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Abstract

AT THE INTERFACE OF THE HUMAN HOST AND BACTERIA:
STRESS SIGNALING VIA CYCLIC AMP AND CALCIUM

By Shriya Iyer

Outer membrane vesicles (OMVs) play a critical role in bacterial-host interactions, influencing
immune signaling and cellular responses. These OMVs influence host responses to bacterial
infections, thereby regulating immunity and pathogenicity. This study investigates the differences
in OMV production and host signaling activation between the laboratory-adapted strain
Pseudomonas aeruginosa PAO1 and two clinically derived isolates. PAO1 and clinical isolates
were cultured under controlled conditions, and OMVs were isolated using size-exclusion
chromatography. Nanoparticle tracking analysis (NTA) quantified OMV production, while a
bioluminescence assay measured cAMP and calcium signaling activation in a THP-1 monocyte
cell line through CREB and NFAT reporter systems.

PAOL exhibited a higher OMV yield per cell but showed a decreasing trend in production over
time, whereas clinical isolates maintained relatively stable OMV output. Bioluminescence assays
demonstrated that PAO1 OMVs elicited a consistent, dose-dependent activation of CREB and
NFAT, aligning with expected cAMP and calcium stimulation. In contrast, the clinical isolates
displayed more variable activation patterns, with fluctuations in NFAT and CREB responses.

These findings highlight strain-specific differences in OMV biogenesis and signaling capacity.
The observed variation in cellular activation suggests that clinical isolates may have evolved
distinct OMV-mediated strategies to modulate host responses. Further investigations into these
mechanisms will provide insight into the evolutionary pressures shaping human immune responses
to bacterial pathogens.
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1. Introduction

Living organisms continuously receive and respond to signals from their environment. The
cells that form these living systems detect and integrate information from both external
surroundings and internal conditions. Signal transduction is the process by which cells transmit
information from sensory molecules, such as cell surface receptors, through signaling molecules
to various intracellular components that trigger specific responses. This coordination of signaling
molecules regulates the functions of the many cells that comprise both simple and complex
organisms, including humans. The intricate networks of signal transduction pathways allow cells
to manage essential processes such as metabolism, movement, growth, division, differentiation,

and death. As a result, signaling is a fundamental aspect of all cellular life.

1.1 Host and environment

1.1.1 Signal transduction

Signal transduction, a fundamental aspect of cell regulation, involves various pathways for
binding of signaling molecules, known as ligands, to receptors that trigger events inside the cell.
Ligand binding alters the receptor’s protein conformation, thereby activating nearby effector
proteins to catalyze the production, release, or influx of small molecules, also called secondary
messengers (Newton et al., 2016). These messengers rapidly diffuse to other cellular proteins to

modify their activities in response to the receptor’s signal.

1.1.2 Role of secondary messengers in biological systems

Secondary messengers are integral to the cell’s ability to sense and respond to
environmental changes. By generating spikes in these messengers, cells can amplify signals and
coordinate precise responses to stimuli (Gonzalez-Espinosa and Guzman-Mejia, 2014). These
molecules are present at low concentrations in the cytosol of resting cells, but they are rapidly
produced, imported from the extracellular milieu, or released from intracellular stores upon
stimulation, such as intracellular stimuli or ligand binding to extracellular receptors (Gonzalez-
Espinosa and Guzman-Mejia, 2014). Dysregulation of secondary messenger pathways is often

associated with disease (Newton et al., 2016).



Among the various classes of secondary messengers—including cyclic nucleotides, lipid
derivatives, small bioactive molecules, and ions—cyclic adenosine monophosphate (cAMP) and
calcium ions (Ca*") are the most extensively studied (Gonzalez-Espinosa and Guzman-Mejia,
2014). cAMP and Ca*ions influence nearly every aspect of cellular life across a wide range of
organisms, from protozoans and plants to humans (Hofer and Lefkimmiatis, 2007). The
interconnectedness of these two molecules is exemplified by the fact that the cAMP pathway is
modulated by Ca?* levels (Hofer, 2012). Notably, mammalian adenylyl cyclases, which synthesize
cAMP, are regulated by Ca** signaling—either directly via Ca** ions or indirectly through enzymes

like CaM kinase, protein kinase C (PKC), or calcineurin (Halls and Cooper, 2011).

1.1.2.1 Cyclic adenosine monophosphate (cAMP)

Cyclic AMP (cAMP), a hydrophilic small molecule and the first identified secondary
messenger, plays a pivotal role in cellular processes, including memory, metabolism, gene
regulation, and immune function in both health and disease states (Sassone-Corsi, 2012) (Serezani
et al., 2008). The synthesis of cAMP is catalyzed by adenylyl cyclase (AC) following receptor
activation, leading to the conversion of adenosine monophosphate (AMP) into cAMP. Once
produced, cAMP activates protein kinase A (PKA), which phosphorylates serine and threonine
residues on downstream effector proteins, thereby modulating various cellular responses (Newton
et al.,, 2016). A key target of PKA is the cAMP response element-binding protein (CREB), a

transcription factor that regulates genes involved in cell cycle, and metabolism (Patra et al., 2024).

1.1.2.2 Calcium ions

Calcium ions (Ca*") serve as ubiquitous intracellular messengers, playing an essential role
in processes such as muscle contraction, synaptic transmission, gene expression, and immune
signaling. Cells maintain a tightly regulated intracellular Ca**concentration, with a steep gradient
between the cytoplasm and extracellular environment, estimated at approximately 20,000-fold
(Clapham, 2007). Cells are naturally at low cytoplasmic Ca?‘concentrations, but Ca** ions are
easily mobilized upon stimulation, triggering specific cellular responses. Unlike other secondary
messengers that must be synthesized enzymatically upon stimulation, Ca** ions are immediately
available in large quantities. This rapid mobilization is achieved by influx of Ca*" through
membrane-embedded channels separating the cytoplasm from calcium stores, thereby releasing

Ca?" across the existing electrochemical gradient (Endo, 2006).



