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Abstract

Chronic Pseudomonas aeruginosa (P.a.) lung infections occur in over 50% of adult Cystic
Fibrosis (CF) patients and are associated with excessive lung inflammation and accelerated lung
function decline. Once it has established chronic infections, P.a. evolves within the host over
time and shows evidence of both genotypic and phenotypic adaptations to the CF lung. While
virulence factors may play an important role in early infection stages, many factors appear
dispensable during chronic infection, where P.a. isolates commonly become deficient in
virulence factor production. Surprisingly, infections with LasR-deficient mutants have been
associated with worse patient outcomes. While P.a. is traditionally considered an extracellular
pathogen, a number of past studies suggest that P.a. can invade different epithelial cell types.
Although the implications of intracellular P.a. to infection pathogenesis remain unclear, recent
findings from the Nguyen lab demonstrate the presence of intracellular P.a. within airway
epithelial cells (AEC) of lung explants, suggesting a potential bacterial reservoir inside the
airway epithelium. Here, we sought to characterize how P.a. adaptations modulate host-
microbe interactions and potentially contribute to the pathogenesis of CF lung infections. We
hypothesized that phenotypic adaptations commonly observed in P.a. isolates from chronic CF
infections, namely loss of LasR and Type 3 secretion system (T3SS) function, contribute to CF
lung disease by causing deleterious neutrophilic inflammation and by promoting intracellular

P.a. survival, respectively.

In chapter 2, we studied how the loss of LasR function alters the expression of ICAM-1 and
neutrophil adhesion in AEC. Our findings suggest that ICAM-1 expression and neutrophil
adhesion are increased in AEC-stimulated with lasR mutant filtrates in vitro, a process likely
attributable to the loss of LasR-dependent secreted proteolytic activity. We further
demonstrated that multiple LasR-regulated proteases are capable of degrading ICAM-1. In a
subacute P.a. murine infection model, we observed an increased airway epithelial ICAM-1
expression and enhanced neutrophilic lung inflammation in lasR mutant-infected mice

compared to wild-type P.a. infected ones.

In the third chapter, we developed a model of long-term intracellular P.a. infection within AEC
to investigate the ability of different P.a. strains to survive intracellularly within AEC. We
optimized experimental parameters such as the multiplicity of infection, time points and
tobramycin maintenance concentration to allow for intracellular P.a. survival for up to 120h.

We showed that four clinical CF isolates displayed significant heterogeneity in their ability to



survive intracellularly: the isolate with the highest intracellular survival was non-cytotoxic,

while the other isolates caused varying degrees of cytotoxicity.

In our fourth chapter, we sought to investigate the mechanisms underlying the heterogeneity in
intracellular survival among CF isolates. We first tested 28 clinical isolates for their intracellular
survival within AEC and cytotoxicity induction and found a strong inverse correlation between
the two. Given that the T3SS is a major cause of cytotoxicity, we also characterized T3SS
secretion and observed that T3SS-deficient clinical isolates were associated with high
intracellular survival and low cytotoxicity. We then demonstrated that intracellular survival of
T3SS-positive isolates increased significantly when the transcriptional activator ExsA or parts

of the T3SS injectisome machinery were knocked out.

In conclusion, we demonstrated how two adaptations commonly observed in chronic CF
infection isolates may exacerbate lung inflammation and facilitate the establishment of an
intracellular bacterial reservoir inside AEC, respectively. These altered P.a.-host interactions
may have significant implications for the pathogenesis of chronic P.a. infections in the setting

of CF lung disease.



Résumé

Des infections pulmonaires chroniques au Pseudomonas aeruginosa (P.a.) surviennent chez
plus de 50 % des patients adultes atteints de fibrose kystique (FK). Elles sont associées a une
inflammation pulmonaire excessive, un déclin accéléré de la fonction pulmonaire ainsi qu’une
mortalité accrue. Une fois établies comme des infections chroniques qui sont
presqu’impossibles a éradiquer, P.a. évolue au sein de I'hdte au fil du temps et fait preuve
d'adaptations génotypiques et phénotypiques au sein du poumon FK. Les isolats P.a. provenant
d’infections FK chroniques sont généralement déficients en la production de facteurs de
virulence tels que les protéases régulées par LasR et le systeme de sécrétion de type 3 (T3SS).
Etonnamment, les infections par des mutants déficients en LasR ont été associés a une moins
bonne santé pulmonaire chez les patients. Malgré que P.a. est traditionnellement consideré
comme un pathogene extracellulaire, des études antérieures suggerent que qu’il peut envahir
différents types de cellules épithéliales. Des études récentes du laboratoire Nguyen démontrent
la présence de P.a. intracellulaire dans les cellules épithéliales des voies respiratoires (EVR)
d'explants pulmonaires recupéres chez des patients FK en voie des transplantations
pulmonaires, suggérant un réservoir bactérien potentiel & I'intérieur de 1’épithélium des voies
respiratoires. Pour cette thése, nous avons cherché a caractériser I’impact des adaptations de
P.a. couramment observées durant les infections chroniques en FK sur interactions hote-
microbe et leur contribution potentielle a la pathogenese des infections pulmonaires dans le

contexte de la FK.

Dans le chapitre 2, nous avons étudié comment la perte de la fonction LasR modifie I'expression
d'ICAM-1 et I'adhésion des neutrophiles aux cellules EVR. Nos résultats suggérent que
I'expression d'ICAM-1 et I'adhésion des neutrophiles sont augmentées dans les cellules EVR
stimulées avec des filtrats de P.a. mutants lasR in vitro, un processus lié a la perte d'activité
protéolytique sécrétée qui est dépendante de LasR. Nous avons démontré que plusieurs
protéases régulées par LasR sont capables de dégrader ICAM-1 et que leurs contributions
individuelles peuvent dépendre de la souche P.a. Dans un modéle d'infection murin subaigué
au P.a, nous avons observé une expression accrue d'ICAM-1 dans les EVR et une inflammation
pulmonaire neutrophile accrue chez les souris infectées par le mutant lasR comparées a cellules

infectées par P.a. de type sauvage.

En utilisant le modeéle de survie long terme intracellulaire développé au chapitre 3, dans notre

quatrieme chapitre, nous avons chercheé a étudier les mécanismes sous-jacents a I'nétérogénéité
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de la survie intracellulaire parmi les isolats clinique P.a. provenant des infections FK. Nous
avons d'abord testé 28 isolats cliniques pour la survie intracellulaire et la cytotoxicité dans les
cellules EVR, et avons trouvé une forte corrélation inverse entre les deux. Etant donné que le
T3SS est une cause majeure de cytotoxicité, nous avons également caractérisé la sécrétion de
T3SS et observé que les isolats cliniques déficients en T3SS étaient associés a une survie
intracellulaire élevée ainsi qu’une faible cytotoxicité. Nous avons ensuite démontré que la
survie intracellulaire des isolats positifs pour le T3SS augmentait de maniere significative
lorsque l'activateur transcriptionnel ExsA ou des parties de la machinerie d'injection T3SS

étaient délétés.

En conclusion, nous avons démontré comment deux adaptations couramment observées dans
les isolats d'infection chronique peuvent exacerber l'inflammation pulmonaire et faciliter
I'établissement d'un réservoir bactérien intracellulaire a l'intérieur de I'EVR, respectivement.
Ces interactions P.a.-hdte modifiées peuvent avoir des implications importantes pour la

pathogenese des infections chroniques a P.a. dans le cadre de la maladie pulmonaire FK.
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Original Contribution to Knowledge

The data presented in this thesis in the form of two published manuscripts and one unpublished

manuscript contributes original knowledge to the study of the pathological consequences of
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In chapter 2, we described a novel mechanism through which host-adapted, lasR-deficient P.a.

strains may exacerbate CF lung inflammation. Specifically, we demonstrated that:
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LasR-regulated proteases can degrade recombinant human ICAM-1

Elevated ICAM-1 levels on AEC are associated with increased neutrophil adhesion
P.a. lasR deficiency is associated with increased bronchial ICAM-1 expression and
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Examine intracellular P.a. long-term survival up to 120h (5 days) post infection
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Identify a “hyper-proliferator” phenotype in a clinical P.a. isolate

In chapter 4, we examined the intracellular survival of the most extensive collection of clinical

