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ABSTRACT

Chronic infection with Pseudomonas aeruginosa is a major driver of airway inflammation, which
plays a central role in the progression of cystic fibrosis (CF) lung disease. During long-term
colonization, P. aeruginosa adapts to the CF lung by downregulating virulence factors and
adopting a biofilm-associated, mucoid lifestyle. Despite the expected reduction in immune
activation due to these adaptations, excessive inflammation persists, a paradox that remains
poorly understood. Our objective was to identify novel bacterial mediators sustaining persistent
inflammation by P. aeruginosa in the CF lung. To this end, we analyzed clinical P. aeruginosa CF
isolates, cultured them in synthetic CF sputum medium, and exposed 3D lung epithelial cell
cultures to the resulting cell-free supernatants. There was considerable variability in pro-
inflammatory activity among the isolates, with a subset of the isolates inducing strong IL-8 secre-
tion by the 3D cells despite low production of known virulence factors. Comparative proteomics
analysis of the cell-free supernatants of pro-inflammatory and immunosuppressive isolates
revealed several mediators not previously linked to inflammation. Thirteen of these candidate pro-
inflammatory mediators were selected for further analysis. Using P. aeruginosa transposon
mutants lacking the respective mediators, DksA (a transcription factor) was confirmed as an
immunomodulatory mediator in the 3D lung model. Finally, analysis of existing transcriptomes
of P. aeruginosa in CF sputum revealed that dksA was found to be one of the most strongly
expressed genes in this patient population, highlighting the relevance of our findings. In conclu-
sion, we identified a novel P. aeruginosa mediator that may contribute to CF airway inflammation.
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adaptability, and phenotypic diversity of P. aeruginosa
have contributed to its effectiveness as a dominant oppor-
tunistic pathogen in the CF airway [6-8].

During chronic infection, P. aeruginosa adapts to the
CF lung by becoming less invasive and less virulent,
enabling bacterial persistence while at the same time
limiting extensive host damage [9]. To this end,
P. aeruginosa downregulates several virulence factors,

Introduction

Chronic infection by Pseudomonas aeruginosa is a major
driver of adverse clinical outcomes in people with cystic
fibrosis (pwCF) [1]. Although highly effective modulator
therapy reduces the relative abundance of P. aeruginosa
and leads to substantial clinical improvements, persistent
infections continue to occur in many pwCF, underscoring

the need for continued vigilance [2,3]. Long-term coloni-
zation of the CF lung arises from both intrinsic host
defects, such as viscous mucus, impaired mucociliary
clearance and dysregulated immunity, and the remarkable
ability of P. aeruginosa to adapt and evade immune clear-
ance [4,5]. The extensive genomic variability, metabolic

including proteolytic activity, type III secretion system
(T3SS), and motility, and switches to a sessile biofilm-
based and mucoid lifestyle that enhances tolerance to
both host defense systems and antibiotics [4,9,10].
Additional adaptations include metabolic reprogram-
ming to sustain growth under hypoxic mucus
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conditions and to use alternative nutrient sources, as
well as selection of P. aeruginosa strains with mutations
in quorum-sensing regulators such as lasR, and the
emergence of hypermutator lineages and persister cells
capable of long-term survival [4,10].

A paradox in chronic pseudomonal infection in pwCF
is that, despite attenuated virulence, exacerbated airway
inflammation persists - a phenomenon that remains
poorly understood. Studies have demonstrated that late-
stage P. aeruginosa CF isolates trigger robust cytokine
release in vitro, in vivo using animal models, and in
pwCF [11-14]. This excessive inflammatory response
ultimately contributes to structural lung damage and
a progressive decline in lung function [5,15]. While we
recently highlighted the role of proteases (such as LasB) in
immune evasion [16], the current study aims to identify
previously unrecognized pro-inflammatory mediators
involved in the excessive inflammation caused by
P. aeruginosa during chronic infection in pwCF. To this
end, P. aeruginosa was cultured under physiologically
relevant conditions to stimulate the production of med-
iators likely expressed during in vivo infection.
Specifically, we used synthetic CF sputum medium
(SCEM2) to closely reproduce the nutritional environ-
ment of the CF lung and P. aeruginosa gene expression
[17,18]. Furthermore, a three-dimensional (3D) alveolar
epithelial cell model mimicking key phenotypic and func-
tional characteristics of the native lung epithelium was
used to assess host inflammatory responses [19-21].
A comparative proteomics analysis of a previously gener-
ated dataset was performed to characterize differences
between pro-inflammatory and immunosuppressive CF
isolates, while existing P. aeruginosa CF sputum tran-
scriptomic datasets were leveraged to confirm in vivo
expression of the identified mediators.

In this study, we advance the understanding of med-
iators driving persistent inflammation during chronic
P. aeruginosa CF lung infection and highlight potential
targets for the development of novel therapeutic
interventions.

Materials & methods

Bacterial species, culture conditions, and
supernatant preparation

P. aeruginosa isolates were previously obtained from the
sputum samples of two individuals with CF (referred to
as patient 1 and 6) [22]. Patient 1 had an early-stage
infection (1 year), whereas patient 6 had a long-term
chronic infection (>19 years). Throughout this paper,
isolates are denoted as X/Y, where X is the isolate
number and Y is the patient number. For example, 7/

6 indicates isolate 7 from patient 6. In addition, several
P. aeruginosa reference strains were included, namely,
PAO1, AA44 (a late CF sputum isolate), and AMT
0023-30, a pediatric early CF isolate [23,24]. AMT
0023-30 was used as a positive control for quantifica-
tion of pyocyanin production as it has been reported as
a high producer, while PAO1 was used as a positive
control for the quantification of pyoverdine [23,25]. For
select experiments, PA14 WT and PA14 Transposon
(Tn) mutants derived from a P. geruginosa transposon-
mutant library were also used [24,26,27].