1.1.3 cAMP and Ca** regulation of membrane channels

1.1.3.1 CFTR channel

cAMP and Ca*'spikes regulate numerous channels within the body that play key roles at the
host-environment interface. One such channel, the cystic fibrosis transmembrane conductance
regulator (CFTR), is an anion channel essential for maintaining salt and fluid balance across
epithelial membranes (Levring et al., 2023). Proper CFTR function is essential for controlling
mucus hydration and viscosity, which are key to airway clearance (Hanssens et al., 2021). CFTR
activity is primarily regulated by cAMP. Elevated intracellular cAMP levels activate PKA, which
phosphorylates CFTR, increasing its open probability and facilitating anion transport into the
airway lumen (Murabito et al., 2023). This may control the osmolarity or the pH of the extracellular
milieu if chloride or bicarbonate ions, respectively, pass through CFTR, ensuring optimal mucus
biophysical properties. Ca** signaling further supports airway fluid homeostasis by promoting
activation of calcium-activated channels, which also can impact fluid secretion (Bozoky et al.,
2017). Together, cAMP and Ca?*" spikes regulate CFTR and other channels, which can, in turn,
influence pathogen-host interactions at mucosal surfaces (e.g., lung and gut). Through these
channels, cCAMP and Ca?' ions contribute towards both the establishment of a stable commensal
microbiome in the gut and the elimination of pathogenic bacteria via mucus clearance in the lung.

In CF, mutations in the CFTR gene disrupt the function of this critical channel (Chen et al.,
2021). Disease-causing mutations lead to the absence of CFTR proteins (stop mutations), or to
defective CFTR proteins that are misprocessed by the endoplasmic reticulum and/or fail to reach
the cell membrane and/or show defective anion transport (missense mutations). The F508del
mutation, the most commonly detected among CF patients, involves a specific amino acid deletion
within the CFTR protein sequence (Chen et al., 2021). The defective CFTR channel and resulting
imbalances in ion and fluid transport create an environment conducive to infection. Pseudomonas
aeruginosa, an opportunistic pathogen, frequently colonizes the CF lung, accelerating the decline
in pulmonary function. This pathogen exhibits substantial resistance to both innate immune
defenses and antibiotics, enabling it to evade host responses (Malhotra et al., 2019). Calcium has
been shown to accumulate in the pulmonary fluids of CF patients, and in response to these elevated
calcium levels, P. aeruginosa increases the production of secreted virulence factors through a
calcium-binding protein, known as PA4107 (Sarkisova et al., 2014). These adaptations further

enhance the pathogen's ability to persist in the CF lung, accelerating disease progression.



1.1.3.2 TRP channel

Transient receptor potential (TRP) channels are essential signaling proteins that function as
sensors for a variety of cellular and environmental cues. Mammals express 28 distinct TRP channel
proteins, which are classified into seven subfamilies based on amino acid sequence homology.
These channels are crucial for sensory responses to stimuli such as heat, cold, pain, stress, vision,
and taste (Zhang et al., 2023). TRP channels are not only involved in these sensory functions but
also play a significant role in cellular signaling by being targets of phosphorylation by PKA, the
primary effector of cAMP signaling (Cantero et al., 2015). This links TRP channels to the broader
signaling pathway involving cAMP.

TRP channel activation leads to a rise in intracellular calcium, either through the channels
themselves or via other signaling mechanisms, such as G-protein coupled receptors (Hasan and
Zhang, 2018). This Ca** ion influx is particularly relevant in the context of CF, where TRP
channels like TRPA1, TRPC6, TRPV4, and TRPV6 are activated by pathogens such as P.
aeruginosa (Grebert et al., 2019). The resulting increase in intracellular Ca** levels triggers the
production of inflammatory mediators, amplifying the inflammatory response. In this way, TRP
channels serve as crucial integrators of both cAMP and Ca?* signaling, linking cellular responses

to environmental stimuli and contributing to disease processes like those observed in CF.

1.2 Host-pathogen interactions

Pathogens can interfere with signal transduction in host cells as a survival tactic. Many
successful bacterial pathogens evade immune detection by modifying their surface, disrupting
signaling pathways triggered by receptor-ligand interactions, or utilizing alternative receptors
(Rosenberger and Finlay, 2003). Some pathogens exploit the damaging effects of an excessive
inflammatory response on the host, while others survive by suppressing or evading the host
immune response. By altering host signaling, these pathogens impair the intercellular

communication required to clear the infection.

1.2.1 Pathogen-associated molecular patterns and damage-associated molecular patterns
Host cells recognize the presence of a pathogen through pathogen-associated molecular
patterns (PAMPs) present on the surface of pathogenic microorganisms, for example, flagellin and

pili (De Lorenzo et al., 2018). They are recognized by pattern recognition receptors (PRRs)



expressed on both immune and nonimmune cells, activating proinflammatory and antimicrobial
responses in innate immune cells. In contrast, cells release DAMPs as endogenous danger signals
that alert the innate immune system to cell damage, microbial invasion, and in general, response
to stressors (Tang et al., 2012).

Lipopolysaccharide (LPS), a key structural component of the outer membrane of most
gram-negative bacteria, is a prototypical PAMP that can be recognized by multiple host receptors,
including Toll-like receptors (TLRs). Recognition of PAMPs may also activate intracellular
scaffolds named inflammasomes, leading to the release of proinflammatory cytokines (Qin et al.,
2022). However, pathogens like Pseudomonas aeruginosa can evade or promote tolerance by the
host immune system by decreasing the secretion and extracellular presence of virulence factors or
by delivering them directly into host cells. A critical component of this immune evasion strategy
is outer membrane vesicles (OMVs), which transport bacterial proteins, lipids, and nucleic acids

to host cells, bypassing immune defenses and promoting bacterial colonization (Qin et al., 2022).

1.2.2 Extracellular vesicles and outer membrane vesicles

Eukaryotic cells release extracellular vesicles (EVs) as part of a wide range of biological
processes, from regulating metabolism in normal physiology to playing a role in pathological
conditions such as infection and cancer. EVs, by definition, are nanosized lipid particles secreted
by nearly all living cells, carrying bioactive molecules that move between cells and transmit signals
to regulate processes like cell growth. (Zou et al., 2022). In host cells, EVs can help combat
bacterial infections by removing damaged membranes, expelling and neutralizing bacteria, viruses,

and toxins, and activating both innate and adaptive immune responses throughout the body.

In Gram-negative bacteria, extracellular vesicles are referred to as outer membrane vesicles
(OMVs). These spherical, non-living nanostructures, ranging from 20 to 300 nm in size, originate
from the bacterial cell envelope (Sartorio et al., 2021). Their membranes contain
lipopolysaccharides, glycerophospholipids, and outer membrane proteins, while their interior
compartments house proteins, DNA, and RNA molecules (Xie et al., 2024). OM Vs can travel long
distances from their parent bacteria, delivering toxins and immunomodulatory molecules to remote
sites without direct bacterial contact. One mechanism by which OMVs facilitate immune evasion
is by acting as decoys for antimicrobial agents such as antibodies, weakening host immune

defenses (Tiku and Tan, 2021). For example, OMVs from Pseudomonas aeruginosa carry



virulence factors such as alkaline phosphatase, phospholipase Cs, B-lactamase, and the CFTR
Inhibitory Factor (Cif), which impair bacterial clearance in the lungs of CF patients and aid in

outcompeting other microbial species in the lung (Augustyniak et al., 2022) (Xie et al., 2024).