P.a. isolates tested in this context to date. We further identified loss of type 3 secretion (T3SS)

function, acommon adaptation of P.a. to the host lung, as a major driver of intracellular survival

among clinical isolates, which may be of therapeutic relevance. Specifically, we demonstrated

that:

There is significant strain heterogeneity in the ability to survive intracellularly within
AEC
T3SS-deficient strains display decreased cytotoxicity and increased intracellular

survival within AEC
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e T3SS injectisome function suppresses intracellular P.a. survival even in the absence of
T3SS effector function
e The increased intracellular survival of T3SS-deficient isolates is largely driven by a

subpopulation of hyper-proliferating bacteria in a small percentage of infected cells

Together, our results demonstrate that, paradoxically, loss of P.a. virulence factors during
chronic infection may in fact increase host lung pathology and bacterial survival. Our results
offer novel insights into P.a. pathogenesis and reveal ICAM-1 as a potential treatment target to
limit pulmonary inflammation in the CF lung. Identifying bacterial factors involved in the
intracellular P.a. lifestyle may uncover additional treatment targets that could improved P.a.

eradication by removing an intracellular P.a. reservoir.
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Chapter 1: Introduction

1.1 Cystic Fibrosis

Cystic Fibrosis (CF) is a fatal autosomal recessively inherited disorder that affects
approximately 4,300 Canadians (1). It is predominantly observed in Caucasian populations,
particularly in individuals of Northern European, Eastern European or Ashkenazi Jewish
ancestry, but is also observed at a lower prevalence in non-Caucasian populations (2-5). Within
Europe and North America, pockets of communities with a significantly elevated prevalence
of CF have been observed, as is the case for people living in certain parts of Northeastern
Quebec, where the incidence of CF has been described to be as high as 1 in 900 life births (6).

1.1.1. CFTR dysfunction

In 1989, it was discovered that CF is caused by an underlying dysfunction in the Cystic Fibrosis
transmembrane conductance regulator (CFTR) (7), which functions as a 3°,5’-cyclic adenosine
monophosphate (CAMP)-regulated anion channel in the outer cell membrane (8). CFTR
expression is mostly observed on airway, intestinal and exocrine epithelial cells (EC) in the
lungs, intestine and other organs such as the pancreas (9). In cells expressing dysfunctional
CFTR, the cross-membrane ion efflux is interrupted and anions such as Cl- and bicarbonate are
retained in host cells rather than being secreted into the extracellular milieu (10, 11).
Bicarbonate retention within the epithelium has been shown to result in a decrease in airway
surface liquid (ASL) pH, which has been linked to a number of adverse effects (12). While
CFTR regulates the epithelial sodium channel (ENaC) under normal conditions, dysregulated
ENaC in the CF lung leads to an increased Na* influx into EC (13). The resulting high
intracellular salt concentration is followed by an increased water influx into cells and a
depletion of the ASL (14-17), resulting in a thick mucus layer and a number of other deleterious
downstream effects. Mucus plugging is potentially further exacerbated by conformational
changes in the mucin proteins under low pH conditions in the CF ASL, resulting in an increased
mucus viscosity (18). The extent of CFTR dysfunction, disease severity and treatment options
are dependent on the nature of the underlying CFTR mutation, which is typically grouped into
six major groups, with a seventh group recently suggested by De Boeck et al. (19). As shown
in Table 1.1, the groups are defined by the type of CFTR protein dysfunction and the resulting
phenotype.



| Severely truncated | Introduction of frameshift or stop codon close | G542X (20)
or absent protein to the beginning of the gene
I Severely reduced Protein misfolding results in degradation by AF508 (7)
protein abundance | the endoplasmic reticulum (ER) quality-
at the cell surface control system
Il CFTR gating defect | Mutations affect channel regulation, resulting | G551D (21)
in a gating defect and reduced probability of
the channel being open
v CFTR conductance | Mutations affect channel ion conductance, R117H
defect resulting in a reduced ion current (22)
\Y/ Decreased protein | Mutations do not cause structural or functional | 2789+5 G->A
abundance protein changes, but affect protein abundance (23)
through abnormal splicing or promoter activity
Vi Increased protein C-terminal truncations result in reduced Q1412X
turnover protein stability at the plasma membrane or (24)
during post-ER processing steps
Vil No protein Mutations that result in a lack of mMRNA 1717-1 G->A
expression transcription (25)

Phenotype

Genotypic

examples

Table 1.1: CFTR dysfunction classification.

Typically, patients homozygous for alleles in groups 1, 2, 3 and 7 tend to present with more
severe disease than patients homozygous or heterozygous for alleles in groups 4-6 (19, 26).
Out of more than 2000 CFTR mutations described to date, more than 400 of which have been
established to cause CF (27), the AF508 mutation is by far the most prevalent allele, accounting
for almost 70% of mutant CFTR alleles observed in CF patients (28). However, the exact
frequency of certain mutations within different patient populations is highly dependent on

geographical factors and patient ancestry (28).

1.1.2. Impaired pulmonary host defenses

CFTR dysfunction facilitates bacterial lung colonization in different manners, and
recurrent/chronic bacterial infections as well as the resulting lung tissue damage are key factors
in CF lung pathology. Firstly, depletion of the ASL results in dysfunctional mucociliary

clearance, which would normally clear inhaled pathogens and debris (15, 17). Secondly, the
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lack of bicarbonate secretion into the extracellular space results in a drop in pH within the

remaining ASL, rendering antimicrobial peptides less effective or non-functional (12, 29).
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Figure 1.1: Mucociliary clearance and antimicrobial peptides in healthy vs CF airways.

Created in Biorender.

Mucociliary clearance is a key component of the innate host defenses that allow the lungs to
remain infection-free despite being a mucosal site. In healthy lungs, cilia on the apical side of
airway epithelial cells (AEC) beat in a coordinated effort to transport mucus, microbes and
debris across the respiratory tract where they can be cleared through coughing (30, 31). In the
CF lung, on the other hand, ciliary beating is impaired due to the depletion of the ASL and
increased mucus viscosity, resulting in ciliary collapse (15, 18) and impaired pathogen

clearance.

Another important innate defense mechanism that appears to be defective in the CF lung as a
direct consequence of CFTR dysfunction on AEC are antimicrobial peptides. A variety of
antimicrobial peptides, which are primarily secreted by AEC and neutrophils, are relevant to

pulmonary infections (32-36). The cationic nature of many antimicrobial peptides allows these



short polypeptides to integrate into negatively charged bacterial membranes and induce
bacterial lysis, while leaving neutral eukaryotic membranes unharmed (37). Widely studied
examples of antimicrobial peptides produced and secreted by human cells in the airways
include LL-37, human B-defensin-3 and lysozyme (38). Antimicrobial peptide activity has been
shown to be diminished in the CF airways due to the acidic ASL pH caused by a lack of CFTR-
mediated bicarbonate secretion, as antimicrobial peptides have greater activity at a basic pH
(12). As a result, antimicrobial peptide-mediated bacterial killing is ineffective in the CF

airways.

Innate immune cell functions are also affected by CFTR dysfunction, either through direct or
indirect mechanisms. Pulmonary bacterial challenge of mice expressing CFTR-inactivated
myeloid cells resulted in increased inflammatory markers and death, indicating that CFTR
dysfunction may result in myeloid cell dysfunction (39, 40). However, studies of CF neutrophil
function revealed conflicting results. While some studies indicated that CF neutrophils
displayed reduced intracellular bacterial killing and degranulation compared to wild-type
neutrophils (40-42), others failed to identify any defects in CF neutrophil function (43).
Whether the functional impairment of CF neutrophils is due to an intrinsic CFTR-dependent

defect or acquired from the inflammatory milieu of the CF airways remains unresolved.

Together, dysfunctional mucociliary clearance and ineffective antimicrobial peptide-mediated
bacterial killing, among several host defense defects, allow for the colonization of the CF
airways by a number of opportunistic pathogens whose growth would be kept in check under

normal conditions.

1.1.3. Cystic Fibrosis lung microbiology

Facilitated by the aforementioned host defense defects, CF airways are susceptible to
colonization by a number of different microorganisms, including well established opportunistic
pathogens, and often harboring multiple organisms at once. While the clinical significance of
certain microorganisms, such as S. maltophilia and different Achromobacter species, remains
to be fully established, Burkholderia cepacia complex and Pseudomonas aeruginosa (P.a.) in
particular have been linked to increased lung pathology (44-49). While comparatively rare, B.
cepacia complex infections are associated with poor patient outcomes, can progress rapidly

and result in fatal respiratory failure (44-46). P.a. infections, on the other hand, are frequently



observed in CF patients and are associated with an increased lung function decline and elevated
pulmonary inflammatory markers (47-49).