P. aeruginosa strains were cultured as described pre-
viously [16]. In short, strains were grown in lysogene
broth (LB) broth overnight at 37°C with shaking at 250
revolutions per minute (rpm). All overnight P. aeruginosa
cultures (PA14 WT, PA14 Tn mutants, PAO1, AMT
0023-30, AA44, and the 7 clinical isolates from patient 6)
were diluted in SCEM2 to an ODsgq of 0.005, equivalent to
5% 10” CFU/mL, and then further diluted to reach
a bacterial cell density of 5x 10° CFU/mL. SCFM2 was
prepared as described previously [17], except that mucin
was autoclaved instead of UV-sterilized to ensure reliable
sterility. Bacterial suspensions were incubated for 48 h
under microaerophilic conditions (5.5-12% O,) using
Oxoid™ CampyGen™ Compact Sachet (CN0020C,
Thermo Fisher Scientific) sealed with a plastic pouch to
mimic oxygen-restricted conditions observed in pwCF
with advanced lung disease [28]. The medium control
(MC), i.e. SCFM2 without bacteria, was incubated in par-
allel. Afterward, the bacterial suspensions and the medium
control were centrifuged (3500 rpm, 10 min) and the
resulting supernatants were passed through a 0.22 um filter
to collect the cell-free supernatant. Supernatants were
stored at —20°C without repeated freeze/thaw cycles.
Cell-free supernatants of PA14 Tn mutants were tested
in the presence or absence of 0.5% (v/v) LasB inhibitor
4b. This phosphonic acid inhibitor (C,3H;sF;NO,P,
MW: 338.08 g/mol) was previously developed by
Konstantinovi¢ et al. [29]. The compound was first
dissolved in DMSO, and the final concentration was
adjusted to 0.5% (v/v) to minimize potential solvent
effects of DMSO on bacterial culture supernatants, as
previously described [29].

Quantification of P. aeruginosa virulence factors

Pyoverdine measurement

Pyoverdine was quantified by transferring 200 uL of
filtered, cell-free P. aeruginosa supernatant in dupli-
cates into a flat-bottom 96-well plate. Absorbance was
measured at 400 nm using the Victor® Nivo™ Multi-
mode plate reader (Perkin Elmer, Shelton, CT, USA).
PAOQO1 was used as a positive control.



Pyocyanin assay

Pyocyanin quantification was performed via the chloro-
form-HCI extraction method [30]. Briefly, 1.5mL of
filtered cell-free P. aeruginosa supernatant was mixed
with 1.5 mL chloroform by vortexing, followed by cen-
trifugation (5000 rpm, 10 min) to separate the aqueous
and organic phases. The chloroform layer was then
collected and mixed with 0.2 N HCL. After another
round of vortexing and centrifugation, 300 uL of the
resulting pink aqueous (HCI) phase was transferred to
a flat-bottom 96 well-plate, and absorbance was mea-
sured at 520 nm with the EnVision Multilabel Plate
Reader (Perkin Elmer, Shelton, CT, USA). In parallel,
the chloroform-HCI extraction method was applied to
the supernatant of the medium control (i.e. SCFM2
alone) and AMT 0023-30, which served as the negative
and positive controls, respectively.

Rhamnolipid quantification

Semi-quantitative detection of rhamnolipid production
was performed using agar plates containing cetyltri-
methylammonium bromide (CTAB) and methylene
blue (MB) [31-33]. Minimal medium agar plates were
supplemented with 0.2g/L CTAB and 5mg/L MB.
Holes were created into the plates and inoculated with
100 uL of a 5x 10’ CFU/mL bacterial suspension in
SCFM2. Plates were incubated at 37°C under microaer-
ophilic conditions (3% O,, 5% CO,, and 92% N,) using
a hypoxia chamber (Bactrox, Sheldon manufacturing
Inc., Cornelius, OR, US) for 48 h. Halo diameters sur-
rounding the holes were measured to quantify rham-
nolipid production. The medium control (100 uL) and
100 mM Tween-80 (100 puL) were used as the negative
and positive controls, respectively.

Endotoxin quantification

Endotoxin levels in the filtered supernatants were mea-
sured using the Pierce Chromogenic Endotoxin Quant
Kit (Thermo Fisher Scientific) following manufacturer’s
instructions. Lipopolysaccharide (LPS) from
P.  aeruginosa serotype 10 (1 mg/mL; Merck,
Darmstadt, Germany) was used as a positive control.
Samples were diluted with Endotoxin-Free Water to
achieve reading within the linear area of the standard
curve (0.1-1.0 EU/mL), specifically a dilution factor of
10°> was used for bacterial cell-free supernatants and
5 x 10° for the positive control. Each biological replicate
was analyzed in two technical replicates.

Proteolytic and elastolytic activity assays

The proteolytic activity was assessed using the azoca-
sein assay, while elastolytic activity was measured with
the elastin-Congo red assay. Both assays were
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performed as described previously [16], with minor
modifications. For each assay, 250 uL azocasein solu-
tion or elastin-Congo red suspension was combined
with 250 uL of GTSF-2 medium containing 40 % (v/v)
filtered cell-free bacterial supernatant, with and without
the addition of 0.5% (v/v) component 4b (final con-
centration 50 uM).

For the azocasein assay, samples were incubated at
37°C for 1h under shaking conditions (250 rpm). The
reaction was stopped by adding 62.5 uL of 10% (w/v)
trichloroacetic acid, followed by centrifugation at
13,000 rpm for 15 min. From the resulting supernatant,
100 pL was transferred to a flat-bottom 96-well plate
and mixed with 100 uL 625 nM NaOH.

For the elastin-Congo red assay, samples were incu-
bated at 37°C for 24h under shaking conditions
(250 rpm), followed by centrifugation at 13,000 rpm
for 15 min. From the resulting supernatant, 200 uL was
transferred to a flat-bottom 96-well plate. To avoid
saturated absorbance reading, the supernatant was
diluted in Milli-Q (MQ) water when necessary.

Finally, the OD was measured at 420 nm and 492 nm
for the azocasein and elastin-Congo red assays, respec-
tively, using the Victor® Nivo™ Multi-mode plate reader
(Perkin Elmer). The same procedure was applied to the
medium control mixed with either azocasein solution
or elastin-Congo red suspension, which served as the
negative control. Two technical replicates were per-
formed for each biological replicate.