OMVs are essential in shaping host-bacteria interactions, particularly through the delivery of
various virulence factors, including toxins, siderophores, immune evasion proteins, adhesins, and
antibiotic resistance factors (Sangiorgio et al., 2024). OMVs also play a key role in immune
modulation by carrying immunogenic molecules such as LPS, flagellin, and peptidoglycan, which
stimulate host immune responses via TLRs. Encapsulation within vesicles ensures the
concentrated and protected delivery of these factors to host cells, increasing their potency while
shielding them from immune detection and extracellular degradation by host proteases (Sangiorgio
et al., 2024). The process of OMV entry into eukaryotic host cells can occur via mechanisms like
endocytosis, phagocytosis, and membrane fusion, depending on the vesicle type and the target cell.
Overall, OMVs serve as extensions of the bacteria, allowing them to exert influence on host

cellular processes, including signal transduction pathways such as cAMP and Ca** regulation.

1.2.3 The effect of pathogens on cAMP and Ca* levels

Pathogenic bacteria commonly increase cAMP levels in neighboring host cells through various
mechanisms, including the direct release of cAMP, the induced production of cAMP via secreted
bacterial adenylyl cyclase (AC) toxins, or the stimulation of host ACs (McDonough and
Rodriguez, 2012). Some bacterial pathogens are also able to alter the host’s intracellular Ca** levels
by activating Ca** flux across the plasma membrane and, releasing Ca®" from intracellular stores
into the cytosol (King et al., 2020). In some cases, alterations in host intracellular Ca** levels have

been implicated in promoting bacterial adherence and entry into host cells (King et al., 2020).

1.2.4 Altered cAMP and Ca*" levels impair immune function

High intracellular cAMP levels can hinder innate immune functions by altering the expression
of inflammatory mediators like IL-10, diminishing the phagocytic response, and decreasing the
intracellular elimination of ingested pathogens (McDonough and Rodriguez, 2012; Ernst et al.,
2019). Additionally, in epithelial cells, high intracellular cAMP levels activate the CFTR channel,
leading to chloride efflux and flushing of the luminal content, an evolutionary strategy used by

certain bacteria for clearing out the preexisting microbiota (Nguyen et al., 2021). High cAMP also



blocks the TRP channel of melastatin type 8 (TRPMS) channel, which initially induces mucus
secretion and leukocyte recruitment in cold ambient temperatures (De Petrocellis et al., 2007;
Nguyen et al., 2021). Interestingly, TRPMS activation leads to a Ca** spike that leads to delayed
CFTR activation (and eventual mucus flushing). A sustained increase in intracellular Ca?* levels
is a hallmark of cell injury. Elevated calcium levels can disrupt the cytoskeleton, contribute to cell
swelling, and alter permeability of the plasma membrane, mitochondrial membrane, or

endoplasmic reticulum membrane, leading to cellular damage (Rajasekaran et al., 2011).

1.3 Significance of research project

1.3.1 Pathogenic bacteria (Pseudomonas)

This project examines one main bacterial pathogen: Pseudomonas aeruginosa.
Pseudomonas aeruginosa is an environmental bacterium that causes opportunistic infections in
humans. It is ubiquitous, found in water sources, on the surfaces of fruits and vegetables, in sinks,
showerheads, and on medical devices such as catheters (Saussereau and Debarbieux, 2012). P.
aeruginosa’s adaptability to diverse growth conditions is enabled by a wide array of metabolic
pathways and regulatory genes. The bacterium’s nutritional flexibility, numerous virulence
factors, and high antibiotic resistance make it particularly challenging to eradicate, especially in
chronic lung infections in CF patients (Wu et al., 2015). For research purposes, the PAO1
laboratory strain serves as the standard reference strain for studying P. aeruginosa genetics, as
well as the physiological and metabolic functions of this bacterium (Klockgether et al., 2010).

P. aeruginosa depends on cAMP signaling for critical functions, including virulence factor
production and biofilm formation (Fuchs et al., 2010). Calcium signaling also plays a critical role
in P. aeruginosa virulence and adaptive responses. The bacterium detects external Ca** levels as a
physiological cue, triggering changes in the abundance of intracellular proteins and the secretion
of virulence factors such as alginate, pyocyanin, and proteases (Guragain et al., 2016). These Ca**-
induced shifts enhance biofilm formation and increase bacterial motility, facilitating persistence
in host tissues. Additionally, Ca** levels can regulate the expression of proteins involved in iron
acquisition, nitrogen metabolism, and stress responses (Guragain et al., 2016). These findings

underscore the critical regulatory role of secondary messengers in P. aeruginosa virulence.



1.3.2 CREB- and NFAT-responsive human monocyte reporter cell lines

Monocytes play a crucial role in the mammalian immune system, serving as key defenders
against bacterial infections. Their ability to sense and respond to bacterial components is essential
for orchestrating innate immune responses. To investigate the signaling pathways activated in
monocytes upon bacterial exposure, we employ the THP-1 cell line—a spontaneously
immortalized monocyte-like line derived from a child with acute monocytic leukemia—as a model
for primary human monocytes (Bosshart and Heinzelmann, 2016). This study specifically utilizes
THP-1 CRE-Luc2 and THP-1 NFAT-Luc2 cell lines, which express a luminescent luciferase
reporter gene regulated by intracellular cAMP and Ca** levels, respectively.

As mentioned previously, the cAMP signaling pathway is initiated through adenylyl
cyclase activation, which increases intracellular cAMP levels. This, in turn, activates protein
kinase A (PKA), leading to the phosphorylation of cAMP response element-binding protein
(CREB), a transcription factor that binds to CRE within target gene promoters, enhancing their
transcription (Wang et al., 2018). In the THP-1 CRE-Luc2 line, this cascade drives the expression
of the luciferase reporter gene, providing a quantifiable readout of cAMP signaling activity
(Figure 1A). Calcium signaling involves the activation of calcineurin by Ca?*"-bound calmodulin.
Calcineurin dephosphorylates the nuclear factor of activated T cells (NFAT), enabling its

translocation into the nucleus, where it regulates gene transcription (Zhang et al., 2024). The THP-
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1.3.3 Project: investigating
the effects of P. aeruginosa OMVs on immune cell signaling.