In comparison, the clinical significance of S. aureus infections remains ambiguous. In CF
children, among whom >70% may be infected by S. aureus depending on the age group, S.
aureus infections are associated with poor lung function and increased inflammation (48, 50).
Conversely, S. aureus infections in adults appear to be somewhat protective, seeing as they are
associated with decreased mortality and higher lung function (51, 52). Adding an additional
layer of complexity, certain strain phenotypes such as small colony variants and methicillin-

resistant Staphylococcus aureus (MRSA) are associated with worse patient outcomes (53-55).

As shown in Figure 1.2, patient age is a major determinant of which microorganisms are most
prevalent in the CF lungs. While some organisms, such as S. aureus and H. influenzae appear
to be more prevalent in children and adolescents, the prevalence of P.a. and the fungus A.
fumigatus rises significantly starting in early adulthood and P.a. becomes the predominant

pathogen in patients starting in the age group from 25-34 years of age (1).
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Figure 1.2: Age-specific prevalence of respiratory infections in individuals with CF in
Canada, 2020. Adapted from (1).



The sequential infection of S. aureus/H. influenza and P.a. has been the topic of many inquiries
and a number of possible explanations have been raised: Firstly, unlike most other CF
pathogens, P.a. infections are typically aggressively treated with antibiotic eradication therapy
in order to clear the bacterium as soon as it is detected (56). As a consequence, chronic P.a.
infections may simply be delayed for a longer time than S. aureus infections due to antibiotic
use. Another hypothesis is that P.a. is only able to establish a chronic infection in airways that
have already sustained considerable damage and are thus more susceptible to P.a. infection
(57). It has further been observed that the onset of chronic P.a. infections tends to coincide
with a loss of bacterial community diversity in older CF patients (58). However, it remains to
be elucidated whether a lack of bacterial diversity is a predisposing factor for P.a. colonization
or whether P.a. infection directly reduces bacterial diversity. The reason for the delayed onset
of chronic P.a. infections compared to other CF pathogens is likely multifactorial and highly

complex.

P.a. infections in the CF lung also tend to be highly dynamic: patients can sequentially be
infected with different strains, with repeated cycles of infection and bacterial clearance, either
spontaneously or following antibiotic eradication therapy given at the time of new onset
infection. Furthermore, it is not uncommon to recover multiple isolates of the same species
from patient sputum, which can be the result of regional diversification of one original strain

or of two or more distinct infecting strains (59, 60).

1.1.4. Excessive lung inflammation

Along with recurrent (bacterial) infections, excessive, non-resolving inflammation is a key
feature of CF lung disease. This inflammatory response is largely dominated by neutrophils,
but other cell types such as AEC also contribute to the pro-inflammatory environment through
the secretion of pro-inflammatory cytokines and chemokines like interleukin (IL)-6 and IL-8
(61-63). The inflammation appears to be caused by a combination of an intrinsic
hyperinflammatory state linked to the loss of CFTR function as well as a consequence of
(chronic) bacterial infections which trigger a sustained inflammatory response. While the exact
link between CFTR dysfunction and a hyperinflammatory state remains to be established, a
number of studies suggest that lung inflammation may precede infection with typical CF
pathogens. Studies in young CF children and in a CF ferret model have demonstrated sterile
inflammation and mucus plugging even in the absence of infection (64, 65). An intrinsic
hyperinflammatory state is further supported by data generated using human CF AEC, which
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displayed a significantly greater inflammatory response to a given stimulus when compared to
cells from healthy donors (66-68).

Further exacerbating the intrinsic inflammation, recurrent or chronic bacterial infections are
potent inducers of inflammation via pathogen-associated molecular patterns (PAMPS) such as
lipopolysaccharide (LPS), lipoteichoic acid, flagellin and peptidoglycan (69). Of note,
pathogen clearance in the CF lung is generally ineffective due to a number of barrier defense
and innate immune defects as well as bacterial evasion mechanisms (70-73). As a consequence,
bacterial proliferation is largely uncontrolled and can reach >10° colony forming units
(CFU)/mL in patient sputum samples (74). The bacterial abundance in turn triggers additional
neutrophil recruitment to the lung, resulting in the excessive inflammation typically observed
in the CF lung.

The inflammatory response in the CF lung is not only excessive, but also deleterious to the
host. Neutrophils recruited to the airways secrete both reactive oxygen and nitrogen species as
well as proteases including neutrophil elastase, cathepsin G and matrix metalloproteases, all of
which have been demonstrated to damage surrounding host tissues (61, 75, 76). Neutrophil
secreted proteases may even further exacerbate the effect of CFTR dysfunction by degrading
CFTR and activating ENaC (77, 78). In fact, sputum levels of pro-inflammatory cytokines and
secreted neutrophil proteases show a strong negative correlation with lung function, further
indicating that neutrophilic lung inflammation is a major driver of lung function decline (52,
62, 79).

1.1.5. Other associated morbidities

Although CF lung pathology causes the most morbidity and mortality, CF is in fact a multi-
organ disease that can affect numerous organs, ranging from the pancreas to the intestine (80).
CFTR is most highly expressed on epithelia (9). Due to the presence of a variety of EC across
different organs, the effect of CFTR dysfunction can result in an array of symptoms.
Particularly small (exocrine) ducts tend to get blocked by mucus due to mucus dehydration,
resulting in pancreatic insufficiency, liver disease and male infertility. Other commonly
encountered symptoms include intestinal blockage, nutrient deficits, below-average height, low

body mass index (BMI), depression and anxiety (81).



Pancreatic insufficiency is observed in about 85% of CF patients and is more commonly
observed in patients homozygous for “severe” CFTR mutations (82, 83). Pancreatic
insufficiency typically stems from a bicarbonate/water imbalance in the EC lining the
pancreatic ducts, which results in a decreased bicarbonate concentration of the pancreatic
secretions, a lower pH and lower volume due to dehydration (84). These thickened secretions
can block the pancreatic ducts, resulting in the impaired absorption of nutrients such as
proteins, fat and starch in the intestine, necessitating the life-long supplementation of

pancreatic enzymes and fat-soluble vitamins in CF patients (83, 84).

Another part of the digestive system that is frequently affected in CF is the intestinal tract,
whose epithelial lining shows similar ion exchange defects to the lung epithelium. Excessive
water absorption by the intestinal epithelium and the consequent dehydration of intestinal
contents results in meconium ileus in CF infants and distal bowel obstruction in CF adults (85).

Treatment options include laxative drugs, enemas and, in severe cases, surgery (86).

CF liver disease is the third leading cause of death in CF patients and is mainly traced back to
ion exchange defects in the epithelial lining of the gall bladder and the bile duct (87). Decreased
bicarbonate secretion of the epithelium and increased water influx into the epithelium result in
adrop in bile pH and increased bile viscosity, respectively. Because of the increased viscosity,
coupled with an increased mucin secretion, bile stagnates in the biliary tree and may block the
bile duct (87, 88).

1.2 Treatments of Cystic Fibrosis lung disease

1.2.1. CFTR modulators

Arguably the biggest advance in the management of CF has been the development of CFTR
modulators, which are aimed at aiding proper protein folding/function and increasing protein
levels at the cell surface (89). There are currently four categories of CFTR modulators:
potentiators, correctors, amplifiers and stabilizers, the efficacy of which in rescuing proper
CFTR function is highly dependent on the patient mutation class (90). However, to date, only
corrector and potentiator therapies have been approved for therapy in patients. As shown in
Fig. 1.3, correctors may be used to improve CFTR processing and trafficking defects observed
in classes 11 and V, while potentiators may be used to improve CFTR function defects in classes

Il and I1VV. However, there is currently no approved modulator treatment for classes I, VI and
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VII. Even within classes 1l-V, treatment is not automatically accessible to all patients,
particularly if patients have an uncommon CFTR mutation that is not well-defined and even if
treatment is initiated, treatment success within a given mutation class is not uniform (91). In
some cases, patient-derived organoids have been used as predictors of treatment success or to
investigate whether patients with rare mutations would benefit from treatment with existing

modulators (92).
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Figure 1.3: Approved modulators or modulators under investigation for the different
CFTR dysfunction classes. Adapted from (90).

