ventilated or have chronic airway disorders like cystic fibrosis (CF) or chronic obstructive
pulmonary disease (COPD) (Bhagirath et al., 2016; Hassett et al., 2014; Kollef et al., 2014; Lyczak
et al., 2002; Murphy, 2009). This pathogen’s intrinsic resistance to several classes of antibiotics
and exceptional ability to form biofilms on medical devices and airway tissue pose a serious
challenge for medical intervention (Anderson and O'Toole, 2008; Moreau-Marquis et al., 2008).
In addition to colonizing the respiratory tract, P. aeruginosa actively deploys numerous virulence
factors and toxins to damage host tissue, compromising pulmonary function (Curran et al., 2018).
One of the major virulence factors produced by this pathogen is the siderophore pyoverdine.

Several groups have proposed possible mechanisms of pyoverdine-dependent virulence during
lung infection. First and foremost, as a siderophore, pyoverdine scavenges ferric iron, providing a
crucial nutritional need. Generally, iron acquisition serves an important function during P.
aeruginosa infection by promoting bacterial growth and biofilm formation (Banin et al., 2005;

Kang and Kirienko, 2018), and P. aeruginosa mutants lacking various iron uptake systems exhibit
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attenuation of virulence during murine lung infection (Minandri et al., 2016). Pyoverdine-mediated
iron uptake further promotes P. aeruginosa virulence by derepressing the alternative sigma factor
PvdS, which activates the transcription of several virulence genes such as those encoding the
translational inhibitor exotoxin A, exoprotease PrpL (protease 1V), and pyoverdine biosynthetic
enzymes (Lamont et al., 2002; Visca et al., 2007).

Of the two major siderophores secreted by P. aeruginosa, pyoverdine and pyochelin,
pyoverdine is distinct in its ability to directly chelate iron from host ferroproteins such as
transferrin and lactoferrin (Dumas et al., 2013; Xiao and Kisaalita, 1997). We have recently used
a Caenorhabditis elegans nematode host model to demonstrate that pyoverdine may also directly
chelate intracellular iron, disrupting mitochondrial homeostasis (Kang et al., 2018; Kirienko et al.,
2015; Kirienko et al., 2013). Some combination of these various pathogenic functions makes
pyoverdine production necessary for full P. aeruginosa virulence against murine hosts during
acute lung infection (Imperi et al., 2013; Kang et al., 2019; Meyer et al., 1996; Minandri et al.,
2016; Takase et al., 2000).

Recently, we established the first-reported in vitro cell culture model for pyoverdine-dependent
virulence, where murine macrophages are treated with conditioned medium (also referred to as
bacterial filtrate) from P. aeruginosa grown in serum-free cell culture medium (Kang and Kirienko,
2020). Under these conditions, P. aeruginosa exhibits robust pyoverdine production, yet the
siderophore is not required for bacterial growth (Figure 1A, B), allowing pyoverdine’s distinct
role in virulence outside of its role in iron acquisition to be studied. This pyoverdine-rich
conditioned medium from wild-type P. aeruginosa PAO1l is cytotoxic towards murine
macrophages and murine alveolar macrophages (Figure 1C), and in clinical isolates, pyoverdine

content in conditioned medium positively correlates with cytotoxicity (Kang and Kirienko, 2020).
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In this report, we adapt this in vitro pyoverdine virulence model for human bronchial epithelial
cells to examine the consequences of pyoverdine production (i.e., pyoverdine and known
pyoverdine-regulated virulence factors) during P. aeruginosa lung infection. We demonstrate that
pyoverdine-rich conditioned medium from P. aeruginosa disrupts epithelial integrity in a protease-
dependent manner. Genetic or chemical disruption of pyoverdine production mitigates this damage.
Interestingly, this phenomenon depends on type 11 secretion but is independent of exotoxin A or
PrpL production. We also examine the effects of purified pyoverdine exposure in lung epithelial
cells. While pyoverdine accumulates within cells, the siderophore is largely sequestered within
early endosomes and exhibits low cytotoxicity, in contrast to other more membrane-permeable
iron chelators and siderophores such as pyochelin. However, we also demonstrate that pyoverdine
may indirectly affect cell viability and promote neutrophilic inflammation in the presence of these

chelators.

Results:
Pyoverdine-rich conditioned medium disrupts epithelial integrity

To investigate the role of pyoverdine production during P. aeruginosa lung infection, we
treated human bronchial epithelial cells (16HBE) with pyoverdine-rich conditioned medium from
P. aeruginosa PAOL grown in serum-free cell growth medium (Eagle’s Minimum Essential
Medium). To visualize the integrity of the epithelial monolayer, we prelabeled cells with a plasma
membrane stain. Within 1 h, the conditioned medium severely damaged the monolayer, causing
more than half the cells to detach (Figure 1D). This disruption was significantly attenuated in
16HBE cells treated with identically-prepared material from an isogenic pyoverdine biosynthetic