Arbitrary PCR and sequencing to confirm the
identity of transposon mutant

Arbitrary polymerase chain reaction (PCR) and
sequencing were performed as described previously
[24,26,27]. A culture derived from a purified
P. aeruginosa PA14 Tn mutant colony was grown sta-
tically in 96-well plates containing 280 uL LB supple-
mented with 15 pg/mL gentamicin per well at 37°C for
approximately 40 h. Following incubation, 70 pL of cul-
ture was transferred to PCR tubes and stored at —20°C.
For DNA extraction, samples were thawed, lysed at
99°C for 10 min, and centrifuged to pellet cell debris
(3,500 rpm, 5 min). For the first round of arbitrary PCR
(ARBI1), 3 pL of lysate was used as template, and ampli-
fication was performed with the transposon-specific
primer PMFLGM.GB-3a and arbitrary primer ARB1D
(Table 1), and the Q5° Hot Start High-Fidelity 2X
Master Mix (New England Biolabs, Ipswich, MA
USA) according to manufacturer’s instructions.
Thermocycling conditions were as follows: 95°C for
5min; 30 cycles of 95°C for 30 s, 47°C for 45 s, and
72°C for 1 min; followed by a final extension at 72°C
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Table 1. Sequences of used primer pairs.

Primer Sequence
ARB1 PMFLGM.GB-3a 5"-TACAGTTTACGAACCGAACAGGC-3"
ARB1D 5"-GGCCAGGCCTGCAGATGATGNNNNNNNNNNGTAT-3"
ARB2 PMFLGM.GB-2a 5"-TGTCAACTGGGTTCGTGCCTTCATCCG-3"
ARB2A 5"-GGCCAGGCCTGCAGATGATG-3"

Sequencing PMFLGM.GB-4a

5"-GACCGAGATAGGGTTGAGTG-3"

for 5min. For the second round of arbitrary PCR
(ARB2), 5 uL of ARBI reaction was used as template.
Reactions were carried out with the transposon-specific
primer PMFLGM.GB-2a and arbitrary primer ARB2A
(Table 1), and the Q5° Hot Start High-Fidelity 2X
Master Mix under the following conditions: 40 cycles
of 95°C for 30 s, 45°C for 30 s and 72°C for 1 min;
followed by a final extension at 72°C for 5 min. PCR
products were purified by mixing 5uL ARB2 reaction
with 2pL  ExoSAP-IT reagent (Thermo Fisher
Scientific) and processed according to the manufac-
turer’s protocol. Sanger sequencing was performed
after mixing the purified products (10 ng/uL) with the
sequencing primer (5uM) (Table 1; LightRun Tube
Service; Eurofins Genomics). The resulting sequences
were then queried against the P. aeruginosa UCBPP-
PA14 genome (taxid:208963) using the BLASTx algo-
rithm implemented through the NCBI Basic Local
Alignment Search Tool [34-36].

Three-dimensional lung epithelial cell culture
model

The human adenocarcinomic alveolar epithelial cell line
A549 (ATCC, CCL185) was cultured as an organotypic
3D cell culture model using a rotating wall vessel (RWV)
bioreactor, as described previously [20,21]. Briefly, A549
cells were maintained as monolayers in T75 flasks using
GTSF-2 medium (Hyclone™, Logan, UT, USA) supple-
mented with 1.5 g/L sodium bicarbonate (Sigma-Aldrich)
, 10% heat-inactivated fetal bovine serum (FBS) (Thermo
Fisher Scientific), 2.5mg/L insulin-transferrin-sodium
selenite (Sigma-Aldrich) and 1% penicillin-streptomycin
(with a stock concentration of 10,000 units/mL penicillin
and 10mg/mL streptomycin; Sigma-Aldrich). Upon
reaching confluence, cells were washed with Hank’s
Balanced Salt Solution (HBSS) (Life Technologies,
Carlsbad, CA, USA) and dissociated using 0.25% trypsin-
EDTA (Thermo Fisher Scientific). Cell counts and viabi-
lity were assessed via trypan blue (0.4%, Sigma Aldrich)
using a hemocytometer. A suspension containing 2 x 10°
viable cells in supplemented GTSF-2 medium was com-
bined with 0.25 g porcine-skin collagen-coated dextran
beads (Cytodex®-3 microcarrier beads, Cytiva,
Marlborough, MA, USA), transferred to RWV

bioreactors - first in a slow turning lateral vessel (STLV)
and after 1 week in a high-aspect rotating vessel (HARV)
(Synthecon, Houston, TX, USA) - and maintained for
11-14 days to allow the formation of differentiated 3D
lung epithelial aggregates. All cultures were incubated at
37°C with 5% CO..

In vitro cell-exposure assay

3D A549 aggregates were transferred to a flat-bottom 96-
well plate at a density of 2.5 x 10° cells per well in 150 pL
GTSF-2 medium without FBS and antibiotics. Host cells
were exposed to 100 pL of either cell-free supernatant from
P. aeruginosa cultures or filtered medium control (SCFM2)
for 4 h at 37°C under microaerophilic conditions (3% O,,
5% CO, and 92% N,) using a hypoxia chamber (Bactrox,
Sheldon manufacturing Inc.). The exposure experiment
using cell-free supernatant of PA14 Tn mutant was per-
formed in the absence or presence of 0.5% (v/v) compo-
nent 4b (final concentration 50 uM). As a positive pro-
inflammatory control, 25uL of supernatant of
P. aeruginosa strain AA44 was used. Following incubation,
the conditioned medium (i.e. the supernatant fraction from
the 3D lung cells after exposure to bacterial cell-free super-
natant) was collected and stored at —20°C until further
analyses, avoiding repeated freeze/thaw cycles.

Cytotoxicity assay

Previous work demonstrated that P. aeruginosa pro-
tease production interferes with conventional lactate
dehydrogenase (LDH) quantification [37]. To over-
come this, a modified protocol was applied [37]. In
this approach, LDH release from the viable cell
fraction remaining adherent to the microcarrier
beads at the end of the exposure experiment is
measured as an indicator of cell viability. Briefly,
cultures were rinsed twice with HBSS, and adherent
cells were lysed with 1% Triton X-100 (Sigma-
Aldrich). LDH activity was subsequently quantified
using the Lactate Dehydrogenase Activity Assay Kit
(Sigma-Aldrich) according to the manufacturer’s
instructions.