CFTR modulator therapy has been linked to improvements in several clinical parameters
including sweat chloride levels (indicating successful improvement or restoration of CFTR
function), the forced expiratory volume in the 1% second (FEV1), BMI and the frequency of
exacerbations requiring hospitalization (93). Treatment success is however variable, in part
depending on the degree of prior lung tissue damage, where patients with advanced lung
pathology may not respond as well to modulator therapy as patients with mild lung disease.
Additionally, multiple studies reported a decrease in the bacterial abundance of certain CF
pathogens, a reduced risk of new-onset infections, as well as a reduction in pulmonary
inflammatory markers upon modulator treatment (94-96). However, chronic infections

typically failed to be cleared and one study even observed a rebound in bacterial abundance



after prolonged modulator treatment, suggesting that CFTR restoration may not be sufficient

to clear already established chronic infections (95).

Given the limited availability of current modulator therapies for patients with uncommon
alleles, treatment success that can vary depending on the exact mutation and other factors, the
high cost and need for life-long treatment, there is a continued need for novel therapies. The
advent of gene-editing techniques like CRISPR-Cas offers new potential avenues for treatment
(90).

1.2.2. Antimicrobials

There are four primary uses for antibiotics in the treatment of CF patients: eradication treatment
(particularly of initial P.a. infections), chronic intermittent treatment of chronic P.a. infection,
short-term treatment of acute pulmonary exacerbations and therapy to combat specific
infections such as non-tuberculous mycobacterial (NTM) pulmonary infections. These
therapies can consist of a single drug or a combination of antibiotics that are administered as
oral, systemic or inhaled antibiotics. Antibiotic therapy is typically challenging in CF patients
due to increasing rates of antimicrobial resistance and decreased antimicrobial activity under
conditions frequently observed in the CF lung (such as low oxygen) (97). Furthermore, chronic
infections are typically refractory to antibiotic killings due to factors such as slow bacterial

growth and bacteria growing as biofilms in the CF mucus, among others.

1.2.2.1. Pseudomonas aeruginosa eradication therapy and management of

chronic infections

When CF children acquire P.a. and have an initial positive sputum culture, they are typically
treated with antibiotic regimens of inhaled tobramycin and/or colistin or ciprofloxacin to
eradicate P.a. and prevent progression to chronic infection (98). Successful eradication therapy
has been associated with decreased inflammatory markers in bronchoalveolar lavage fluid
(BALF) for 12 months post eradication (99). However, eradication therapies have a relatively
high failure rate of 10-40%, meaning that many patients will eventually fail to clear the P.a.

infection and become chronically infected (100-102).

Several studies have investigated the potential determinants of eradication treatment failure,
both in terms of host factors and bacterial factors. To date, none identified any significant

association between host factors and eradication therapy outcomes, indicating that host factors
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such as CFTR phenotype, age or lung function may not be a driving factor of eradication
therapy failure (102, 103). Consequently, this raises the possibility that the infecting P.a. strain
is an important determinant of eradication treatment failure. A recent study of CF children in
Canada identified “chronic infection-like” bacterial phenotypes as potential risk factors for
eradication therapy failure (102). Strain characteristics that were statistically overrepresented
in isolates from persistent infections vs eradicated infections included low twitching motility,
overproduction of the exopolysaccharide alginate and resistance to tobramycin, all of which
are more frequently observed in chronic infection isolates compared to new-onset infection
isolates (102). A subsequent study of these strains found that persistent isolates displayed
resistance to phagocytosis and intracellular killing by neutrophils, the predominant immune
cell found in the CF lung (104). This increased resistance to neutrophil Killing is likely multi-
factorial and appears to be (partly) driven by the differences in alginate production and
twitching motility mentioned above. These recent findings open new avenues to improving
eradication therapies, but there are clearly still considerable gaps in our understanding of the

underlying factors of eradication therapy failure.

Even if eradication fails, long-term inhaled antibiotics are still commonly administered during
chronic infection stages to minimize the effects of P.a. infection on lung function decline,

pulmonary inflammation and exacerbation frequency (105).

1.2.2.2. Antimicrobial therapy during pulmonary exacerbations

Periods of pulmonary exacerbations are typically characterized by a drop in lung function,
shortness of breath, fever and increased sputum production that require treatment with systemic
antibiotics and occasionally hospitalization (106). Inflammatory markers such as IL-6, IL-8
and neutrophil elastase are often elevated compared to the patient’s baseline during stable
disease phases (107). Antibiotics are typically not administered to eradicate an existing
infection, but rather aim to decrease the bacterial load and consequently lung inflammation.
While symptoms typically improve upon treatment, some patients’ lung function never fully

recovers to the pre-exacerbation baseline (108, 109).
While the cause of exacerbations remains poorly understood, some studies suggest that the
onset of exacerbations may be triggered by respiratory viral infections, including human

rhinovirus, influenza and respiratory syncytial virus (110).
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1.2.2.3. Antimicrobial treatment of non-tuberculous mycobacterial

infections

While mycobacterial infections remain rare compared to P.a. and S. aureus, NTM infections
are detected in approximately 10% of CF patients, primarily in adults (1). Most NTM infections
in CF patients are attributable to either M. abscessus complex or M. avium complex (111). The
clinical significance of NTM infections is still under investigation, as only ~50% of culture-
positive patients develop clinically significant NTM lung disease, and poor lung function is
primarily associated with M. abscessus complex rather than M. avium complex infection (111,
112).

The decision to treat NTM infections in CF patients is further complicated by the complex and
prolonged treatment protocols required for mycobacterial eradication. Antibiotic treatment is
typically administered for over a year and consists of at least three simultaneous antibiotics
(111), is associated with significant side effects and thus needs to be carefully considered.
However, antibiotic treatment is usually indicated prior to lung transplantation, as post-

transplant NTM lung disease may cause significant morbidity (113).

1.2.3. Anti-inflammatory drugs
Treating the deleterious inflammation in the CF lung remains a big treatment challenge, as a
certain level of inflammation is required to keep pulmonary infections in check, but excessive

inflammation is associated with lung pathology.

Ibuprofen is the only anti-inflammatory treatment currently approved for chronic use in CF
patients. lbuprofen limits neutrophil recruitment to the airways by inhibiting prostaglandin
signaling and clinical trial data suggests that ibuprofen treatment is able to slow lung function

decline, increase patient body weight and limit the number of hospitalizations (114, 115).

The macrolide antibiotic azithromycin is commonly prescribed for its anti-inflammatory
activity. While azithromycin has no significant anti-bacterial effect on P.a., it appears to lower
inflammatory cell infiltration and cytokine levels upon bacterial infection in a murine infection
models (116). Several studies demonstrated that long-term azithromycin treatment of CF
patients was associated with increased body weight and fewer exacerbations compared to a
placebo group (117, 118). Patients undergoing chronic azithromycin treatment were also less

likely to acquire certain CF-related pathogens, including B. cepacia complex and MRSA (119).
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Interestingly, azithromycin treatment was associated with increased pulmonary function in
patients infected with P.a., but not in mixed study populations with varying infection status or
uninfected patients (117, 118, 120, 121).

Lastly, corticosteroids have been investigated as a potential anti-inflammatory treatment in CF
patients. However, while improved lung function in patients treated with the corticosteroid
prednisone appeared promising, prednisone treatment was also associated with an increased
rate of P.a. acquisitions, lower height and abnormal glucose metabolism (122). Furthermore,
systemic corticosteroids are not recommended for prolonged treatment due to their toxicity
(123).

Similarly, a clinical trial investigating the efficacy of a leukotriene B4 (LTB4) inhibitor had to
be terminated prematurely due to reports of an increased incidence of pulmonary related serious
adverse events and pulmonary exacerbations in patients treated with the LTB4 inhibitor (124).
A subsequent study exploring possible causes of treatment failure suggested that treatment with
the LTB4 inhibitor resulted in a marked decrease in pulmonary neutrophils and a significant
rise in pulmonary bacterial levels and bacteremia in a murine model (125). This failed trial
highlights the difficulty in balancing suppression of bacterial growth and limiting

inflammation-associated lung tissue damage.