mutant (PAO14pvdF) but not a pyochelin mutant (PAO14pchBA) (Figure 1D, E). In the absence
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93  of pyoverdine production, preventing pyochelin biosynthesis (4pvdFApchBA) did not confer
94  further protection to 16HBE cells. One difference between these two siderophores is their affinity
95  for ferric iron. Due to an exceptionally high affinity for the metal, pyoverdine is uniquely able to
96  remove iron from host ferroproteins (Dumas et al., 2013; Xiao and Kisaalita, 1997). We examined
97  whether host iron chelation was important for the damage we observed in the epithelial monolayer.
98 To hinder pyoverdine’s ability to bind iron, we pretreated the conditioned medium with a ferric
99 iron mimetic, gallium (Ga®"). However, even with the addition of excess gallium, there was no
100 significant rescue (Figure S1). Interestingly, we observed that removing large macromolecules
101  greater than 10 kDa via centrifugal filtration or supplementing the conditioned medium with fetal
102  bovine serum (FBS) abrogated the damage to the epithelial monolayer (Figure S1). A common
103  target for these two methods of intervention would be secreted P. aeruginosa proteases. Consistent
104  with this hypothesis, supplementing the conditioned medium with a commercially-sourced
105 protease inhibitor cocktail (capable of inhibiting serine and cysteine proteases) significantly
106  lessened cell detachment (Figure 1F, G, Figure S1).
107
108  type Il secretion is important for P. aeruginosa virulence against 16HBE cells
109 Based on these results, we posited that the pyoverdine-regulated serine protease PrpL (protease
110  1V) was primarily responsible for the damage we observed in 16HBE cells. To test this hypothesis,
111  we prepared conditioned medium from an array of P. aeruginosa MPAOL transposon mutants
112 carrying insertions in toxA (exotoxin A), prpL, xcpP, or xcpQ, the latter two encoding proteins in
113 the Xcp type Il secretion system that is responsible for the secretion of exotoxin A and PrpL
114  (Filloux, 2011). Due to a lack of a suitable wild-type strains, these transposon mutants were

115 compared to those carrying mutations in antibiotic resistance genes (chloramphenicol
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116  acetyltransferase cat and cephalosporinase ampC) that were irrelevant to our phenomenon of
117  interest. Conditioned medium from neither toxA nor prpL mutant resulted in significant attenuation
118  of cell detachment (Figure 2A, B). However, we observed significant rescue in 16HBE cells
119  treated with conditioned medium from the two type Il secretion mutants (Figure 2A, B),
120  suggesting that this secretion system may transport additional pyoverdine-regulated proteases and
121  other toxins to damage epithelial cells.

122 To further demonstrate the importance of pyoverdine production in P. aeruginosa virulence
123  against lung epithelial cells, we took advantage of two clinical strains of P. aeruginosa isolated
124  from pediatric CF patients, PA2-9 and PA3-29. These two strains were selected from a collection
125  of CF isolates on the basis of their high in vitro pyoverdine production and virulence against the
126  nematode host C. elegans (Figure S2) (Kang et al., 2019). These two isolates were also amenable
127  to genetic manipulation, allowing us to generate mutants with transposon insertions in pyoverdine
128  biosynthetic enzymes (Figure 2C, D, Table 1). As expected, 16HBE cells treated with conditioned
129  medium from wild-type PA2-9 exhibited severe disruption to the epithelial monolayer (Figure
130  2E). This disruption was attenuated in the pyoverdine biosynthetic mutant (PA2-9 Tn) (Figure 2E,
131  F). Importantly, we were also able to accomplish significant rescue by growing wild-type PA2-9
132  in the presence of the pyoverdine biosynthetic inhibitor 5-fluorocytosine (5-FC) at concentrations
133  where 5-FC does not affect bacterial growth (Figure 2C, E, F). Notably, 5-FC has been
134  consistently shown to rescue various hosts from pyoverdine-dependent virulence (Costabile et al.,
135  2016; Imperi et al., 2013; Kang et al., 2019; Kang et al., 2021a; Kirienko et al., 2016).

136 In contrast, we did not observe any discernible damage to the epithelial monolayer by
137  conditioned medium from PA3-29, even though the strain exhibited comparable levels of

138  pyoverdine production and bacterial growth to that of PA2-9 (Figure 2C-F). Whole genome
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139  sequence analysis of PA3-29 revealed a 9 base-pair deletion in the Xcp type Il secretion system
140  gene XcpW. This is consistent with our observation that the type Il secretion system is important
141  for the disruption of epithelial integrity by P. aeruginosa.

142

143  Pyoverdine translocates into 16HBE cells but is sequestered within early endosomes

144 Next, we wanted to investigate the consequences of exposing 16HBE cells to pyoverdine in
145  the absence of other virulence factors. In brief, pyoverdine-rich bacterial filtrate was subjected to
146  two purification steps to separate small molecules by polarity: absorption and elution from a
147  nonpolar polymeric resin (Amberlite XAD-4) and high-performance liquid chromatography
148  (HPLC) via a C-18 reverse-phase column (Figure S3). We tested whether this purified material
149  was cytotoxic to 16HBE cells using a resazurin-based cell viability assay and compared its toxicity
150 to other known iron-chelating molecules, including the ferric iron chelator ciclopirox olamine, the
151  ferrous iron chelator 1, 10-phenanthroline, and deferoxamine, a siderophore produced by
152  Streptomyces spp. While all other iron-chelators exhibited time- and dose-dependent cytotoxicity
153  towards 16HBE cells, pyoverdine remained largely nontoxic even after 72 h treatment at 200 pM
154  (Figure 3A, Figure S4A, B).