This study examines OMVs as central agents in host-microbe and interactions. As
previously mentioned, gram-negative bacteria release OMVs that serve as versatile secretion and
transport mechanisms. Given their ability to influence host cellular pathways, including signal

transduction mechanisms such as cAMP and calcium regulation, OMVs are not only



fundamental to bacterial survival and infection but also critical to understanding host-pathogen
interactions. We anticipate that exposure to OMVs from bacterial supernatants will lead to
measurable changes in cAMP and calcium levels in target host cells. Specifically, given the role
of P. aeruginosa in modulating these pathways in epithelial cells, our central hypothesis is that
P. aeruginosa OMVs alters cAMP and Ca?* signaling in human monocytes, key players in
infection clearance and regulation of inflammation. To test this hypothesis, we leverage the
luminescent reporter cell lines described above. This is particularly relevant in the context of CF,
where chronic P. aeruginosa infections are associated with decade-long inflammation and

progressive lung damage.



2. Methods

2.1 Bacterial culture

An overnight primary culture of P. aeruginosa strains was started by inoculating 5 ml of
Luria-Bertani (LB) broth in a 14 ml snap cap culture tube in aseptic conditions. For PAO1 and
clinical isolate 2 (CF2), cultures were initiated from previously streaked agar plates, while
glycerol stock was used for Clinical Isolate 1 (CF1). The tube was incubated overnight in a 37°C
shaker at 220 rpm. The incubation duration varied by strain, with PAO1 and CF1 incubated for
approximately 14 hours, while CF2 was optimized to grow for closer to 24 hours before
subculturing due to slower initial growth. For the secondary culture, 5% of primary overnight
culture was transferred to LB (100 mL for PAO1, 140 mL for both clinical isolates) in a sterile
250 mL Erlenmeyer flask under an aseptic zone. The mixture was homogenized by pipetting up
and down and incubated at a 37°C shaker at 220 rpm for bacterial growth.

At the zero-hour timepoint and each two-hour timepoint afterwards, 15 mL of culture
were collected for analysis. The sample was centrifuged at 3,000 x g for 10 minutes to separate
intact bacterial cells from the supernatant and carefully transferred to a new sterile 50 mL conical
tube, ensuring no disruption of the pellet. For quality control, spot plating was performed on
1.5% LB agar plates at each timepoint to determine colony-forming units (CFU/mL).
Additionally, optical density (ODsoo) measurements using a spectrophotometer (Molecular
Devices, SpectraMax M2e) were recorded to track bacterial growth. This procedure was

followed for all bacterial strains.

2.2 OMVY isolation

The overall procedure is depicted in Figure 2. In brief, [zon 70 nm qEV size-exclusion
columns were used for OMV isolation following an initial concentration step, precisely, 15 mL
of bacterial supernatant was first concentrated using an Amicon Ultra Centrifugal Filter (50 kDa)
to obtain a volume 500 pL before loading onto the column. The upper and lower caps of the
column were then removed, allowing residual PBS to drain. The column was washed by adding
20 mL of PBS, which was allowed to flow through completely.

For OMV isolation, 500 pL of the concentrated bacterial sample was carefully loaded
onto the washed column, allowing the sample to flow into the resin by removing the bottom cap.

Once fully absorbed, 500 uL of PBS was added five times, totaling 3.0 mL of flowthrough (500



pL sample and 2.5 mL PBS), and these fractions were discarded. Next, 500 uL of PBS was
added three more times, and this 1.5 mL of collected fractions were transferred into a 1.5 mL
Eppendorf tube and stored on ice for further processing. Before running a new sample, the qEV
column was cleaned with 20 mL of PBS to remove residual material.

For final OMV concentration, the 1.5 mL of collected sample was loaded into an Amicon
Ultra Centrifugal Filter (10 kDa), with the cap facing up. The column was spun at 3,000 x g for
10 minutes, followed by additional 1-2 minute spin cycles until the volume was reduced to 500
pL. The column was then flipped cap-side down and spun again at 3,000 x g for 1 minute to
collect the entire 500 pL sample into the cap. (7) Prepare Column  (2) Load sample  (3) Elution  (4) Concentration
The final concentrated sample was transferred

Smi. PAS added / 2.5mL PBS added 1.5 mL PBS added

to a 1.5 mL Eppendorf tube and placed at - st coumn

Solvent (PBS)

80°C for future use. The 10 kDa Amicon filter . - E— —

was washed between uses but was not used '

more than three times before replacement.

Figure 2. OMV isolation procedure * 2R
(courtesy of Ziya Jiwani) Fracions (500 ) secuentlycolcted
2.3 Nanoparticle tracking analysis (NTA)

To quantify OMV counts, the NanoSight 300 (Malvern Panalytical), equipped with the
NanoSight 96-well sampling assistant and NTA software, was used for data acquisition and
analysis. Prior to sample loading, the 96-well plate was thoroughly washed with deionized (DI)
water to eliminate potential contaminants. OMV samples were then diluted in sterile 1x phosphate-
buffered saline (PBS), with a sample known to contain EVs selected as a reference. Experimental
wells were assigned specific sample names, and corresponding dilution factors were inputted into
the system, with a 20x dilution determined to be optimal for maintaining countable OMV
concentrations. Periodic checks were conducted throughout the experiment to ensure system

integrity and address any deviations to maintain data accuracy.

2.4 THP-1 cell culture, OMYV exposure and luminescence assay

THP-1 cells (THP-1 CRE-Luc2 - TIB-202-CRE-LUC2; THP-1 NFAT-Luc2 - TIB-202-
NFAT-LUC2) were purchased from ATCC and propagated per manufacturer’s guidelines. For



OMYV exposure and luminescence quantification, THP-1 cells were seeded at 50,000 cells per
well, with the exception of wells designated for luciferase and media + substrate controls. To
minimize signal interference and ensure accurate luminescence measurements, a 96-well white
flat-bottom plate was used with empty wells between sample arranged in a zig-zag pattern.
Positive controls were, for the CREB reporter line (cAMP signaling), forskolin at 2.5, 5,
10, and 20 uM concentrations, and for the NFAT reporter line (Ca** signaling), ionomycin at
0.25,0.5, 1, and 2 uM concentrations. PAO1 OMVs were tested at a concentration of 8, 40, and
200 million OMVs per condition, while assays using pooled OMVs from each bacterial strain
were tested at 50, 100, and 200 million OMVs per condition. Bright-Glo Reagent (Promega
Corporation, Madison, WI) was used to generate the luminescent signal across all conditions,
with luciferase serving as a positive control for the substrate. Luminescence measurements were

recorded at 4- and 8-hour timepoints to evaluate cellular activation in response to each condition.