Inflammatory marker quantification

For in vitro cell exposure assays, Interleukin (IL)-8
release was measured in the conditioned medium
using the Human ELISA MAX™ Standard Set
(Biolegend) according to the manufacturer’s instruc-
tions. Samples were diluted in GTSF-2 medium without
FBS and antibiotics.

Proteomics analyses of the culture supernatants of
clinical P. aeruginosa isolates grown in SCFM2

Comparative proteomics analysis & data
visualization

Untargeted proteomics of cell-free supernatant from
multiple P. aeruginosa CF isolates, including the iso-
lates analyzed in this study, was previously performed
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in [16] and deposited in the ProteomeXchange
Consortium via the PRIDE partner repository with
the dataset identifier PXD065321. A new comparative
proteomics data analysis was performed in the pre-
sent study (comparing different isolate groups as pre-
viously), hereby comparing 5 pro- with 6
immunosuppressive P. aeruginosa CF isolates (listed
in Table 2). Isolates were categorized into pro-
inflammatory and immunosuppressive groups based
on their statistically significant induction/reduction
of IL-8 secretion by 3D lung epithelial cells which
was investigated in [16] (Table 2 & Figure S1).
Methodological details for sample preparation, liquid
chromatography-tandem mass spectrometry (LC-MS/
MS) acquisition, and spectral data analysis are avail-
able in [16]. An overview of the workflow is presented
in Figure 1.

Table 2. Sample groups according to isolate and inflammatory profile.

Sample name Isolate Inflammatory response Number of samples
6/1 rep1-rep2-rep3-rep4 6/1 Immunosuppressive 4
12/1 rep1-rep2-rep3 12/1 Immunosuppressive 3
14/1 rep2-rep3-rep4 14/1 Immunosuppressive 3
15/1 rep2-rep3-rep4-repl 15/1 Immunosuppressive 4
16/1 rep2-rep3-rep4-rep1 16/1 Immunosuppressive 4
19/1 rep2-rep3-rep4 19/1 Immunosuppressive 3
6/6 rep1-rep2-rep3-rep4 6/6 Pro-inflammatory 4
9/6 rep4-rep1-rep3 9/6 Pro-inflammatory 3
12/6 rep4-rep1-rep2 12/6 Pro-inflammatory 3
13/6 rep3-rep4-repl 13/6 Pro-inflammatory 3
14/6 rep1-rep2-rep3 14/6 Pro-inflammatory 3

Culture
conditions

My 5+10° CFU/mL

Sample prep &
shotgun proteomics

A .
VIB
‘ PROTEOMICS
CORE

Sample Preparation

Differential
expression analysis

Volcano plot

F S ™™ Using Aphols
~— '\- ’ —
, ’ @ s) Functional Annotati
/ / unctional Annotation
48h L\ W/
stationary in micro- National Institutes of Health
aerophilic conditions P ST
LC-MS DIA run N
& HI Selection of interesting proteins
A - S . o
o - Pseudomonas a @'
3 N ’/« Genome DB THERAPEUTICS
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with 0.22 pm filter .
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2,196 protein groups
were reliably quantified

Cell-free supernatant

Figure 1. Proteomics workflow: Cell-free culture supernatants from clinical P. aeruginosa isolates grown in SCFM2 were collected
through centrifugation and filtration. Proteomics sample preparation was performed using an amphipol-based protocol. Peptides
were analyzed by LC-MS/MS, followed by raw spectral data analysis. Differential expression analysis was conducted by stratifying
P. aeruginosa isolates into two groups, after which functional annotation was performed to identify proteins of interest. Created in

BioRender. Wauters, M. (2026)https.//BioRender.com/7cm2xbx.
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For differential expression analysis, missing values
were imputed from a normal distribution using default
parameters in Perseus [38]. Group comparisons were
performed using a two-sample t-test with permutation-
based false discovery rate (FDR) set at 5%.

Functional annotation

The gene names corresponding to the 605 signifi-
cantly upregulated proteins (p <0.05, fold change
>2) in the pro-inflammatory isolate group were
uploaded to the Database for Annotation,
Visualization, and Integrated Discovery (DAVID)
(search performed on 5 December 2024) [39,40].
Functional annotation was performed using
P. aeruginosa PAO1 as the reference strain. Based
on annotation terms linked to established virulence
processes and/or PubMed text mining of the respec-
tive factors, 62 proteins were identified as being
associated with virulence (Table S1).

Prediction of protein subcellular localization

The subcellular localization of mediators of interest was
retrieved from the Pseudomonas Genome Database
(version 22.1) with P. aeruginosa PAO1 (Stover et al.)
as reference strain [41,42].

Analysis of RNA-seq datasets of P. aeruginosa
transcriptomes in CF sputum

Transcriptomic data for P. aeruginosa, including var-
iance-stabilized (VST) normalized count data from
sputum samples of pwCF, were obtained from the
supplementary materials of Lewin et al [43]. To identify
additional publicly available transcriptomic datasets, we
accessed a comprehensive prerelease P. aeruginosa
database (v0.1.0-beta) maintained by the Whiteley Lab
at Georgia Institute for Technology (https://www.the
whiteleylab.com/database). This resource provides nor-
malized gene expression data expressed as transcripts
per million (TPM), along with the corresponding sam-
ple metadata. The downloaded input for the application
included feature counts, data summaries, and metadata
(dated: 18 July 2025). Filtered results of the transcrip-
tomic dataset (from the original study Rossi et al. [44];
SRA: ERP106536) were saved as CSV files for subse-
quent analyses.

Statistical analysis

ELISA data were processed using GainData® (Arigo
Biolaboratories, available at https://www.arigobio.
com/elisa-analysis). Standard curves were fitted
using a four-parameter logistic regression model,

and cytokine concentrations were calculated from
absorbance values within the linear region of the
curve.