155 Because pyoverdine is considerably larger than these iron-chelators, with a molecular weight
156  of ~1365 g/mol, it may be unable to cross cellular membranes. We examined whether pyoverdine
157  can translocate into 16HBE cells by taking advantage of its intrinsic spectral properties. After 24
158 h, 16HBE cells treated with purified pyoverdine accumulated pyoverdine (Figure 3B, C).
159  Consistent with previous studies, this intracellular fluorescence was enhanced when pyoverdine
’160 was pre-saturated with gallium and was quenched when pyoverdine was pre-saturated with iron

161 (Figure 3B, C) (Kang et al.,, 2018; Kang and Kirienko, 2020). Importantly, pyoverdine
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162  fluorescence did not colocalize with a plasma membrane stain, indicating that pyoverdine was
163  primarily localized to the cytosol (Figure S4C). However, we also observed that pyoverdine
164  fluorescence formed distinct punctae within the cell. Based on previous observations in murine
165  macrophages (Kang and Kirienko, 2020), we hypothesized that pyoverdine was sequestered within
166  early endosomes. Supporting this hypothesis, pyoverdine colocalized with fluorophore-conjugated
167  dextran, a well-established endosomal marker (Figure 3D, Figure S4D) (Oliver et al., 1984).
168 To investigate whether there was an endocytosis-independent route for pyoverdine
169 internalization, we utilized giant plasma membrane vesicles (GPMVSs) derived from 16HBE cells.
170  We anticipated that these vesicles lacked the cellular machinery for complex molecular transport.
171  Remarkably, these vesicles exhibited substantial accumulation of pyoverdine fluorescence
172  following treatment. In contrast to the punctae observed in living cells, this fluorescence was
173  evenly distributed throughout the vesicle (Figure S5A-C). Pyoverdine within these vesicles
174  remained fluorescent in the presence of excess ferric iron, unlike pyoverdine in solution (Figure
175  SBA). However, FITC-conjugated dextran showed a similar distribution as pyoverdine in GPMVs
176  (Figure S5D), suggesting that GPMVs may be more permeable to macromolecules than intact
177  cells, as previously suggested by others (Skinkle et al., 2020; Zemljic Jokhadar et al., 2018).
178  Altogether, while we were able to detect accumulation of intracellular pyoverdine in 16HBE cells,
179 it appears to be sequestered within early endosomes, and it remains unclear whether pyoverdine
180  can translocate across nonporous cellular membranes. These results are largely consistent with our
181  observations that pyoverdine, unlike other iron-chelating molecules, exhibits low cytotoxicity
182  towards 16HBE cells.

183

184 Intracellular iron chelation activates an inflammatory response in 16HBE cells
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185 While pyochelin exhibits lower affinity towards ferric iron than pyoverdine, it is also
186  substantially smaller, with a molecular weight of ~325 g/mol. We hypothesized that pyochelin
187  may be able to enter 16HBE cells and chelate intracellular iron. While we were not able to visualize
188  pyochelin internalization into cells (due to its lack of distinct spectral properties), one consequence
189  of iron deprivation in epithelial cells would be a proinflammatory transcriptional response. Several
190 studies have demonstrated that iron chelation by various siderophores such as deferoxamine and
191  enterobactin promotes the production of proinflammatory cytokines, most notably interleukin
192  (IL)-8 in lung epithelial cells, intestinal epithelial cells, and oral keratinocytes (Choi et al., 2004;
193  Holden et al., 2014; Lee et al., 2007). To reaffirm these findings, we treated 16HBE cells with
194  ciclopirox olamine (CPX), 1,10-phenanthroline (PHE), pyochelin (PCH), pyoverdine (PVD), or
195 deferoxamine (DFO) and measured the mRNA levels of genes involved in neutrophilic
196 inflammation. We first observed that total RNA yield (from phenol-chloroform extraction) in these
197  cells corresponded with the resazurin-based cell viability assay (Figure 3A, Figure S4A, B). Cells
198 treated with cytotoxic iron chelators such as ciclopirox olamine, phenanthroline, and deferoxamine
199 vyielded substantially lower quantities of RNA, while cells treated with pyoverdine had quantities
200 comparable to that of media control (Figure 4A). Notably, RNA vyield in cells treated with
201  commercially-sourced pyochelin resembled that of ciclopirox olamine and phenanthroline. By
202 gRT-PCR, we measured the expression of genes encoding components of the inflammasome,
203 namely NLRP3 and NLRP1, and those encoding the major proinflammatory cytokines produced
204 by lung epithelial cells IL-1p (IL1B), IL-8 (IL8), and tumor necrosis factor alpha ( 7NF). Notably,
205 all these genes have been associated with inflammation during lung infection (Moldoveanu et al.,
206 2009). With the exception of pyoverdine, all iron chelators induced the expression of these