1.3 The opportunistic pathogen Pseudomonas aeruginosa

1.3.1. The genus Pseudomonas

P.a. is a rod-shaped gram-negative bacterium capable of causing disease in plants, animals and
humans. It is frequently isolated from soil and water environments and can colonize a variety
of habitats due to its ability to grow under both aerobic and anaerobic conditions and its
remarkable metabolic versatility (126-128). The genus Pseudomonas currently consists of 144
described species, making it the genus with the largest number of species within gram-negative
bacteria (129). Like P.a., other members of the genus such as P. putida and P. fluorescens are
occasionally described as human pathogens, but to a significantly lesser degree than P.a. (130,
131). Additionally, some species can cause disease in animals and as both plant pathogens and

mutualists, making Pseudomonas an agriculturally relevant genus (130).
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1.3.2 Genomic organization and environmental adaptability

With a genome size of 5.5-7 Mbp, P.a. has a significantly larger genome than other
opportunistic pathogens, such as H. influenzae and S. aureus, whose genome sizes are 1.83
Mbp and 2.8 Mbp, respectively (132-134). A recent study comparing 1311 P.a. isolates from
various environmental sources showed that only 665 of 54272 identified genes were considered
to be core genes, while the vast majority were considered either flexible (26420) or unique
(27187) genes (135). Additionally, a total of 3010 fragmented or complete plasmids were
identified, of which 12% and 5% encoded for virulence or resistance genes, respectively (135).
Together, the sheer number of virulence and metabolic genes encoded by different P.a. strains
likely accounts for how a single species can colonize such a vast variety of environmental

niches.

Another important factor that makes P.a. such a versatile opportunistic pathogen is its vast
repertoire of regulatory systems, with approximately 9.3% of genes encoding for regulatory
proteins (136). This allows the bacterium to rapidly adapt to changing environmental stressors

and nutritional availability.

1.3.3. Pseudomonas aeruginosa quorum sensing

One such mechanism through which P.a. can quickly adapt to changing conditions in a
bacterial density-dependent manner are its quorum sensing (QS) systems: the Las, Rhl, and
PQS systems, among which the Las and Rhl systems are the best understood (137). The Las
and Rhl systems are positive feedback systems in which the autoinducers bind to a
transcriptional activator (LasR, RhIR), which in turn binds certain conserved sequences
upstream of QS-regulated genes, as shown for the Las system in Fig. 1.4. It is estimated that
the Las and Rhl systems together affect the expression of approximately 10% of P.a.-encoded
genes (138), many of whom encode for virulence factors such as secreted proteases (LasA,
LasB, AprA) and phenazines (pyocyanin, phenazine-1-carboxylic acid) (139, 140).
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Figure 1.4: Las quorum sensing system in P.a. Created in Biorender.

The transcriptional activators further induce genes encoding for proteins responsible for the
biosynthesis of the autoinducer, namely Lasl and Rhll, resulting in a positive feedback loop
(137). Additionally, the autoinducer’s ability to cross bacterial membranes results in a bacterial
density-dependent accumulation of autoinducer in the bacterial community, allowing bacterial
communities to coordinate gene expression. While the homoserine lactone autoinducers for
both the Las and Rhl systems display a high degree of similarity, they do not cross-activate the
transcriptional activator of the other system (141). However, there is some overlap in gene
activation between the two QS systems, such as lasB, whose transcription is activated by both
LasR and RhIR (137). Interestingly, there are reports of the Rhl system partially compensating
for the loss of LasR function in some strains, further complicating the investigation of the exact
contribution of one specific QS system to a given phenotype, considering the significant

overlap and inter-connectivity of the two systems (142, 143).

LasR function appears to be important for initial infection stages in the CF lung, likely as a
mechanism of immune evasion via its associated virulence factors (144, 145). However, it
seems to be dispensable during chronic infection stages, as >1/3 of chronic infection isolates
display a loss of LasR function (146, 147). Intriguingly, patients infected by lasR-deficient

mutant isolates were shown to have poorer lung function along with increased plasma IL-8,
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indicating increased inflammation (146, 148). These findings are somewhat paradoxical as a
loss of virulence factor expression might be expected to result in decreased lung pathology
rather than increasing it. The underlying reasons for this surprising observation are still being

investigated.

1.4 Pseudomonas aeruginosa human infections and models

1.4.1. Human infections

In humans, P.a. can cause infections in a range of organs and tissues, including the lung, skin,
urinary tract, cornea and blood (149). Skin infections are particularly common in patients with
burns and other wounds, and corneal infections are predominantly observed in contact lens
wearers (149, 150). Urinary tract infections caused by P.a. have been described, but are less
frequent than infections caused by uropathogenic E. coli (UPEC) (151). P.a. infections are also
commonly described in the context of catheters in hospital settings, where P.a. can grow as a
difficult to treat biofilm on catheters, potentially resulting in urine or bloodstream infections
and sepsis in immunocompromised patients (149, 152, 153). Among all infection sites,
however, lung infections are the most frequently observed and can present both as acute or
chronic infections (154-156).

Acute lung infections are usually described in the context of ventilator-associated pneumonia
in immunocompromised and critically ill patients, which can escalate to sepsis (156, 157).
Chronic infections, on the other hand, are more commonly observed in patients with chronic
structural lung disease or barrier function defects, such as CF, chronic obstructive pulmonary

disorder (COPD), bronchiectasis or primary ciliary dyskinesia (154, 155, 158).

1.4.2. Animal models

1.4.2.1. Models of CF lung disease

The absence of an easily accessible animal model that fully recapitulates CF lung pathologies
has been a significant challenge in CF research. CFTR knockout mice typically only display
the intestinal disease associated with CF, but do not exhibit an obstructive airway phenotype
similar to what is observed in the CF lung (159). While ENaC knockout mice seem to
recapitulate some properties of the CF lung, such as mucus plugging and inflammation, they
remain an imperfect model due to the fact that the wild-type CFTR does not allow for studies

on the effects of different CFTR mutations or CFTR modulators (160). While recent years have
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seen the establishment of two promising CF animal models that closely resemble overall CF
patient pathology, the CF pig and the CF ferret (73, 161), working with these animals typically
requires specific expertise, is more labor-intensive, time-intensive, expensive and comes with
additional ethical considerations for animal experiments (162). While these animal models
have offered some important insights on CF lung physiology, they are far from offering the

same throughput that mouse experiments do and are inaccessible to most labs.

1.4.2.2. Models of pulmonary Pseudomonas aeruginosa infection

Models to investigate pulmonary chronic P.a.-host interactions are further complicated by the
fact that P.a. does not typically establish a chronic infection in the wild-type mouse lung (162).
Infections usually range from a few hours to 2-4 days and result either in a complete clearance
of the bacteria by the mouse immune system or the death of the mouse due to an overwhelming
infection. Transgenic ENaC mutant mice show some promise, where a subset of mutant mice
still harbored a low burden of P.a. for up to 12 days post infection, but it is unclear for how
much longer an infection could be sustained in this model (163). It thus remains challenging to
model the non-resolving, non-lethal chronic infections typically observed in the CF lung in a
murine model. There has been some success with an intranasal infection of mice, which is
believed to result in the continuous re-infection of the murine lung from the nose (164).
However, the pulmonary host/microbe interactions are unlikely to reflect those of a chronic,
sustained pulmonary infection. Another commonly used model is the bead infection model,
where P.a. is embedded in agar beads and the beads are consequently instilled intratracheally
(148, 165). The advantage of this system is that P.a. can secrete factors such as proteases and
cytotoxic phenazines into the lung environment, which the host immune system then reacts to
over a prolonged amount of time. Additionally, the macrocolonies and microaerobic conditions
inside the agar beads closely mirror the P.a. growth conditions within biofilms or inside the
mucus of the CF lung (162). However, this system does not allow for the study of bacterial

factors requiring host cell contact.