Statistical analyses of virulence factor quantification,
LDH cytotoxicity assay, cytokine concentrations of 3D
aggregates exposed to PA14 WT and PA14 Tn mutants
and correlation analysis were performed in GraphPad
Prism (Version 10; https://www.graphpad.com). Data
distribution was assessed using the Shapiro-Wilk test.
Non-normally distributed data were analyzed using
Mann-Whitney U or Kruskal-Wallis tests. To account
for multiple comparisons, FDR correction was applied
using the Benjamini-Hochberg procedure, with
a significance set at 5% [45]. Paired data for proteolytic
and elastolytic activities of the PA14 Tn mutants, mea-
sured in the absence or presence of compound 4b, were
analyzed using a mixed-effects model with restricted
maximum likelihood (REML) estimation. Pearson cor-
relation analysis was performed to assess the associa-
tion between IL-8 release, endotoxin levels, and DksA
abundance in bacterial cell-free supernatants. For each
strain, at least three independent cell-free supernatants
were collected for each assay. IL-8 release data were
obtained from previously published experiments [16],
in which 3D lung aggregates were exposed to bacterial
supernatants. These data include the same bacterial
isolates analyzed in the present study. DksA intensity
was determined by LC-MS/MS, and endotoxin levels
were measured using Pierce Chromogenic Endotoxin
Quant Kit. For each strain, values were averaged across
independent experiments. Correlation analysis was per-
formed using mean IL-8 release values and the corre-
sponding mean DksA abundance or endotoxin levels
per strain.

All experiments were performed in at least three
biological replicates. Figure and data visualizations
were generated using GraphPad Prism and R (Version
4.4.2), employing R packages such as ggplot2 [46,47].

Results

Identification of candidate pro-inflammatory
mediators of P. aeruginosa using comparative
proteomics analysis

In our previous study, we observed that the supernatant
obtained from P. aeruginosa CF isolates cultured in
SCEM2 induced a variable inflammatory response
based on IL-8 secretion in an organotypic 3D lung
cell culture model. In particular, some isolates showed
a pro-inflammatory response, while others exhibited an
immunosuppressive response (Figure S1). All isolates
causing robust pro-inflammatory effects in the 3D lung
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model were obtained from a single sputum sample
from an individual with CF with long-term (over 19
years) chronic P. aeruginosa infection, while isolates
leading to an immunosuppressive response were
derived from an individual with CF who had become
chronically infected relatively recently (1 year). Our
previous work showed that proteolytic and elastolytic
activities (partially driven by the metalloprotease elas-
tase B, LasB) mediate the immunosuppressive effect of
CF isolates through cytokine degradation [16]. In the
present study, we aimed to identify pro-inflammatory
mediators produced by CF isolates with pro-
inflammatory activity.

To this end, a dual strategy was employed: (1) inves-
tigating the potential involvement of well-known viru-
lence factors - pyocyanin, pyoverdine, rhamnolipids,
and endotoxins - using semi-quantitative assays; (2)
performing a comparative proteomics analysis of
a previously generated dataset to characterize differ-
ences between pro-inflammatory and immunosuppres-
sive isolate groups [16].

First, for all pro-inflammatory CF isolates tested, no
significant production of any of the four well-
established virulence factors was detected (Figure S2A,
S2B, S2C, and S2D). Some CF isolates showed endo-
toxin levels of up to approximately 20,000 EU/mL,
which, nevertheless, was not statistically significantly
different from the medium control (SCFM2 alone)
(Figure S2D). Furthermore, no significant correlation
was observed between the endotoxin concentration in
the cell-free supernatants and IL-8 release (Spearman’s
correlation coefficient r=0.0958; p=0.8247; Figure
S2E). Hence, well-known virulence factors of
P. aeruginosa are likely not responsible for the observed
pro-inflammatory effect.

Secondly, to identify previously unrecognized pro-
inflammatory mediators of P. geruginosa, we per-
formed a comparative analysis of shotgun proteomics
data from supernatants of CF isolates belonging to
each of the inflammatory groups, after culturing in
SCEM2 [16]. Data analysis was performed on 11 clin-
ical isolates, classified into 6 immunosuppressive iso-
lates and 5 pro-inflammatory isolates (Table 2). In
total, 2,196 protein groups were quantified. A two-
sample t-test between the pro-inflammatory and
immunosuppressive isolate group was performed
using a permutation-based FDR of 5% to correct for
multiple testing. The results are presented in the vol-
cano plot shown in Figure 2. Of the 1,236 significantly
differentially expressed proteins (p < 0.05, fold change
> |2|), a total of 605 were upregulated in the pro-
inflammatory isolates group, while 631 proteins were
downregulated (Table S2 and S3, respectively). The
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Figure 2. Volcano plot with differentially expressed proteins
of interest in the pro-inflammatory isolate group: A volcano
plot was generated to display the differences in protein abundance
between the pro- and immunosuppressive isolate group. The dif-
ference is represented as log,(Fold change), plotted against -log;q
(p-values) derived from a two-sample t-test. Symbols corresponding
to proteins of interest are enlarged and labeled. The horizontal
dashed line indicates the significance threshold, determined using
a permutation-based FDR correction of 5%.

gene names corresponding to the 605 upregulated
proteins in the pro-inflammatory isolate group were
uploaded to DAVID to perform functional annota-
tion. Based on annotation terms linked to established
virulence processes, 62 proteins were identified as
being associated with virulence (Table S1).
Additionally, we observed a downregulation of multi-
ple extracellular proteases - including LasB, alkaline
protease A (AprA), and protease IV (PrpL) - along-
side several proteins associated with Type IV pilus
(Pilv, Pilw, PilY1, PilY2, and PilE) and flagellum-
dependent motility (FliC, FIgK, EstA, FIgE, and
CheZ) (Figure S3).

As a next step, we selected candidate pro-
inflammatory mediators from the proteins upregu-
lated in the pro-inflammatory isolate group for
downstream in vitro validation of inflammatory
activity. Candidates were selected based on func-
tional annotation or PubMed text-mining evidence
linking them to virulence, and/or strong upregula-
tion (fold change >5), as well as the availability of
corresponding P. aeruginosa PA14 mutants in a Tn
mutant library. Notably, the genes corresponding to
some of the candidate pro-inflammatory mediators
were not inactivated in the Tn mutant library or did
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Table 3. Selection of candidate pro-inflammatory proteins: Subcellular localization is available in the Pseudomonas Genome
database (https://www.pseudomonas.com/). Differential expression analysis between the pro-inflammatory and immunosuppressive
isolate group was assessed using a two-sample t-test with multiple testing correction applied via a permutation-based FDR of 5%.

Log,(Fold change) values are reported.