207  proinflammatory genes (Figure 4B). To ensure that this phenomenon was due to intracellular iron
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’208 chelation, we repeated the experiment with pyochelin and deferoxamine pre-saturated with excess
209  gallium (1:2 stoichiometric ratio). Cells treated with gallium-bound pyochelin or deferoxamine
210 exhibited RNA yields comparable to that of media control, suggesting that gallium inhibited the
211  cytotoxic effects of the siderophores (Figure 4C). Furthermore, pretreating the siderophores with
212 gallium resulted in a significant decrease in proinflammatory gene expression (Figure 4D),
213 demonstrating that the chelator-induced inflammatory response was due to iron chelation rather
214  than other nonspecific reactions or contaminants in the commercially-sourced material.

215 Finally, we investigated if pyoverdine can indirectly promote lung inflammation by
216  potentiating other iron chelating molecules. Due to its exceptionally high affinity for iron,
217  pyoverdine is likely to remove iron from other more cell-permeable siderophores or outcompete
218 them for trace iron in the extracellular milieu, increasing the pool of apo-siderophores to disrupt
219  host cell homeostasis and promote inflammation. To test this hypothesis, we treated 16HBE cells
220  with deferoxamine, pyoverdine, or both. Cells treated with both siderophores exhibited greater cell
221 death and increased expression of proinflammatory genes compared to those treated with
222  deferoxamine alone (Figure 4E, F). Considering that pyoverdine alone did not affect cell viability
223 or transcription of proinflammatory genes, these results suggest that pyoverdine was able to
224  potentiate deferoxamine-mediated damage by increasing the labile pool of apo-deferoxamine.
225

226  Discussion:

227 Arguably one of the greatest challenges to combating P. aeruginosa infections is the sheer
228  multitude of virulence factors the bacterium can utilize to either directly or indirectly cause host
229 damage. These include small molecule virulence factors (e.g., siderophores, gquorum-sensing

230  molecules), small molecule toxins (e.g., pyocyanin), factors involved in biofilm formation and
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231  motility (e.g, exopolysaccharides, type 1V pili, flagella), and more than twenty proteinaceous
232 toxins that either directly kill host cells (e.g., exotoxin A, exoenzyme S, exotoxin T, exotoxin U)
233 or damage host tissue (e.g., elastase LasA, elastase LasB, PrpL/protease 1V, alkaline protease)
234  (Halletal., 2016; Hauser, 2009; Lee and Zhang, 2015; Michalska and Wolf, 2015; Thi et al., 2020).
235 This complexity casts a dark shadow over the prospects of epidemiological or therapeutic
236 intervention. In an ideal situation, we would be able to reliably predict a pathogen’s ability to cause
237  disease through our evolving molecular surveillance tools such as whole genome sequencing and
’238 mass spectrometry and therapeutically impair pathogenesis through anti-virulence drugs that
239 inhibit the production or function of key virulence factors and toxins. In P. aeruginosa, the only
240 feasible way to approach these strategies would be to unravel the regulation of virulence factors in
241  the bacterium and to target virulence networks rather than individual factors.

242 The results we report in this study support the idea of targeting the alternative sigma factor
243  PvdS, as has been investigated by others (Imperi reference). PvdS regulates the production of
244  several secreted toxins such as the translational inhibitor exotoxin A and secreted protease PrpL.
245  Exotoxin A, arguably one of the most extensively studied toxins in P. aeruginosa, inhibits protein
246  synthesis (Michalska and Wolf, 2015), inducing airway epithelial cell death (Plotkowski et al.,
247  2002) and potentially inhibiting cell junction repair in the presence of P. aeruginosa elastase
248  (Azghani, 1996). Exotoxin A also contributes to P. aeruginosa virulence in various murine
249 infection models (Hirakata et al., 1993; Miyazaki et al., 1995; Pillar and Hobden, 2002).
250 Importantly, Ochsner and colleagues have demonstrated that P. aeruginosa exhibits a > 95%
251  decrease in exotoxin A production in the absence of PvdS (Ochsner et al., 1996). PrpL contributes
252  to the bacterium’s overall extracellular proteolytic activity that is responsible for the responsible

253  for the degradation of extracellular matrix and cell junction proteins and host defense proteins such
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254  as surfactant proteins that contribute to innate immunity during P. aeruginosa lung infections
255  (Malloy et al., 2005). Furthermore, PrpL has been shown to distinctly contribute to P. aeruginosa
256  virulence during ocular infections (Engel et al., 1998; Engel et al., 1997) and degrade 1L-22 to
257  subvert lung epithelial immune response (Bradshaw et al., 2018; Guillon et al., 2017).