1.5 Host-pathogen interactions in initial Pseudomonas aeruginosa infection

1.5.1. Host recognition and immune response to Pseudomonas aeruginosa
AEC and alveolar macrophages are the first cells to encounter P.a. in the CF lung and are thus
pivotal in recruiting additional immune cells, such as neutrophils, to the site of infection. P.a.

expresses an array of PAMPSs, resulting in the activation of pattern recognition receptors (PRR)
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such as toll like receptors (TLR) and NOD-like receptors (NLR) on these cells (166, 167).
While the most prominent PAMPSs, flagellin and lipopolysaccharide (LPS), show redundant
detection via multiple PRRs, additional PAMPs include ExoS, components of the T3SS
injectisome apparatus, the cytotoxic phenazine pyocyanin, peptidoglycan and mannuronic acid,
which is a component of the exopolysaccharide alginate (168-172). Detection of these PAMPs
via PRR consequently results in the release of pro-inflammatory mediators and immune cell
influx to the infected area. While AEC are not considered to be professional immune cells, they
are important first responders to inhaled pathogens. Their functions include forming a physical
barrier, mucociliary clearance, contributing to bacterial killing through the secretion of
antimicrobial peptides and reactive oxygen species, as well as the recruitment and activation

of professional immune cells via the secretion of cytokines and chemokines (173).

Briefly, AEC and macrophages secrete chemokines such as IL-8 and LTB4 that form a
concentration gradient upon PAMP detection (167, 174, 175). Neutrophils and other immune
cells consequently follow the chemokine concentration gradient, which requires rolling
adhesion to the capillary endothelium, traversal of the interstitium, binding to the basal
membrane of AEC, epithelial transmigration and finally adhesion to the apical side of AEC
(61, 176). While some steps of this process, particularly immune cell movement across the
interstitium and transepithelial migration, are incompletely understood, some molecules such
as the pro-inflammatory adhesion molecule ICAM-1 appear to be involved in multiple steps of
this process. ICAM-1 expression on endothelial cells, along with the expression of other
adhesion molecules like P-selectin, E-selectin and VCAM-1, is necessary for neutrophil rolling
adhesion to capillary endothelial cells (177). At the same time, ICAM-1 expression on AEC
appears to be involved in neutrophil transepithelial migration and potentially neutrophil
retention within the lung (61, 178-181). As a consequence, chemokine, cytokine and adhesion
molecule expression of AEC in response to infectious stimuli are key contributors to initiating

and shaping the host immune response to pulmonary infections.

Once in the lung lumen, neutrophils exert their antibacterial functions, which include the
secretion of proteases, neutrophil extracellular traps (NETS), as well as bacterial phagocytosis
and intracellular killing within neutrophil phagosomes (182). Unfortunately, neutrophilic
killing of P.a. in the CF lung is often ineffective due to a number of host defects such as
dysfunctional antimicrobial peptides and the absence of mucociliary clearance, as well as

bacterial immune evasion. An intrinsic dysfunction of neutrophil bacterial killing due to CFTR
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dysfunction may also be a possible contributing factor of the ineffective bacterial clearance in
CF (183), however this question remains unresolved. Due to the continued proliferation of
bacteria, increasing numbers of neutrophils are recruited to the CF lung, resulting in the
excessive neutrophilic inflammation frequently observed in CF patients (71). This neutrophilic
inflammation in turn directly contributes to lung tissue destruction in the CF lung via the
cleavage of host proteins by neutrophil elastase and myeloperoxidase as well as through tissue
damage due to the release of reactive oxygen and nitrogen species (61, 184). In fact, neutrophil
elastase levels in CF patient sputum are positively correlated with lung disease severity and are
an important biomarker of lung disease progression (75). Additionally, extracellular DNA in

NETSs further increases ASL viscosity, potentially exacerbating CF lung pathology (185).

1.5.2. Major virulence factors required for initial infection and immune

evasion

Its arsenal of virulence factors largely accounts for P.a.’s ability to successfully infect such a
wide variety of different hosts and tissue types. P.a. virulence factors range from adhesion
factors to injection systems and secreted toxins and exoproducts. Here, we review some of the

most important factors that contribute to establishing an initial infection.

1.5.2.1. Secreted proteases

P.a. secretes an abundance of different proteases and expression levels of these proteases are
typically regulated by bacterial QS (137). Major QS-regulated proteases include LasA, LasB,
AprA and type 4 protease (T4P), most of which are secreted through a type 2 secretion system,
with the exception of AprA, which is secreted through a type 1 secretion system (186). Of note,
protease secretion patterns by individual strains are not only affected by the complex interplay
of QS systems, but also by the fact that co-secretion of certain proteases is required for the

activation or potentiation of other proteases (187, 188).

P.a. secreted proteases have been extensively studied for their ability to cause host tissue
damage and subvert host immunity during early infection stages. Prominent examples include
the elastases LasA and LasB, the alkaline protease AprA and T4P (also referred to as PrpL)
(186). Additional proteases have been described, but are less well defined in their function.
Numerous in vitro studies indicate that P.a. secreted proteases, particularly LasB and AprA,

can proteolytically degrade a broad range of host molecules (Fig. 1.5). They can degrade cell

19



junction and extracellular matrix proteins (e.g. occludin, VE-cadherin, elastin, collagen) and
surface receptors (e.g UPAR, PAR-2), leading to the breakdown of cellular barriers and direct
tissue damage (189-194). Inactivation of chemokines and immune mediators such as I1L-8, IL-
6 and ENA78 (CXCL5) can suppress host immunity and enable immune evasion, resulting in
dampened neutrophil responses to infection (148, 195). Furthermore, degradation of interferon
(IFN)-y suppresses anti-viral responses in AEC, leading to increased viral spreading upon
infection with human rhinovirus and respiratory syncytial virus, potentially resulting in further

lung pathology and increasing the risk of lung exacerbations (196).
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Figure 1.5: Host targets of P.a. secreted proteases. Created in Biorender.

Interestingly, immune evasion via secreted proteases is not limited to the degradation of host
proteins, as P.a. has been observed to cleave components of its own flagellum in order to
prevent recognition of the potent PAMP flagellin by host PRR and thus evade immune
recognition (197).
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1.5.2.2. The type 3 secretion system

T3SS are widely expressed by gram-negative bacteria such as E. coli, S. enterica and P.a.
(198). Depending on the bacterium, T3SS can range in complexity from a handful of effector
proteins to dozens (198). Additionally, these effectors may be organized in more than one
T3SS, as is the case for the two S. enterica T3SS which are primarily used during invasion and
intracellular survival, respectively (199). Unlike other bacteria, however, P.a. only possesses
four T3SS effectors: ExoS, ExoT, ExoU and ExoY, out of which ExoS and ExoU are typically
mutually exclusive and not encoded by the same strain. ExoS and ExoT both possess an ADP-
ribosyltransferase and a GTPase-activating domain, while ExoY is an adenylate cyclase and
ExoU is a phospholipase (200). Out of the four effectors, ExoS and ExoU are particularly well-
studied and ExoS has been shown to initiate host cell apoptosis, while ExoU causes rapid-onset

necrosis in host cells (201, 202), likely as a form of immune evasion.

In an acute pneumonia mouse model, both ExoU or ExoS secretion was associated with
increased pulmonary bacterial loads 18h post infection, while ExoT secretion had no effect
(203), likely due to the ExoU- or ExoS-mediated killing of immune cells and consequently
greater bacterial fitness in the lung (204). Interestingly, ExoU secretion was associated with
greater mouse mortality and increased bacterial dissemination to the spleen and liver, despite
comparable pulmonary bacterial loads to an isogenic strain expressing ExoS (203). This is
likely attributable to the excessive ExoU-mediated cellular damage not only to immune cells,
but also to EC, contributing to lung tissue damage and allowing for the dissemination of
bacteria and cytokines across damaged epithelial barriers (205, 206). While not associated with
a significant increase in either mortality or pulmonary bacterial counts, mice infected with an
ExoT-secreting strain displayed greater bacterial dissemination to the spleen and liver
compared to mice infected by a secretion-deficient strain. This may be caused by the known
effect of ExoT on wound healing, potentially rendering epithelial barriers more susceptible to
dissemination (207). Together, the literature suggests that ExoS- and ExoU-expressing strains
are associated with greater pulmonary bacterial loads due to immune evasion, increased
systemic dissemination and/or increased mortality in acute infection settings (203, 206, 208).
These observations mirror findings in patients with acute pneumonia, where T3SS-positive

strains were found to be associated with increased morbidity (209).
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Figure 1.6: The P.a. T3SS. Created in Biorender.