PA Log,(Fold

Function and their association with virulence and/or

Gene Locus Change) Gene Name inflammation (if available) Localization Ref.
carO PA0320 9.137 Calcium-regulated OB-fold Maintaining intracellular Ca? * homeostasis Unknown [48]
protein CarO

dksA PA4723 3.899 Suppressor protein DksA Transcriptional regulator, stringent response Cytoplasmic [49-53]
modulator

ivy PA3902 3.588 Hypothetical protein Inhibitor of lytic transglycosylase activity and Periplasmic [54,55]
vertebrate lysozyme

vgrGlc PA2685 1.535 Type VI secretion system spike  Secretion machinery protein of the contractile tail Cytoplasmic [56]

protein VgrGlc

tube complex from the T6SS

pcrV PA1706 1.117 Type Il secretion protein PcrV  Needle tip protein of the syringe-like injectisome Extracellular [57,58]
T3SS

TssJ1 PA0080 1.438 Hypothetical protein The T6SS consists of a membrane-anchored Cytoplasmic [59]
apparatus containing the outer membrane MembraneOMV
lipoprotein TssJ

clpvV1l  PA0090 1.560 Secretion protein ClpV1 an AAA + ATPase, which supplies energy to the T6SS. Cytoplasmic [60]
Its loss completely abolishes secretion activity

hep1 PA0085 2.847 Protein secretion apparatus Secretion machinery protein of the contractile tail Extracellular [56,571

assembly protein
Translocator outer membrane
protein PopD

popD  PA1709 1012

tube complex from the T6SS
PopD contributes to the formation of a translocation Extracellular [61]
pore in the host cell membrane by the T3SS

IptF PA3692 4.596 Lipotoxin F Outer membrane protein that is highly expressed in  Outer Membrane [62—-64]
mucoid P. aeruginosa isolates from chronic CF omv
infections, survival factor, stimulates inflammatory
responses, promising vaccine candidate

PA0833 PA0833 2.879 OmpA-like domain-containing ~ Outer membrane protein, promising vaccine Outer Membrane [65,66]

protein candidate omv

pfpl PA0355 4915 Protease Pfpl Intracellular protease associated with antibiotic Cytoplasmic [67]
susceptibility, swarming motility, and biofilm
formation

PA0622 PA0622 1.215 Probable bacteriophage protein A protein of unknown function that is highly Unknown [68-70]
abundant in OMVs from P. aeruginosa biofilms omv

Abbreviations: Outer Membrane Vesicle (OMV), Type Ill secretion system (T3SS), Type IV secretion system (T6SS).

not pass the arbitrary PCR quality control. In total,
13 mediators meeting these criteria were selected for
further analysis (Figure 2; Table 3).

In vitro validation of candidate pro-inflammatory
mediators

To evaluate the role of the selected mediators in modu-
lating host inflammatory responses in vitro, IL-8 release
was measured in an organotypic 3D lung cell culture
model following exposure to cell-free supernatants from
PA14 Tn mutant strains deficient in each mediator.

P. aeruginosa PA14 WT is known for high LasB
production [29], and both the WT and Tn mutants
exhibit high proteolytic and elastolytic activity
(Figure S4A & S$4B). A strong downregulation of
LasB was observed in the pro-inflammatory isolates
group, consistent with previous observations (Figure
S3) [16]. Therefore, we inhibited LasB activity in the
cell-free supernatants of the PA14 Tn mutant strains
by addition of the LasB-specific phosphonic acid
derivative 4b [29] and subsequently quantified IL-8
release by the 3D lung aggregates.

Initially, the activity of compound 4b was validated in
our experimental setup using a dose-response study.

Mixed-effects modeling with REML estimation revealed
a significant inhibitory effect of compound 4b (50 uM)
on both proteolytic and elastolytic activities of the
selected PA14 transposon mutants (p < 0.001 for each
activity; Figure S4A & S4B). Treatment with the inhibi-
tor resulted in a significant increase in IL-8 release by 3D
lung aggregates exposed to PA14 Tn mutant cell-free
supernatants, indicating restored cytokine activity due
to reduced LasB-mediated degradation (Figure S5).
Comparative analysis of IL-8 release induced by each
Tn mutant strain and the PA14 WT demonstrated
a significant anti-inflammatory effect only for PA14
dksA:Tn but not for other mutants (Figure 3).

Cell-viability assays were conducted to determine
whether potential cytotoxic effects contributed to the
observed results. Neither the bacterial supernatants nor
the compound alone or in combination caused signifi-
cant cytotoxicity in any experimental condition (Figure
S6A & S6B).

DksA-dependent regulation of virulence factors and
the proteome

A significant correlation was observed between DksA
abundance in the cell-free supernatants (Figure S7A)
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Figure 3. Inflammatory response triggered by cell-free supernatants of PA14 Tn mutants, evaluated in the presence of LasB
inhibition: IL-8 release from an organotypic 3D lung cell culture model following 4h exposure to 40% (v/v) P. aeruginosa cell-free

supernatants, in the presence of 50 uM LasB inhibitor.

and IL-8 release (Spearman’s correlation coefficient r=
0.83; p=0.0047; Figure S7B), indicating that higher
extracellular levels of DksA were associated with stron-
ger pro-inflammatory responses. To further assess the
reduced inflammatory activity of PA14 dksA:Tn, we
examined whether a similar effect could be detected
in IL-6 release (Figure S8). Overall, IL-6 production
by the 3D lung aggregates in response to the WT strain
remained low, and no decrease in IL-6 levels was
observed for PA14 dksA:Tn compared to the WT
under 4b-treated conditions. Furthermore, we assessed
key pro-inflammatory virulence factors, specifically
rhamnolipid production and proteolytic activity, as
decreases in both have been linked to dksA mutations
[49]. While no statistically significant differences were
observed for the tested virulence factors, a clear reduc-
tion in rhamnolipid production was observed in PA14
dksA:Tn as compared to the wild-type strain (Figure
S9A, S9B & S9C).