258 Of course, PvdS is best known for its role in pyoverdine biosynthesis and is indispensable for
259 the production of pyoverdine biosynthetic enzymes. In addition to scavenging trace iron in the
260 environment or directly from host ferroproteins, pyoverdine is involved in a positive feedback loop
261  where the uptake of iron-bound pyoverdine by its outer membrane receptor derepresses PvdS by
262  the inner membrane protein FpvR, increasing the production of pyoverdine, exotoxin A, and PrpL
263  (Lamont et al., 2002; Visca et al., 2007). We have demonstrated here that pyoverdine production
264  promotes the production of an additional secreted toxin, possibly a protease secreted by the type
265 |l secretion system, to damage the lung epithelium. Pyoverdine may also indirectly contribute to
266  neutrophilic inflammation by removing iron from other more cell permeable siderophores such as
267  pyochelin and enterobactin, the latter in the context of polymicrobial infections with
268  Enterobacteriaceae such as the respiratory pathogen K. pneumoniae (Holden et al., 2016).
269  Importantly, while P. aeruginosa may lose the ability to produce pyoverdine during lung infection
270  with the emergence of social cheaters or due to a transition in iron acquisition strategy (Andersen
271 etal., 2015; De Vos et al., 2001; Marvig et al., 2014), several surveys of patient sputum samples
272  andclinical isolates have revealed that a large fraction of strains still exhibit substantial pyoverdine
273 production (Haas et al., 1991; Kang et al., 2019; Martin et al., 2011; Mayer-Hamblett et al., 2014),
274  demonstrating that pyoverdine may still represent an important target for therapeutic intervention.
275 Fortunately, the FDA-approved antimycotic drug, 5-fluorocytosine (5-FC) inhibits pvdS

276  expression in P. aeruginosa and attenuates virulence during murine lung infection. Imperi and
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277  colleagues first identified 5-FC in a screen for small molecules that inhibit pyoverdine production
278  (Imperi et al., 2013). We have independently identified a chemical analogue of 5-FC, 5-
279  fluorouracil — another inhibitor of pvdS inhibitor (Ueda et al., 2009), in a small molecule screen
280  for compounds that rescue C. elegans from P. aeruginosa in a pyoverdine-dependent pathogenesis
281 model (Kang et al., 2021b; Kirienko et al., 2016). We have also previously reported that 5-FC
282  synergizes with gallium nitrate, another FDA-approved drug, to inhibit P. aeruginosa growth and
283  virulence against C. elegans (Kang et al., 2021a). Our findings in this study suggest that in addition
284  to its bactericidal and biofilm-inhibitory activities (Goss et al., 2018; Kaneko et al., 2007), gallium
285  may also function as an anti-inflammatory agent during lung infection by inhibiting intracellular
286 iron chelation by pyochelin.

287 The benefits of suppressing neutrophilic inflammation during lung infection, particularly
288  chronic lung infection, has been well documented. While the mechanisms employed by neutrophils
289  to kill and remove pathogens, such as the production of neutrophil elastases, are important for host
290 defense, they also cause host tissue damage by degrading extracellular matrix proteins (Kruger et
291 al., 2015; Twigg et al., 2015). During chronic infections (such as those in CF patients), these host
292  defense factors continue to cause airway damage while the pathogen persists, exacerbating
293  pulmonary function decline (Cantin et al., 2015). While lung inflammation is mediated by many
294  factors in CF patients, a strategy to specifically inhibit the NLRP3 inflammasome by therapeutics
295  such as MCC950 is currently being investigated. This approach has shown promising results in
296  murine infection studies (Hosseinian et al., 2015; McElvaney et al., 2019). NLRP3 inflammasomes
297  have been shown to be activated by intracellular iron chelation in lung epithelial cells. We observed
298 this transcriptional response not only in wild-type 16HBE cells but also those carrying mutations

299 inthe cystic fibrosis transmembrane conductance regulator (CFTR G551D, CFTR AF508), two of
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300 the most frequently identified mutations in CF patients (Figure S6) (Estivill et al., 1997). Although
301 gallium has been broadly associated with anti-inflammatory properties (Apseloff, 1999; de
302  Albuquerque Wanderley Sales et al., 2021; Zhang et al., 2022), it has not been investigated for
303 inhibiting pathogen-associated inflammation. Based on recent revelations that bacterial
304  siderophores promote inflammation (Choi et al., 2004; Holden et al., 2016; Holden et al., 2014;
305 Leeetal., 2007), this therapeutic avenue may merit consideration.

306

307 Materials and Methods:

308 Bacterial Strains and Growth Conditions

309 P. aeruginosa PAOL1 and siderophore biosynthetic mutants were provided by Dr. Dieter Haas.
310 The CF isolates PA2-9 and PA3-29 were provided by Dr. Carolyn Cannon (Kang et al., 2019).
311 MPAO1 transposon mutants were from a commercially available library distributed by the
312 University of Washington (Jacobs et al., 2003).

313 To produce pyoverdine-rich conditioned medium, a LB overnight culture of P. aeruginosa was
314  diluted 20-fold into 2 mL of serum-free Eagle’s Minimum Essential Medium in a 6-well plate. The
315 plate was sealed with a Breath-Easy sealing membrane (Diversified Biotech, Dedham, MA) and
316  grown statically at 37 °C for 16 h. Pyoverdine production (Ex. 405 nm; Em. 460 nm) and bacterial
317 growth (OD 600nm) were measured spectrophotometrically. Bacteria was then removed by
318 centrifugation and the supernatant was treated with an antibiotic cocktail to kill residual bacteria
319 (100 pg/mL amikacin, 100 pg/mL gentamicin, 100 pg/mL tobramycin).