3. Results

3.1 Growth rate of the PAO1 lab-adapted strain of P. aeruginosa

To study the growth rate of P. aeruginosa PAO1, ODsoo measurements were recorded at
two-hour intervals over an eight-hour period across five independent collections (Figure 3). As
expected, the growth curves demonstrated a steady increase in bacterial cell density over time.
After multiple technical repeats, it was determined that timepoint six (T6) represented the
exponential growth phase without nearing the stationary phase, indicating active bacterial

proliferation. As a result, T6 was selected for all downstream applications, including quality

control, OMV count, and luminescence 2.5
assays. Additional collections were 2
. 815
subsequently performed with Q%
) o 1
measurements taken exclusively at T6.
0.5
Figure 3. Growth curves of PAOL1. 0
ODgop measurements were recorded at 2-hour time 0 2 4 6 8

intervals across five independent collections (Replicate
1-5). The x-axis denotes time (in hours), while the y-
axis indicates ODggo, which serves as a proxy for
bacterial cell density. The graph shows growth dynamics ]| =) e el =
at each collection.

Time (hr)

To confirm OD readings, spot plating of PAO1 was performed at two-hour intervals to
evaluate colony-forming units (CFUs) (Figure 4). The plates show a progressive increase in
CFUs over time, with countable colonies appearing at higher dilutions as bacterial growth

progresses.

Figure 4. Spot plating of PAOL.
Representative figure displays serial dilutions from 10! to 108, with three technical repeats per dilution across timepoints TO-TS.



CFU/mL calculations at the
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For each replicate, CFU counts from three
technical repeats were averaged, and values
were back-calculated to represent CFU per
milliliter. Error bars indicate standard error.

Collection

To ensure sample consistency across independent collections, ODsoo measurements at T6
from collections 6.1-7.3 were compared to those from full growth curve collections (Replicates
1-5). The results showed comparable ODsoo values, supporting consistency in bacterial growth

dynamics (Figure 6). T6

Figure 6. PAO1 ODsoo at the
6-hour timepoint.

For collections 6.1-7.3, only
samples at timepoint six were
measured and collected. ODsoo
measurements for these
replicates were compared with
those from replicates 1-5,
which underwent a full growth
curve analysis. Error bars
indicate standard error.
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NanoSight was
used to quantify OMV concentrations at multiple timepoints (Table 1). Several dilutions were
tested to determine the optimal dilution factor that provided OMV counts within the ideal
countable range of 15-50 particles per frame. Based on these trials, a 20x dilution was found to
be the most suitable for obtaining reliable OMV concentrations.
Table 1. PAO1 OMV counts from NanoSight.

This table presents NanoSight data for all isolated PAO1 OMVs, including the average particle concentration (particles/mL) and
articles per frame average at various timepoints and dilution factors.

PAO1 NanoSight counts
Dilution Concentration average
Replicate Timepoint factor (particles/mL) Particles / frame average
T0 50x 2.18E+10 23.8
1 T0 100x 1.22E+10 6.7
T0 1000x 2.86E+10 1.6
TO 20x 1.32E+10 36.2




T0 10x 2.69E+09 14.7
T2 50x 9.52E+09 10.4
T2 100x 1.15E+10 6.3
T2 1000x 4.29E+10 2.3
T2 20x 5.24E+09 14.3
T2 10x 3.07E+09 16.8
T6 50x 1.29E+10 14
T6 100x 9.07E+09 5
T6 1000x 9.40E+10 5.1
T6 20x 9.54E+09 26.1
T6 10x 4.24E+09 23.2
T8 50x 5.13E+09 5.6
T8 100x 6.09E+09 33
T8 1000x 1.20E+10 0.7
T8 20x 6.68E+09 18.2
T8 10x 5.51E+09 30.1
T0 100x 1.57E+11 8.6
T2 100x 2.64E+11 144
2 T4 100x 6.70E+11 36.6
T6 100x 1.86E+11 10.2
T8 100x 6.15E+11 33.6
T0 10x 2.99E+09 16.3
T0 20x 4.06E+09 11.1
T2 10x 3.52E+09 19.2
T2 20x 3.20E+09 8.7
3 T4 10x 5.14E+09 28.1
T4 20x 1.66E+10 453
T6 10x 4.00E+09 21.9
T6 20x 5.40E+09 14.8
T8 10x 1.12E+11 67.6
T8 20x 8.30E+09 22.7
T0 10x 6.87E+09 37.5
T0 20x 2.78E+09 7.6
T2 10x 1.30E+09 7.1
T2 20x 8.76E+09 23.9
4 T4 10x 2.70E+09 14.7
T4 20x 3.29E+09 9
T6 10x 5.78E+09 31.6
T6 20x 6.65E+09 18.2
T8 10x 1.65E+10 90.2
T8 20x 1.31E+10 35.8
5 T6 20x 8.97E+09 24.5
T8 20x 1.84E+10 50.2
6.1 T6 20x 6.86E+09 18.7
6.2 T6 20x 8.46E+09 23.1
6.3 T6 20x 1.16E+10 31.7
6.4 T6 20x 4.24E+09 11.6
6.5 T6 20x 1.05E+10 28.8
6.6 T6 20x 2.23E+09 6.1

Bioluminescence assays were conducted to evaluate CREB and NFAT activation in
response to PAO1 OMVs. CREB activation was measured at four and eight hours across three
independent experiments (A, B, and C) (Figure 7). When forskolin was used as a stimulant,
relative luminescence unit (RLU) values increased up to 10 uM, after which a plateau was

observed, suggesting a saturation point for CREB activation (Figure 7A). When PAO1 OMVs



were tested, Experiment B showed peak activation at 40 million OMVs after 8 hours, whereas
Experiments A and C exhibited either a linear increase or minimal response at both timepoints

(Figure 7B).
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Figure 7. Activation profile of THP-1 CREB reporter line.

Luminescence was measured at 4- and 8-hour timepoints in 3 independent experiments (A, B, and C). Colored dots represent
mean RLU values, with lines indicating smoothed trends. (Left) RLU at forskolin concentrations (0, 5, 10, 20 uM) shows an
initial rise, followed by a plateau, suggesting a dose-dependent response. (Right) RLU at PAO1 OMYV levels (8, 40, 200 x 10°)
shows peak activation in Experiment B at intermediate OMYV levels, while A and C exhibit minimal responses.
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Similarly, NFAT activation was assessed across five independent experiments (A, B, C,
D, and E) at 4- and 8-hour timepoints (Figure 8). NFAT activation increased with ionomycin
stimulation up to 0.5 uM, after which no further increase was observed, indicating a threshold
for NFAT response. Notably, Experiment D exhibited higher NFAT activation upon ionomycin
stimulation than the other experiments, which may be attributed to a freshly prepared ionomycin
stock used in that experiment, potentially increasing drug potency (Figure 8A).