Given that DksA is a global transcriptional regu-
lator influencing over 1,500 genes [52], we next
examined the subset of DksA-regulated proteins
that were differentially expressed exhibiting a fold
change greater than |2| (as identified by our com-
parative proteomics analysis). This approach revealed
384 DksA-regulated proteins in our dataset (Figure
S10 and Table S4), including several of the candidate
pro-inflammatory proteins: CarO, PcrV, PopD, LptF,
and PfpI (Table 3). Additionally, we identified multi-
ple virulence-associated proteins, such as compo-
nents of flagellar assembly (FIgE, FlgK, FliC), and
type IV pilus biogenesis (pilV, pilW, pilY1, pilY2,
and pilE), highlighting the wide impact of DksA on
pathogenicity-related processes in P. aeruginosa.

Validating the expression of dksA and other
selected mediators in human CF sputum

Next, we evaluated the relevance of our findings for the
CF population, by assessing the expression of
P. aeruginosa pro-inflammatory genes in sputum of
pwCF. Initially, we leveraged a transcriptomic dataset
consisting of 24 P. aeruginosa sputum transcriptomes
collected from 21 pwCF at two CF clinics, one in
Copenhagen, Denmark, and the other in Atlanta,
Georgia, USA, previously reported by Lewin et al.
[43]. Genes were ranked by expression across CF spu-
tum samples to identify those most highly expressed
(Figure 4(A,B)). Notably, from our 13 selected media-
tors, dksA, vgrGlc, and PA0833 ranked among the top
25% expressed genes. Normalized count data for
PA0622 was absent from the dataset as Lewin et al.
excluded this gene due to its expression in only 14 of
the 24 sputum samples. With the exception of carO
(detected in 90% of samples), pcrV, and popD (each
detected in 95%), all other mediators were expressed in
100% of the sputum transcriptomes [43].

In order to further investigate P. aeruginosa gene
expression of the mediators in pwCF, we leveraged
additional transcriptomic data using the P. aeruginosa
database  (https://www.thewhiteleylab.com/database).
Data were leveraged from nine P. aeruginosa transcrip-
tomes derived from CF sputum samples belonging to
four different pwCF at different timepoints (originally
derived from Rossi et al [44]). These samples were
collected from Copenhagen, Denmark, and all four
pwCF were chronically infected with P. aeruginosa
DKO1 and/or DKO2 lineage for more than 30 years.
The expression profiles of mediators of interest across
all samples were visualized (Figure S12A and S12B),
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Figure 4. Expression profile of mediators of interest across
24 P. aeruginosa transcriptomes derived from CF sputum
samples (data from Lewin et al. [43]): (A) Cumulative gene
expression plot displaying genes ranked by their average
expression (normalized count data) across the 24 CF sputum-
derived P. aeruginosa transcriptomes. Proteins of interest are
labeled, and the top quartile (25%) of most highly expressed
genes is highlighted with a transparent red box; (B) Violin plots
depicting the distribution and variability of expression levels for
selected mediators across all 24 samples with each violin repre-
senting one gene. Samples with absent expression (zero counts)
were represented as dots at baseline and excluded from the violin
plot visualization.

and dksA, VgrGlc, PA0833, carO, and IptF ranked
among the top 25% expressed genes.

Given the confirmed role of DksA in the pro-
inflammatory activity of P. aeruginosa (Figure 3), we
further explored dksA expression in both transcrip-
tomic datasets derived from CF sputum samples.
Since P. aeruginosa encodes two functional dksA para-
logs, we extended our analysis by including dksA2. Both
dksAl (synonym: dksA) and dksA2 regulators were
among the top 25% of expressed genes in all sputum
samples (Figure S11A, S11B, S12C, and S12D; data
from Lewin et al [43] and Rossi et al [44],
respectively).

Discussion

The role of DksA in P. aeruginosa-driven
inflammation

Despite downregulation of well-known virulence fac-
tors, late-stage CF isolates of P. aeruginosa have been
shown to elicit strong pro-inflammatory cytokine
responses in vitro, in vivo using animal models and in
the lungs of pwCF [11-13]. In this study, we aimed to
identify previously unrecognized bacterial mediators
sustaining this persistent inflammation by analyzing
multiple pro-inflammatory isolates from an individual
with CF with over 19 years of chronic P. aeruginosa
infection.

The presence of major virulence factors, including
pyocyanin, pyoverdine, rhamnolipids, and LPS, was
minimal in the secretome of pro-inflammatory isolates,
suggesting they do not contribute to the observed phe-
notype. Although other virulence factors were not
directly evaluated, comparative proteomics analysis
revealed a downregulation of multiple extracellular pro-
teases, in line with reduced proteolytic activity mea-
sured in our previous study [16], along with proteins
associated with type IV pilus and flagellum-dependent
motility. This analysis guided the selection of 13 upre-
gulated mediators from the pro-inflaimmatory isolates
for further investigation. Using P. aeruginosa PA14 Tn
mutants for validation, we found that the transcrip-
tional regulator dksA was involved in the IL-8 pro-
inflammatory response of this pathogen.

Indeed, DksA was a notable finding in the proteome
of the cell-free supernatants, given its known intracel-
lular localization. Its extracellular presence is most
likely due to cell lysis, although incorporation into
outer membrane vesicles (OMVs) or release during
cytoplasmic leakage associated with OMV formation
is also possible. Additionally, several cytosolic proteins
are known to perform additional extracellular func-
tions, such as promoting biofilm formation or enhan-
cing virulence [68,71]. We were unable to directly
assess the activity of extracellular DksA, and it thus
remains unclear whether DksA has a direct pro-
inflammatory effect on epithelial cells, which requires
further investigation. We hypothesize that DksA indir-
ectly contributes to IL-8 induction by regulating the
production of specific secreted factor(s). Indeed, DksA
is known to transcriptionally regulate hundreds of
genes, including quorum-sensing-dependent virulence
genes (e.g. encoding rhamnolipids and elastase), genes
involved in tolerance to H,O,-induced oxidative stress,
and protection against macrophage-mediated killing
[52,53]. These diverse regulatory roles suggest that
DksA may influence host inflammatory responses



through modulation of the bacterial secretome rather
than through direct extracellular activity. A recent
study by Weimann et al. [72] demonstrated that intra-
cellular survival within CF macrophages is facilitated by
DksAl. Moreover, the authors reported that both the
expression of the stringent response modulator dksAl
and the activation of its associated regulon were linked
to CF-specific adaptation of P. aeruginosa [72].