320

321  Cell Culture
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322 16HBE human bronchial epithelial cells were provided by Dr. Carolyn Cannon (Shah et al.,
323  2020). 16HBE wild-type and CFTR mutant cell lines were provided by Dr. Gang Bao. All 16HBE
324  cells were passaged in Eagle’s Minimum Essential Medium (EMEM) (MilliporeSigma, Burlington,
325 MA) supplemented with 10% fetal bovine serum, penicillin/streptomycin, and MEM non-essential
326 amino acids.

327 For experiments with P. aeruginosa conditioned medium, 4x10¢ cells were seeded into each
328  well of a collagen-coated 12-well plate and grown at 37 °C for 24 h in a CO2-jacketed incubator
329 by which they reached 100% confluence. To visualize the epithelial monolayer, cells were stained
330 with 2.5 pg/mL CellMask Orange plasma membrane stain (Invitrogen, Carlsbad, CA) for 1 h prior
331 to conditioned medium exposure. Following treatment, the medium was aspirated and the
332  monolayer was imaged on a Cytation5 Multimode Reader (Biotek, Winnoski, VT) using a RFP
333  filter cube. Percentage image area covered by fluorescent cells was quantified using ImageJ.

334 For cell viability measurements, 440uM resazurin (ThermoFisher Scientific, Waltham, MA)
335 in phosphate buffered saline was diluted 10-fold into the treatment medium, and cells were
336 incubated for 1.5 h. The medium was collected and briefly centrifuged to remove cells. 150 pL of
337  the supernatant was transferred to a 96-well plate, and resorufin (reduced resazurin) fluorescence
338  (Ex. 560 nm; Em. 590 nm) was measured on a Cytation5 Multimode Reader (Biotek, Winnoski,
339 V7).

340

341  Pyoverdine Purification

342 A LB overnight culture of P. aeruginosa PAO1 was diluted 100-fold into 300 mL of M9
343  medium (1% w/v 5X M9 Salts (BD Difco, Franklin Lakes, NJ), 1.5% w/v Bacto Casamino Acids

344  with low iron and salt content (BD Difco, Franklin Lakes, NJ), 1 mM MgSOas, 1 mM CaCly) in a
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345 2 L flask and grown aerobically for 24 h at 37 °C. Bacteria was then removed by centrifugation
346 and filtration through a 0.22 um membrane. The filtrate was incubated with 10% w/v amberlite
347  XAD-4 resin at RT for 4 h. After rinsing the resin with copious amounts of water, pyoverdine was
348 eluted in 50% methanol. This eluent was diluted in water to 15% MeOH and loaded onto a Luna
349 Omega 5 um Polar C18 LC prep column (Phenomenex, Torrance, CA) for high-performance
350 liquid chromatography on a 1220 Infinity LC system (Agilent Technologies, Santa Clara, CA).
351 Pyoverdine was eluted from the column by a 0-100% methanol gradient across 4 h at a flowrate
352  of 5 mL/min. Fractions were collected every other minute for pyoverdine content analysis (Figure
353  S3B). The fractions with the highest pyoverdine content were pooled. Methanol was removed from
354  this material using a SpeedVac vacuum concentrator. The final purified product was analyzed by
355  HPLC on an analytical column to verify sample purity (Figure S3C).

356

357  Confocal Laser Scanning Microscopy

358 8x10¢ 16HBE cells were seeded into each well of a collagen-coated 6-well plate and
359 grown at 37 °C for 24 h in a CO2-jacketed incubator by which they reached 100% confluence.
360  After treatment, cells were washed in serum-free EMEM and detached from the microtiter plate
361 by trypsin-EDTA solution (MilliporeSigma, Burlington, MA). After inactivating the trypsin with
362 media containing 10% fetal bovine serum, the cells were concentrated via centrfiguation and
363 transferred onto a glass side with a 3% noble agar pad. These slides were visualized under a
364 LSMB800 AiryScan confocal laser scanning microscope (Zeiss, Oberkochen, Germany).
365  Pyoverdine fluorescence was visualized via a 405 nm laser line using the channel conditions for
366  Pacific Blue. FITC-dextran fluorescence was visualized via a 488 nm laser line using channel

367  conditions for FITC. Dextran-Texas Red fluorescence was visualized via a 561 nm laser line using
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368  channel conditions for Texas Red. CellMask Deep Red plasma membrane stain fluorescence was
369  visualized via a 640 nm laser line using channel conditions for Alex Fluor 660.

370 Giant plasma membrane vesicles from 16HBE cells were generated as previously described
371  (Gerstle et al., 2018). In brief, GPMV production was induced in a 100% confluent t-75 flask of
372  16HBE cells by a vesiculation buffer containing 1.9 mM DTT and 27.6 mM formaldehyde.
373  Pyoverdine or dextran treatment was directly applied to this GPMV/buffer. After treatment,
374 GPMVs were labeled with CellMask Deep Red plasma membrane stain then washed in
375  vesiculation buffer with centrifugation (16,000 g for 15 min) in between. GPMVs were transferred

376  onto a glass side with a 3% noble agar pad for confocal microscopy.