In addition to the effectors, the P.a. T3SS consists of several regulatory and structural
components as shown in Fig. 1.6. The T3SS transcriptional activator ExsA activates the
transcription of the T3SS genes, most of whom are organized within 5 operons (210).
Transcription and secretion of T3SS effectors is regulated through ExsA, ExsC, ExsD and
ExsE, which have varying binding affinities to each other. T3SS secretion can be triggered
either through host cell contact or in low Ca2+ conditions (211, 212). In the absence of
secretion induction, ExsE binds ExsC and ExsD binds ExsA, preventing T3SS gene
transcription. Once secretion is turned on, however, EXSE is secreted, freeing ExsC to bind
ExsD and allowing ExsA to transcribe the T3SS genes. Effectors are then injected into the host
cell cytosol via the needle complex and the translocon complex, which forms a pore within
host membranes (200). Together, the needle and translocon complex are referred to as the

injectisome.

While “professional” intracellular pathogens like S. enterica and S. flexneri typically employ
their T3SS to hijack intracellular pathways and optimize their uptake into host cells, P.a. T3SS
effectors appear to have an opposite effect, where their interaction with intracellular small
GTPases inhibits bacterial uptake (213-215). Interestingly, there are reports of components of

the bacterial flagellum getting injected into the host cell cytoplasm through the T3SS and
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eliciting a host immune response (216). This process is likely due to the high homology
between the T3SS needle apparatus and the transmembrane part of the bacterial flagellum, a

process that has been demonstrated for multiple gram-negative pathogens (171, 217).

1.5.2.3. Bacterial flagellum and pili

A single flagellum allows P.a. to move through liquid with low viscosity, which is referred to
as swimming motility. But beyond movement, the flagellum is also necessary for surface
adhesion to biotic and abiotic surfaces and is a potent PAMP which gets recognized through
host receptors like TLR-2, TLR-5 and NLRC4, inducing a pro-inflammatory response (168,
216, 218, 219). Additionally, P.a. encodes for type 1V pili which mediate twitching motility

and are also involved in surface sensing and adhesion (220).

1.5.2.4. Other acute virulence factors

Besides its T3SS and arsenal of secreted proteases, P.a. also encodes for the potent secreted
exotoxin A, the cytotoxic and bactericidal phenazine pyocyanin and a type 6 secretion system
that is used to intoxicate both competing bacteria and host cells (221-223). Other important
bacterial virulence factors include the siderophore pyoverdine, which is an important iron

scavenger (224).

1.5.3. Transition from acute to chronic infection

If eradication therapies fail, P.a. typically establishes a chronic infection in the CF lung that
persists despite antibiotic treatments. Over the course of chronic infections which last years to
decades, P.a. adapts to the CF lung environment and typically loses expression of many
virulence factors, including the T3SS, twitching and swimming motility, protease secretion and
secretion of the cytotoxic phenazine pyocyanin (225). In some chronic infection isolates, many
of these virulence factors are downregulated at once through mutations in master regulators,
such as LasR or RhIR (146). On the other hand, chronic infection isolates typically show
increased biofilm formation, mucoidy and antibiotic resistance (225), as shown in Figure 1.7.
Numerous longitudinal studies tracking P.a. clones over time in the CF lung have revealed
common genotypical and phenotypical changes and have investigated the consequences of
some of these adaptations for the host and treatment outcomes (226-228). Still, the clinical

implications of many of these commonly observed adaptations remain to be elucidated.
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Figure 1.7: Common P.a. adaptations in the CF lung. Adapted from (225).

Adaptations observed in P.a. isolates from different patients tend to share many similarities,
likely due to common selective pressures in the CF lung (229). However, it is important to keep
in mind that isolates recovered from the sputum of individual patients may not be representative
of the entire P.a. population in the CF lung. For instance, it has been demonstrated that P.a.
genetically and phenotypically diversifies, forming distinct sub-lineages in different lung
regions (230). As such, patients may harbor different clonally related isolates that display a
wide variety of phenotypic characteristics, such as varying virulence factor expression or
antimicrobial resistance phenotypes (230). These characteristics likely reflect differences in

bacterial competition, oxygen conditions, nutritional conditions and immune cell presence

throughout the lung (225, 231, 232).
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1.5.4. Systems mediating the acute-to-chronic switch in Pseudomonas

aeruginosa

Switching from a motile, highly virulent state to a sessile, biofilm-encased state is a key feature
of P.a.’s ability to transition between different infection stages in the host. This switch is
largely regulated by the second messenger cyclic di-guanylate (c-di-GMP) and the
RetS/GacS/LadS regulatory system (233). In P.a., c-di-GMP levels are determined by its
production through diguanylate cyclases and its degradation by phosphodiesterases. The
balance of production and degradation and the resulting c-di-GMP levels are determined by a
range of extracellular cues, such as surface detection (233). High c-di-GMP levels result in a

switch towards biofilm formation, which is typically observed in chronic infections, whereas

low c-di-GMP levels result in a switch towards motile bacteria and T3SS activity (233).
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Figure 1.8: The GacS pathway functions as a switch between a motile and sessile bacterial
lifestyle. Adapted from (234).
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As shown in Fig. 1.8, the histidine kinase GacS signals through the small RNAs RsmY and
RsmZ, which inhibit the translational repressor RsmA (234). This inhibition of RsmA results

in increased biofilm formation due to derepression of genes such as pel and psl and decreased
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motility due to a lack of induction of these motility-associated genes. The sensor histidine
kinases RetS and LadsS are upstream of this pathway and tip gene expression towards biofilm
formation or a motile lifestyle (234). Interestingly, RsmA also suppresses the expression of the
diguanylate cyclase SadC, which synthesizes c-di-GMP (235). Thus, RsmA not only represses
biofilm formation through the direct suppression of biofilm genes, but also by suppressing c-
di-GMP levels. This switch is considered as one of the major modulators as P.a. transitions
from an acute to a chronic infection in the context of CF lung infections and mutations in gacs,

retS and ladS are occasionally observed in CF isolates, such as the clinical isolate CHA (236).

1.6 Host-adapted Pseudomonas aeruginosa phenotypes

1.6.1. Antibiotic resistance and tolerance

While initial infection isolates, which are likely acquired from the environment rather than
from patient-to-patient transmission (237), are likely to be sensitive to some antibiotics, chronic
infection isolates tend to display multidrug resistance (225). This resistance is likely
attributable to repeated antibiotic exposure, particularly during exacerbations, which select for
resistant mutants (238). Depending on the antibiotic’s mode of action, resistance may be a
consequence of efflux pumps that export the antibiotic from the bacterial cell, mutation of the
antibiotic target, or active degradation of the antibiotic by bacterial proteins (239, 240).
Resistance mechanisms that are of particular relevance to the treatment of P.a. infections are
listed in Table 1.2.

Antibiotic Target Resistance mechanism Reference

Ciprofloxacin/ | DNA gyrase & Target mutation (gyrAB, parCE) and increased | (241)

levofloxacin topoisomerase IV | efflux pump expression (e.g. mexCDoprJ)

Tobramycin/ | 30S ribosomal Aminoglycoside-modifying  enzymes (e.g. | (240)
amikacin subunit aminoglycoside phosphoryltransferase),

increased efflux pump expression, target

mutation
Colistin LPS fatty acids LPS modifications that limit polymyxin activity | (242)
and phosphates (e.g. via phosphoethanolamine transferase
MCR-1)
Aztreonam Penicillin-binding | Target mutation (ftsl), increased efflux pump | (243)
protein-3 expression

Table 1.2: P.a. antibiotic resistance to clinically relevant antibiotics.
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Another challenge in treating P.a. infections in the CF lung is the fact that in vitro antibiotic
susceptibility testing of P.a. is a poor predictor of treatment outcome (244). This can be
partially explained by the fact that susceptibility testing conditions typically do not mirror the
conditions in the CF lung. Factors like oxygen conditions, growth rate/stage and biofilm growth
have been demonstrated to significantly affect the tolerance of P.a. towards antibiotics (245).
Importantly, tolerance (also referred to as phenotypic resistance by some) is a transient
physiological state that allows the bacterium to survive in the presence of high bactericidal
antibiotic concentrations. Unlike genotypic resistance, tolerance is not passed on to the
bacterial progeny and can be antibiotic class non-specific. While tolerance mechanisms remain
poorly understood, they include bacteria entering a metabolic dormancy state, biofilm growth,
activation of stress signaling such as the stringent response and reduced antibiotic penetration
(246-248). Antibiotic tolerance not only contributes to drug failure (249), but also increases

the likelihood of resistance mutations arising before all bacteria have been neutralized (250).