When PAO1 OMVs were tested, Experiments A, B, D, and E showed an increase in
NFAT activation with increasing OMV concentrations, though the magnitude of activation
varied. Experiment A utilized OMV concentrations of 25, 125, and 625 x10°, which are on the
higher end in terms of physiological relevance (based on our unpublished data, showing an
average of 2x10° EVs/cell in CF sputum fluid, 1% of which are OMVs = 2x10° / cell).
Considering that we plate 50 x103 THP-1 cells per well, a reasonable range for OMV exposure
would thus be centered around ~100x10°. Thus, subsequent experiments (B, C, D, and E) tested
lower concentrations of 8, 40, and 200 x10® OMVs, resulting in a reduced activation response
compared to Experiment A. This change in experimental design likely explains the more
pronounced trend of NFAT activation with increasing OMV numbers in Experiment A (Figure

8B). Methodological differences may have also affected activation patterns across experiments.



For example, a newly prepared luciferin substrate was used in Experiments D and E, which may

account for the stronger activation observed in these trials compared to Experiments B and C.
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Figure 8. Activation profile of THP-1 NFAT reporter line.

Luminescence was measured at 4- and 8-hour timepoints in 3 independent experiments (A, B, and C). Colored dots represent
mean RLU values, with lines indicating smoothed trends. (Left) RLU at ionomycin concentrations (0—4 pM) shows an initial
rise, followed by a plateau, suggesting a dose-dependent response. (Right) RLU at PAO1 OMYV levels (8, 40, 200 x 10°) shows
variability in NFAT activation, with some experiments increasing with OMYV levels while others show minimal change.

3.2 CF P. aeruginosa clinical isolate 1 (CF1)

Similar to PAO1, ODsoo measurements of CF1 were recorded at two-hour intervals, but
attributing to a slower growth of clinical isolates in lab settings, a 12-hour time course was opted
for growth curve study across six independent collections CF1 demonstrated a steady increase in

bacterial density over

time, with consistent ?
trends across technical g '
repeats (Figure 9). 8 !

0.5
Figure 9. Growth curves of CF1. 0

ODgoo measurements were
recorded at 2-hour time intervals
across six independent collections Time (hr)
(Replicate 1-6). The x-axis
denotes time (in hours), while the
y-axis indicates ODggo, Which
serves as a proxy for bacterial cell
density. The graph shows growth dynamics at each collection.
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To confirm OD readings, spot plating of PAO1 was performed at two-hour intervals to
evaluate CFUs (Figure 10). The plates show a progressive increase in CFUs over time, with

countable colonies appearing at higher dilutions as bacterial growth progresses.



Figure 10. Spot plating of CF1.
Representative figure displays serial dilutions from 10! to 108, with three technical repeats per dilution across timepoints TO-TS.

CFU/mL calculations over time showed a general increase in bacterial density, with the

highest values observed at eight hours (Figure 11). Timepoints 10 and 12 are not shown due to

excessively high CFU counts (too many to count, TMTC).
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Figure 11. CFU/mL of CF1 over time.
For each of the five biological replicates,
CFU counts from three technical repeats
were averaged, and values were back-

calculated to represent CFU per milliliter.

Error bars indicate standard error.
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To ensure sample consistency across independent collections, ODsoo measurements at T6

from collections 7-9 were compared to those from full growth curve collections (Replicates 5-

6.3) (Figure 12). The results

show comparable ODsoo,

supporting consistency in

growth dynamics.

Figure 12. CF1 ODsoo at the 6-hour

timepoint.

ODsoo measurements for these replicates

were compared with those from

replicates 5-6.3, which underwent a full

growth curve analysis.

Error bars

indicate standard error.
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NanoSight was used to quantify OMV concentrations from CF1 cultures at various timepoints

(Table 2). OMV counts showed less variability across timepoints than for PAO1 cultures (Table

1), with concentrations ranging from 3.14 E+08 to 1.61 E+09 particles/mL at the two-hour

timepoint and 4.66 E+09 to 6.51 E+09 particles/mL at the twelve-hour timepoint.

Table 2. CF1 OMYV counts from NanoSight.

This table presents NanoSight data for all isolated CF1 OMVs, including the average particle concentration (particles/mL) and
articles per frame average at various timepoints and dilution factors.

CF1 NanoSight Counts
Dilution Concentration average
Replicate Timepoint factor (particles/mL) Particles / frame average

TO 10x 8.20E+08 6.6
TO 20x 7.58E+08 2.9
T2 10x 4.35E+08 4.5
T2 20x 3.14E+08 2

1 T4 10x 4.38E+08 4.2
T4 20x 5.28E+08 2.3
T6 10x 1.52E+09 10.4
T6 20x 1.34E+09 5.8
T8 10x 1.05E+09 7.8
T8 20x 1.03E+09 4.5
TO 10x 8.26E+08 4.5
TO 20x 1.18E+09 3.2
T2 10x 2.84E+08 1.6
T2 20x 2.58E+08 0.7

) T4 10x 3.27E+08 1.8
T4 20x 3.50E+08 1
T6 10x 5.88E+08 3.2
T6 20x 1.14E+09 3.1
T8 10x 2.83E+08 1.5
T8 20x 3.22E+08 0.9
T6 20x 4.65E+08 1.3

3 T8 20x 1.61E+09 4.4
T10 20x 6.65E+09 3.6
T12 20x 3.38E+09 1.8




T12 2.2x 3.18E+08 17.4
4.1 T10 20x 4.26E+09 11.6
4.2 T10 20x 8.34E+09 22.8
4.3 T10 20x 1.30E+09 3.6
4.1 T12 20x 1.49E+09 4.1
4.2 T12 20x 2.58E+09 7.1
43 T12 20x 1.78E+09 4.9
5.1 T6 20x 8.87E+08 2.4
52 T6 20x 7.51E+08 2.1
s T6 20x 2.08E+09 5.7
5.1 T8 20x 5.93E+09 16.2
52 T8 20x 3.84E+09 10.5
5.3 T8 20x 5.50E+08 1.5
5.1 T10 20x 1.82E+09 5
52 T10 20x 5.18E+09 14.2
5.3 T10 20x 3.33E+09 9.1
5.1 T12 20x 6.51E+09 17.8
52 T12 20x 4.66E+09 12.7
53 T12 20x 1.21E+09 33

3.3 Cystic Fibrosis P. aeruginosa clinical isolate 2 (CF2)
ODsoo measurements of CF2 were recorded at two-hour intervals over a 12-hour period
across three independent collections (Figure 13). The growth curves demonstrated a steady

increase in bacterial density over time, with consistent trends observed across technical repeats.

Figure 13. Growth curves of
CF2.