377
378 QRT-PCR
379 8x106 16HBE cells were seeded into each well of a collagen-coated 6-well plate and

380 grown at 37 °C for 24 h in a CO2-jacketed incubator by which they reached 100% confluence.
381  After treatment, the medium was aspirated and cells were directly treated with TRI reagent
382  (Molecular Research Center, Cincinnati, OH) for phenol/chloroform/guanidinium thiocyanate
383  RNA extraction according to the manufacturer’s protocols. Total RNA yield was quantified on a
384  Nanodrop spectrophotometer (ThermoFisher Scientific, Waltham, MA). cDNA synthesis was
385 performed on a Bio-RAD T100 Thermo Cycler (Bio-RAD, Hercules, CA) using a reverse
386 transcription kit (Applied Biosystems, Waltham, MA). qRT-PCR was performed on a Bio-RAD
387 CFX Connect Real-Time System (Bio-RAD, Hercules, CA) using a universal gPCR master mix
388  (New England Biolabs, Ipswich, MA). gPCR primer sequences are available upon request.

389
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394

395  Figure Legends:

396  Figure 1. Pyoverdine-rich conditioned medium causes lung epithelial cells to detach from the
397 monolayer. (A, B) Bacterial growth (A) and pyoverdine production (B) by P. aeruginosa PAO1
398 siderophore biosynthetic mutants (PAOl4pvdF — pyoverdine; PAOl4pchBA — pyochelin;
399 PAOldpvdFApchBA — pyoverdine and pyochelin) after 16 h growth in serum-free EMEM. (C)
400 MH-S murine alveolar macrophage viability after 2 h exposure to conditioned media from PAO1
401  siderophore mutants grown in EMEM. (D) Fluorescent micrographs of 16HBE human bronchial
402  epithelial cells after ~30 min exposure to conditioned media from PAO1 siderophore mutants
403 grown in EMEM. Cells were prelabeled with CellMask Orange plasma membrane stain. (E)
404  Quantification of percentage micrograph area covered by fluorescent cells. (F, G) Fluorescent
405  micrographs of 16HBE cells after 30 min exposure to wild-type PAO1 conditioned medium
406  pretreated with EDTA-free cOmplete Protease Inhibitor Cocktail or solvent control (F) and
407  quantification of percent cell coverage (G). Error bars in A, B, C, E, G represent SEM between
408  four biological replicates. * corresponds to p < 0.01 and NS corresponds to p > 0.05 based on
409  Student’st test.

410

411  Figure 2. Damage to the epithelial monolayer is attenuated in conditioned medium from type
412 |l secretion-deficient strains. (A) Fluorescent micrographs of 16HBE cells after 30 min exposure

413  to conditioned media from MPAOL1 transposon mutants grown in EMEM. Cells were prelabeled
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414  with CellMask Orange plasma membrane stain. (B) Quantification of percentage micrograph area
415  covered by fluorescent cells. (C, D) Bacterial growth (C) and pyoverdine production (D) by P.
416  aeruginosa cystic fibrosis isolates PA2-9 and PA3-29, their pyoverdine biosynthetic mutant
417  counterparts (Tn), and wild-type strain supplemented with 100 uM after 16 h growth in EMEM.
418 (E, F) Fluorescent micrographs of 16HBE cells after 30 min exposure to conditioned media from
419  P. aeruginosa cystic fibrosis isolates PA2-9 or PA3-29 (E) and quantification of percent cell
420 coverage (F). Error bars in B, C, D, F represent SEM between four biological replicates. *
421  corresponds to p < 0.01 and NS corresponds to p > 0.05 based on Student’s t test.

422

423  Figure 3. Pyoverdine translocates into lung epithelial cells and localizes to early endosomes.
424  (A) 16HBE cell viability after 72 h treatment of ciclopirox olamine, 1, 10-phenanthroline,
425  pyoverdine, or deferoxamine at 100 uM in serum-free EMEM. (B) Confocal micrographs of
426  16HBE cells exposed to 100 uM purified pyoverdine, pyoverdine with excess Ga(NOs3)s,
427  pyoverdine with excess FeCls, or media control for 24 h. Cells were trypsinated prior to imaging.
428 (C) Quantification of pyoverdine fluorescence within 30 individual cells. (D) Confocal
429  micrographs of 16HBE cells treated with 100 UM pyoverdine-gallium and dextran-Texas Red
430 (10,000 MW). Error bars in C represent standard deviation. * corresponds to p < 0.01 based on
431  Student’st test.