We confirmed in the PA14 dksA:Tn mutant that
rhamnolipid production was controlled by DksA.
Since the pro-inflammatory CF isolates tested in the
present study showed no detectable rhamnolipid pro-
duction (which is often observed for chronic isolates
[73]), the observed immunomodulation by DksA is
likely not mediated by these molecules. Furthermore,
in this study, we focused on the pro-inflammatory
cytokine IL-8, a key neutrophil chemoattractant that
drives the pronounced infiltration of neutrophils char-
acteristic of chronic P. aeruginosa infection in pwCF
[4]. Indeed, other cytokines, including IL-6, are poorly
expressed under the experimental conditions of the
present study [16]. This could be explained by the
presence of P. aeruginosa proteases, in addition to
LasB, that degrade IL-6. In turn, cytokine degradation
may result in the very low detectable levels observed
following exposure to cell-free bacterial supernatants
[16]. Further studies are needed to validate the role of
DksA across a broader panel of cytokines relevant to
the inflamed CF lung environment.

Interestingly, P. aeruginosa encodes two functional
dksA paralogs, dksAl and dksA2, which are largely
interchangeable but exhibit optimal activity under dif-
ferent environmental conditions [52]. The zinc-finger
motif of zinc-dependent dksAl becomes structurally
unstable during zinc-depletion, whereas dksA2 is exclu-
sively expressed under zinc starvation [52,74,75].
Transcriptomic analyses of P. aeruginosa in CF sputum
revealed high expression of both paralogs in our study.
However, considering zinc starvation conditions in the
CF lung environment, the biological relevance of
increased dksAl expression under these conditions
requires further clarification [43,44,76]. Zinc depriva-
tion is a well-recognized host-defense mechanism, exa-
cerbated in CF sputum by high levels of calprotectin,
a neutrophil-derived zinc-chelating protein [76]. When
comparing in vivo transcriptomes of 12 CF sputum
samples with in vitro stationary-phase LB cultures of
P. aeruginosa PA14 and matched clinical isolates, Rossi
et al. [44] observed strong induction of dksA2 and
repression of dksAl. These findings indicate that, dur-
ing CF lung infection, zinc-independent dksA2 predo-
minates in mediating stress responses [44]. In the
present study, proteomics analysis did not reveal
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DksA2 in the culture supernatant of the clinical CF
isolates, likely because the isolates were cultured in
SCEM2, which is not zinc-limited. Indeed, when zinc
limitation is established in SCFM2 by chelation with
calprotectin, dksA2 becomes expressed [43]. Hence,
while DksAl was likely involved in the pro-
inflammatory response of P. aeruginosa in the model
systems used in our study, further investigation is
needed to define the specific roles of DksAl and
DksA2 and their downstream gene regulatory networks
in the P. aeruginosa-induced inflammation in the CF
lung environment.

Insights into other candidate pro-inflammatory
mediators

Furthermore, 12 other candidate mediators were
explored for their role in the pro-inflammatory
response, but the cell-free supernatant of each indivi-
dual mediator PA14 Tn mutant did not significantly
influence IL-8 release relative to the PA14 wild-type.
Six mutants were associated with the T3SS or T6SS,
which are virulence factors that operate via a one-step
mechanism that injects toxic effector proteins into tar-
get cells [77,78]. Both secretion systems have been
shown to trigger host inflammation by inducing cyto-
kine production such as IL-6, IL-8, and IL-1P in A549
cells and macrophages [79-82]. Furthermore, immuni-
zation with a trivalent vaccine containing PcrV (T3SS),
Oprl, and Hcepl (T6SS) proteins conferred protection
in a murine P. geruginosa pneumonia model [57], and
a phase I/1I trial in pwCF demonstrated that the anti-
PcrV antibody KB001-A was effective in reducing spu-
tum IL-8 levels [58]. However, in this study, none of
the T3SS- or T6SS-related mutants induced altered
inflammatory responses relative to the PA14 wild-
type. A key difference between our study and previous
work is that earlier studies infected cells with live bac-
teria, whereas we employed cell-free supernatants.
Since the P. aeruginosa secretion systems are anchored
to the outer membrane and require this association for
activity, their activity is typically absent in cell-free
supernatants. Nevertheless, P. aeruginosa secretes
OMYVs, which have been implicated in virulence-
associated interactions with lung epithelial cells
[83,84]. While the presence of T3SS or T6SS proteins
in P. aeruginosa OMVs has not been definitively
reported, T3SS effectors and translocon proteins have
been identified in OMVs from other bacteria including
Salmonella enterica and Escherichia coli O157:H7
[85-87].

Analyses of publicly accessible transcriptomic data of
CF sputum revealed high expression of both PA0833
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and IptF. Notably, IptF (Lipotoxin F) is highly expressed
in mucoid P. aeruginosa isolates from chronic CF infec-
tions [62] and, along with PA0833, is secreted via
OMVs [41,42,70,88]. Both proteins have emerged as
promising vaccine candidates. Immunization with
PA0833 has been shown to protect against
P. aeruginosa in a pneumonia mouse model [65,66],
while LptF activated NF-kB in human respiratory
epithelial cells via Toll-like receptor 2 [63].
Additionally, recent immunoinformatic approaches
have designed an epitope-based peptide vaccine based
on LptF that shows high stability and immunogenicity
in silico [64]. Elucidating the specific contributions of
both mediators to inflammation remains an interesting
direction for future investigation.

Conclusion

This study reveals considerable variability in the
inflammatory profile of P. aeruginosa isolates from
pwCF, with some retaining strong inflammatory activ-
ity despite the loss of well-known virulence traits.
Culturing these isolates under physiologically relevant
conditions uncovered mediators that could play a role
in the persistent inflammation in the lungs of pwCF.
Interestingly, these mediators were consistently and
robustly expressed across all analyzed P. aeruginosa
CF sputum transcriptomes. While DksA was the only
mediator for which a pro-inflammatory role could be
confirmed, it is likely that it may act in an additive or
synergistic way with other identified mediators. Hence,
the pro-inflammatory response is probably driven by
multiple mediators in concert rather than a single fac-
tor. Future studies should elucidate potential interac-
tions among mediators underlying the inflammatory
response and identify those with the greatest promise
as therapeutic targets to mitigate chronic inflammation
in P. aeruginosa CF lung infections.
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