ODgop measurements were
recorded at 2-hour time intervals
across 3 independent collections.
Collection 1 included six technical
repeats (Replicates 1.1-1.6), while
Collections 2 and 3 included three
technical repeats each. The x-axis
represents time (hours), and the y-
axis represents ODsoo, serving as a
proxy for bacterial cell density.
The graph illustrates growth 0.5
dynamics across collections.
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assess CFU counts, but due to the mucoid nature of the isolate, countable CFUs could not be
obtained at any dilution (Figure 14). Over time, serial dilutions ranging from 10° to 107
exhibited increased bacterial growth under light, confirming cell viability despite the inability to

quantify individual colonies.



Next, NanoSight analysis was performed to quantify OMV concentrations from CF2
cultures at multiple timepoints (Table 3). The highest OMV concentrations were detected at
earlier timepoints. At T6, concentrations ranged from 1.45E+09 to 1.56E+10 particles/mL, while

by T12, values had a greater range of 6.56E+07 to 3.91E+09 particles/mL.

Figure 14. Spot
Plating of CF2.
Representative figure
displays serial dilutions
from 10! to 107, with
three technical repeats
for two different
collections spotted on
the same plate with
three technical repeats
per dilution across
timepoints TO-T12.
Due to the mucoid
nature of the isolate,
countable CFUs could
not be obtained at any
dilution.

Table 3. CF2 OMYV counts from NanoSight.
This table presents NanoSight data for all isolated CF2 OMVs, including the average particle concentration (particles/mL) and
articles per frame average at various timepoints with a 20x dilution factors.

CF2 NanoSight Counts
Dilution Concentration average
Replicate Timepoint factor (particles/mL) Particles / frame average

1.1 T6 20x 7.75E+09 21.2
1.2 T6 20x 4.11E+09 11.2
1.3 T6 20x 2.74E+09 7.5
1.4 T6 20x 1.56E+10 42.7
1.5 T6 20x 1.45E+09 4
1.6 T6 20x 5.45E+09 14.9
1.1 T8 20x 4.63E+09 12.6
1.2 T8 20x 3.04E+09 8.3
1.3 T8 20x 9.84E+09 26.9
1.4 T8 20x 5.73E+09 15.7
1.5 T8 20x 6.77E+09 18.5
1.6 T8 20x 9.58E+09 26.2
1.1 T10 20x 1.16E+09 63.3
1.2 T10 20x 1.05E+08 5.7
1.3 T10 20x 5.42E+07 3
1.4 T10 20x 1.83E+08 10
1.5 T10 20x 1.53E+08 8.4
1.6 T10 20x 1.44E+09 78.6
1.1 T10 20x 2.07E+09 5.6
1.2 T10 20x 4.08E+09 11.2
1.3 T10 20x 2.30E+09 6.3
1.4 T10 20x 3.34E+09 9.1
1.5 T10 20x 2.61E+09 7.1
1.6 T10 20x 1.16E+09 3.2
1.1 T12 20x 7.46E+07 4.1




1.2 T12 20x 2.05E+08 11.2
1.3 T12 20x 7.05E+07 39
1.4 T12 20x 1.32E+08 7.2
1.5 T12 20x 8.63E+07 4.7
1.6 T12 20x 6.56E+07 3.6
1.1 T12 20x 1.49E+09 4.1

1.2 T12 20x 3.91E+09 10.7
1.3 T12 20x 2.66E+09 7.3
1.4 T12 20x 2.23E+09 6.1

1.5 T12 20x 1.24E+09 34
1.6 T12 20x 2.19E+09 6

3.4 Comparative analysis between P. aeruginosa strains

Quantification of OMVs per cell across the three bacterial strains revealed distinct trends

(Figure 15). The number of OMVs per cell for PAO1
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To assess NFAT and CREB activation across strains, OMVs from each timepoint were
pooled for each strain and reconcentrated to 500 puL before incubation with THP-1 reporter cell
lines and luminescence analysis. The total OMV count in each pooled sample was calculated by
summing the counts from individual timepoints. For example, CF1 OMVs from T6, T8, T10, and
T12 were combined, and the total OMV concentration was determined by aggregating their

respective counts based on the volume concentrated and the averaged concentration from pooled



samples (Table 4). This approach ensured that the assays reflected the cumulative OMV

production of each strain rather than a single timepoint.

Table 4. Cumulative OMYV counts obtained from NanoSight.

This table presents NanoSight data for all bacterial strains, including the average particle concentration (particles/mL) and
particles per frame average at various timepoints using 20x and 50x dilution factors. OMVs from all timepoints were pooled for
each bacterial strain.

Cumulative OMYV Counts
Bacterial Dilution Concentration average

strain Timepoint factor (particles/mL) Particles / frame average

PAO1 T6 20x 9.55E+08 45

PAO1 T6 50x 1.33E+09 36.4
CF1 T6 20x 7.98E+08 38.3
CF1 T6 50x 9.48E+08 19.3
CF1 T8 20x 2.87E+08 9.2
CF1 T8 50x 3.68E+08 3
CF1 T10 20x 9.85E+08 25.8
CF1 T10 50x 6.62E+08 8.6
CF1 T12 20x 8.52E+08 20.6
CF1 T12 50x 5.82E+08 7.2
CF2 T6 20x 1.13E+09 51.3
CF2 T6 50x 5.82E+08 7.2
CF2 T8 20x 1.65E+09 356.1
CF2 T8 50x 7.85E+08 13.6
CF2 T10 20x 1.32E+09 68.2
CF2 T10 50x 5.09E+08 15.4
CF2 T12 20x 2.00E+09 104.8
CF2 T12 50x 5.05E+08 7.4




Bioluminescence assays measuring
CREB activation (CAMP pathway) reveals

strain-dependent responses (Figure 16).

Figure 16. Activation profile of THP-1 CREB reporter line :

with OMVs from all three strains. 8

Luminescence was measured at 4-hour (Top) and 8-hour i
(Bottom) timepoints using OMVs (50, 100, 200 x 10°) from

each strain to assess CREB activation. Colored dots show

mean RLU values, with lines indicating smoothed trends.

Forskolin (10 uM) was used as a reference based on PAO1

assays.

At 4 hours, PAOI exhibited a strong
linear increase in CREB activation with
increasing OMV concentrations (50, 100, and
200 x 10°), indicating a dose-dependent effect.
CF1 also followed a linear trend but with a :
less pronounced slope. In contrast, CF2
showed a peak response at 100 x 10 OMVs,
followed by a decline, suggesting a potential

activation threshold. By 8 hours, CREB
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activation decreased across all strains. CF1 displayed an inverse relationship with OMV number,

while CF2 again peaked at 100 x 10 OMVs, this time with a sharper peak and steeper decline.