432

433  Figure 4. Iron chelators promote the expression of proinflammatory genes in lung epithelial
434  cells. (A) Total RNA vyield in 16HBE cells treated with ciclopirox olamine (CPX), 1,10-
435  phenanthroline (PHE), or pyochelin (PCH) for 30 h and cells treated with pyoverdine (PVD) or

436  deferoxamine (DFO) for 60 h normalized to that of media control. All treatments were at 100 uM
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437  in serum-free EMEM. (B) Proinflammatory gene expression (NLRP3, IL1B, NLRP1, IL8, TNF)
438 normalized to ACTB expression in 16HBE cells treated with iron chelators. mRNA levels were
439  measured viagRT-PCR. (C, D) Total RNA yield (C) and proinflammatory gene expression (D) in
440  16HBE cells treated with iron chelators with or without excess Ga(NOs3)s supplementation. (E, F)
441  16HBE cell viability (E) and proinflammatory gene expression (F) after 60 h treatment with
442  pyoverdine, deferoxamine, or both molecules. Error bars in A-F represent SEM between three
443  biological replicates. * corresponds to p < 0.01, # corresponds to p < 0.05, and NS corresponds to
444  p>0.05 based on Student’s t test.

445

446  Supplementary Figure Legends:

447  Figure S1. Protease activity in pyoverdine-rich conditioned medium is important for the
448  disruption of epithelial integrity. (A) Fluorescent micrographs of 16HBE cells after ~30 min
449  exposure to conditioned media from P. aeruginosa PAO1 grown in EMEM. Conditioned media
450  were supplemented with 250 pM Ga(NOgs)s, 5% fetal bovine serum (FBS), or EDTA-free
451  cOmplete Protease Inhibitor Cocktail, or had macromolecules (> 10 kDa) removed by centrifugal
452  filtration. Cells were prelabeled with CellMask Orange plasma membrane stain. (B) Quantification
453  of percentage micrograph area covered by fluorescent cells. Error bars represent SEM between
454  four biological replicates. * corresponds to p < 0.01 and NS corresponds to p > 0.05 based on
455  Student’s t test.

456

457  Figure S2. PA2-9 and PA3-29 are highly virulent CF isolates. (A) Pyoverdine production in
458 M9 media by 69 multidrug-resistant P. aeruginosa strains isolated from pediatric cystic fibrosis

459  patients. (B) Percent C. elegans death following Liquid Killing by P. aeruginosa cystic fibrosis
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460 isolates. Black bar represents the median pyoverdine production/C. elegans death. Red bar
461  represents PA2-9, blue bar represents PA3-29. Survey data was adapted from (Kang et al., 2019).
462

463  Figure S3. Purification of pyoverdine from P. aeruginosa. (A) Summary of the pyoverdine
464  purification pipeline. (B) Representative chromatogram from the HPLC purification step of the
465  pipeline. Red box depicts the predominant pyoverdine-containing fractions that were collected. (C)
466  Analysis of the final purified product via HPLC.

467

468  Figure S4. Pyoverdine accumulates in early endosomes of lung epithelial cells. (A, B) 16HBE
469  human bronchial epithelial cell viability after 48 (A) or 72 h (B) treatment of ciclopirox olamine,
470 1, 10-phenanthroline, pyoverdine, or deferoxamine in serum-free EMEM. (C) Confocal
471  micrographs of 16HBE cells exposed to 100 uM purified pyoverdine, pyoverdine with excess
472  Ga(NOs)s, pyoverdine with excess FeCls, or media control for 24 h. Cells were labeled with
473  CellMask Deep Red plasma membrane stain and trypsinated prior to imaging. (D) Confocal
474  micrographs of 16HBE cells treated with 100 UM pyoverdine-gallium and dextran-Texas Red
475 (10,000 MW). Bottom row shows an enlarged micrograph of one representative cell.

476

477  Figure S5. Pyoverdine translocates into giant plasma membrane vesicles. (A) Pyoverdine
478  fluorescence quenching by FeClz supplementation in GPMVs treated with 100 uM pyoverdine
479  (GPMV - PVD) or pyoverdine diluted in buffer control (Free PVD). (B, C) Confocal micrographs
480 of GPMVs (B) and 16HBE cells (C) treated with 100 uM pyoverdine or solvent control for 24 h.
481  GPMVs were labeled with CellMask Deep Red plasma membrane stain prior to imaging. 16HBE

482  cells were trypsinated prior to imaging. (D, E) Confocal micrographs of GPMVs (B) and 16HBE
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cells (C) treated with FITC-dextran (3000 MW) or solvent control for 24 h. GPMVs were labeled
with CellMask Deep Red plasma membrane stain prior to imaging. 16HBE cells were trypsinated

prior to imaging.

Figure S6. Deferoxamine promotes the expression of proinflammatory genes in 16HBE
CFTR mutants. (A) Total RNA yield in wild-type 16HBE cells and 16HBE cells carrying
mutations (G551D, AF508) in the cystic fibrosis transmembrane conductance regualator (CFTR)
after 48 h treatment with 100 uM deferoxamine in serum-free EMEM. (B) Proinflammatory gene
expression (NLRP3, IL1B, NLRP1, IL8, TNF) normalized to ACTB expression in cells treated with
deferoxamine. mMRNA levels were measured via gRT-PCR. Error bars represent SEM between

three biological replicates.
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