PAO1 maintained a direct correlation, though with a shallower slope, indicating a more gradual

activation response.



NFAT activation also varied significantly across strains and timepoints (Figure 17). At 4

hours, CF1 and CF2 exhibited opposite trends: CF1 peaked at 100 million OMVs, whereas CF2

showed a decreasing response, reaching its Mean Luciferase Activity vs. OMV Number at 4 Hours Bactel S
Bacterial Strain e
CF1 CF2 PAO1

300000 —CF2

lowest activation at the same concentration.

- PAO1

PAO1 displayed a moderate response, with

the highest activation observed at 200 2o /\ / :

& -

':_‘ 3
million OMVs. By 8 hours, CF1 and CF2 : 5000 \/ -

; 2
responses reversed—CF1 exhibited a ! o000
declining trend, with the lowest activation at -
100 million OMVs, while CF2 peaked at this .

50000000 150000000 100000000 100000000 200000000
amount. PAO1 maintained a consistent dose- B
. . . . Mean Luciferase Activity vs. OMV Number at 8 Hours Bacterial Strain
dependent relationship, where increasing _. B —o
OMYV concentrations corresponded to higher i
250000

NFAT activation.

s 200000

» 150000 @&
Figure 17. Activation profile of THP-1 NFAT reporter § i
line with OMVs from all three strains. i 10000 - ¥
Luminescence was measured at 4-hour (Top) and 8-hour N
(Bottom) using OMVs (50, 100, 200 x 10°) from each strain
to assess NFAT activation. Colored dots show mean RLU o
values, with lines indicating smoothed trends. lonomycin
(0.5 uM) was used as a reference based on PAOI assays. TR RIS IR

Numbar of OMVs

Overall, these findings suggest that OMVs from the lab-adapted strain of P. aeruginosa,
PAOL, consistently induce NFAT and CREB activation in THP-1 reporter cell lines. By contrast,
OMVs from CF clinical isolates CF1 and CF2 exhibit more dynamic, time- and dose-dependent

responses in THP-1 reporter cell lines.



4. Discussion

The results of our study demonstrate a generally consistent pattern for PAO1, where higher
OMV concentrations correspond to increased activation of CREB and NFAT, indicative of greater
cAMP and calcium signaling in recipient cells. This trend aligns with expectations, as elevated
cAMP levels enhance activation in epithelial and immune cells. Therefore, a higher OMV load
likely elicits a stronger activation response for monocytes, perhaps reflecting the perception of an
increased extracellular bacterial burden and the corresponding need for enhanced host clearance
mechanisms.

NanoSight quantification indicates that PAO1 generally produces more OMVs per cell than
the clinical isolates and exhibits a decreasing trend in OMV production over time, whereas the
clinical isolates maintain relatively stable OMV levels. One potential explanation is that, as a
laboratory strain, PAO1 has not been conditioned to a physiological environment, unlike the
clinical isolates, which have adapted to a host environment. Consequently, clinical isolates may
be more efficient in packaging cargo into a smaller number of OMVs, allowing them to achieve
similar functional effects with lower OMV output compared to PAO1. Additionally, it may
indicate a more regulated response that minimizes bacterial clearance while fostering tolerance
within the host environment. This suggests potential differences in OMV biogenesis between
laboratory-adapted and clinically derived strains.

Compared to PAOI, the activation patterns induced in THP-1 reporter cell lines by
OMVs from the two CF clinical isolates appear more variable. These differences between PAO1
and the clinical isolates underscore the complexity of host-pathogen interactions and suggest that
strain-specific variations in OMV composition or host adaptation strategies may shape signaling
dynamics over time. The relatively flat CREB response in CF2 at 4 hours suggests that its OMVs
may be less effective at initiating early cAMP-mediated signaling. In contrast, the peak
activation at 100 million OMVs by 8 hours implies a delayed yet coordinated signaling response.
Similarly, the stabilization of CREB and NFAT responses in CF1 by 8 hours suggests that OMV-
mediated activation of these pathways may reach a plateau, resulting in a more uniform signaling
output. These findings highlight the potential for strain-specific OMV properties to influence the
magnitude of host cell activation.

Across all strains, activation levels decrease at the 8-hour timepoint. This decline may

reflect a resolution phase in cellular signaling, where sustained exposure to OMVs leads to



regulatory feedback mechanisms that dampen activation. Additionally, prolonged incubation may
result in increased OMV degradation or uptake, reducing the effective concentration of OMVs
available for stimulation.

These findings should be interpreted with the acknowledgment that some OMVs produced
by the strains may not have been captured in the analysis. The NTA software used in this study is
optimized for detecting particles within the 70—150 nm size range, meaning that OMVs smaller
than 70 nm would not be detected. This limitation suggests that the total OMV population may be
underestimated, potentially impacting the observed distribution and quantitative assessments.

Future directions include comprehensive analyses of the OMV proteome, secretome, and
transcriptome to better characterize strain-specific differences. Incorporating monocytes derived
from diverse human populations will also provide valuable insight into host-specific adaptations

to bacterial presence.



S. Anthropological implications

Previous studies have shown that human populations have diverged in immune response-
related genes due to distinct environmental exposures and selective pressures from pathogens. This
divergence has led to population-specific polymorphisms that regulate stress responses. One well-
documented example is the CCR5-A32 genetic polymorphism, which is most prevalent in northern
Europe and western Asia (Novembre et al., 2005). Homozygous carriers of this mutation are
resistant to HIV-1 infection because it inhibits functional expression of the CCRS5 chemokine
receptor, which is critical for cells to be infected by the virus (Ni et al., 2018). Smallpox has been
proposed as a selective pressure maintaining this mutation, exemplifying how host-pathogen
interactions shape immune system variation across populations. Other prominent examples include
the potential selection of pyrin gene mutations, causing Familial Mediterranean Fever in
homozygotes due to potential protection against the plague bacterium in carriers (Park et al., 2020).

While these prior studies have focused on how host traits may overcome virulence signals
from pathogens, our study expands this framework by assessing non-lethal activation of cAMP
and calcium signaling in monocytes by OMVs. OMVs consist of complex packages of secreted
proteins, lipids, and nucleic acids and can signal virulence but also tolerance by modulating the
host immune system in non-adversarial ways (Charpentier et al., 2023). By initiating the analysis
of disparities in signaling dynamics of live monocytes exposed to lab-adapted vs. human-adapted
isolates of the common pathogen P. aeruginosa, this research contributes to our understanding of
population-specific immune adaptations, reinforcing existing knowledge while uncovering
potential new mechanisms underlying host-pathogen adaptation and, in future studies, potential

human subgroup divergence.
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