1.6.2. Biofilm formation

Biofilm formation is the major mechanism conferring antibiotic tolerance to P.a. The switch
from a motile to a sessile, biofilm-encased lifestyle is typically mediated by differential
regulation via altered c-di-GMP levels and the GacS/RetS two-component system, as described
above (233). P.a. has the ability to form biofilms both on biotic and abiotic surfaces, protecting
it from external stresses such as immune cell killing and antibiotics (245, 251). These biofilms
are composed of a combination of exopolysaccharides, namely Pel, Psl and alginate for P.a.,
and extracellular DNA, proteins and lipids, with the exact composition being dependent on the
strain background (251).

The antibiotic tolerance conferred by a biofilm-encased lifestyle is likely the result of a
combination of factors, such as lower antibiotic penetration rates through the biofilm matrix,
which may be partially dependent on the charge of the antibiotic, low oxygen conditions in the
biofilm and a low metabolic rate of bacteria in the center of the biofilm (245). Additionally,
the low nutrient conditions within the biofilm may activate the stringent response, which has
been shown to mediate tolerance to different classes of antibiotics (247). Simultaneously,
biofilms also interfere with neutrophil killing through several mechanisms. The biofilm matrix
acts as a physical barrier which neutrophils cannot penetrate, while alginate and Psl interfere
with complement deposition and neutrophil opsonophagocytosis (252-254). Furthermore,
alginate has been shown to scavenge reactive oxygen species and diminish the activity of
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antimicrobial peptides (255, 256). Together, the increased antibiotic tolerance and immune

evasion of biofilm-encased bacteria explain why P.a. biofilms are so difficult to eradicate.

1.6.3. Potential bacterial reservoirs

Following antibiotic treatment and multiple negative sputum cultures, CF patients sometimes
test sputum positive for P.a. again, and genetic analyses have revealed that these relapsing
infections harbor the original strain recovered before eradication treatment (257). Multiple
explanations have been proposed for this observation. The negative sputum cultures may not
be representative of the entire lung due to imperfect sampling, and P.a. might not have been
completely eradicated. Alternatively, the patient might have been reinfected by the same
environmental source of P.a. that they were originally infected by. Another possibility is a
reservoir of P.a. in the paranasal sinuses that persists during antibiotic treatment due to sinus
obstruction and consequent poor antibiotic access to the sinuses (258). The bacteria could then
spread from the upper to the lower airways. This notion is supported by the fact that the
microbiome of the sinuses is highly similar to that of the lower airways in CF patients, with
strains recovered from both sites displaying similar genotypic and phenotypic characteristics
(259, 260). However, the direction of spread cannot be definitively established and it is also

possible that bacteria spread from the lower to the upper airways and sinuses.

Finally, there is the possibility of a largely understudied reservoir, namely intracellular P.a.
that may survive within airway EC. Since P.a. is traditionally considered an extracellular
pathogen, this possibility remains frequently overlooked despite the fact that reports of
intracellular P.a. within various types of epithelial cells both in vitro and in animal models date
back three decades (261-263).

1.7 Intracellular Pseudomonas aeruginosa in epithelial cells

There is increasing evidence that bacteria traditionally characterized as extracellular bacteria,
such as P.a.,, E. coli and S. aureus, can also be facultative intracellular bacteria. This
intracellular lifestyle may contribute to antibiotic treatment failure, relapsing infections, and
facilitate the establishment of a chronic infection (264-267). Intracellular UPEC is widely
accepted to have clinical relevance in the setting of UTIs since it has been observed within
sloughed epithelial cells in patient urine samples (268, 269), and may explain why certain
patients relapse frequently after antibiotic treatment for chronic UTIs (264, 269, 270). The
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relevance of intracellular P.a. remains however uncertain, as past studies have only been
conducted in vitro and within non-pulmonary, primarily corneal animal infection models (261,
271-273). It thus remains unclear whether intracellular P.a. occurs in lung infections and if so,
what role it plays in the pathogenesis of chronic lung infections.

1.7.1. Invasion of (airway) epithelial cells

The internalization process into various types of ECs has been studied by many groups,
although there are some discrepant observations (Table 1.3). Several factors, including varying
MOI, duration of infection, EC type and whether differences in internalization are

distinguished from adherence, make it difficult to directly compare between individual studies.

Factor Effect Description Source
SEVEIT 1/- Corneal EC: Motile flagellum facilitates internalization | (274, 275)
Rabbit primary corneal EC: no involvement

Pilus ) Madin-Darby canine kidney cells: Pilus interaction with | (276)
Asialo-GM1 increases internalization
LPS outer [k Rabbit primary corneal EC: A complete outer LPS core | (275)
core with a terminal glucose residue facilitates
internalization
LecA ) Human lung EC H1299: Binding to Gb3 results in lipid | (277, 278)
zipper-like uptake
Oprk ) Human middle ear EC: OprF facilitates invasion (279)
ExoS/T dI- Corneal EC: ExoS and ExoT inhibit int. (213, 214, 271)
HeLa cells: expression of ExoS and ExoT is negatively
correlated with bacterial internalization
Human bladder EC: T3SS-deficient strain does not
display a difference in internalization
) HelLa cells: T6SS-delivered VgrG2B increases | (280)
internalization via interaction with the microtubule
network component yTURC

Table 1.3: Bacterial factors involved in the P.a. internalization process into EC.

P.a. employs several motility appendages, membrane proteins and lipids to bind to host factors
in order to initiate its uptake into EC (Table 1.3). The literature suggests that P.a. is able to

invade EC via a trigger-like process that requires active actin polymerization and can be
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inhibited by temporarily culturing cells at 4°C or via incubation with cytochalasin D (281, 282).
However, it remains less clear whether this process also involves microtubule filaments as
Mittal et al. show decreased internalization into human middle ear ECs upon inhibition of either
actin or microtubule filaments, while Fleiszig et al. report that microtubule inhibition via
colchicine had no impact on internalization into corneal ECs (279, 281). A second potential
mode of internalization, which was uncovered more recently, is a zipper-like process that
appears to be triggered by P.a. LecA binding to the glycosphingolipid Gb3 on host cells, which

results in an actin polymerization-independent uptake of the bacterium (278).

1.7.2. Intracellular survival within (airway) epithelial cells

While there is extensive literature on the initial internalization stages of P.a. into EC, data on
prolonged intracellular survival is more scarce. Survival is often only tracked for up to 12h,
which is likely more reflective of acute stages of infection rather than chronic infections that
are typically observed in CF patients (283-285). Even in studies with longer infection time
courses, comparisons are difficult due to differences in MOI and epithelial cell type (213, 271,
279, 286).

To date, most investigations of intracellular P.a. survival have focused on the role of the T3SS,
likely due to the established role of the T3SS in the intracellular lifestyle of other intracellular
pathogens, such as S. enterica and S. flexneri (199, 287). Initial reports by Heimer et al.
suggested that unlike wild-type P.a., which are able to escape their compartment and enter the
host cytosol via the T3SS effector ExoS, T3SS-negative mutants are unable to escape their
vacuole, which consequently acidifies. The authors suggested that this would eventually result
in bacterial Kkilling of T3SS-negative, but not T3SS-positive bacteria (285). T3SS-positive
bacteria would then be able to disseminate throughout the host cell using pilus-mediated
twitching motility (288). Recent findings from the same lab, however, show that their initial
hypothesis that T3SS-negative vacuolar bacteria are degraded is in fact incorrect and that
bacteria are actually able to survive within the acidified vacuoles, display characteristics
associated with biofilm formation and are more tolerant to antibiotics like the cell-permeable
ofloxacin compared to cytosolic T3SS-positive bacteria, which are readily killed (286). The
authors further hypothesize that this T3SS-negative population of vacuolar bacteria may be
clinically relevant in the context of antibiotic eradication therapies and the establishment of
chronic P.a. infections (286). Similar observations of a biofilm-like phenotype of P.a. were

previously made by another lab (273), while others substantiate the observation that a
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subpopulation of bacteria can escape into the cytosol via co-localization of bacteria with
cytosolic septin cages by confocal imaging in HeLa cells (289). However, reports of the
intracellular P.a. localization vary significantly across studies, with some studies reporting a
plasma membrane-adjacent localization in bleb-like vacuoles (284, 290), while others report a
perinuclear membrane-surrounded localization (291) or a cytosolic localization (279, 285,

289). Notably, these findings may be highly cell type-, timing- and strain-dependent.

Penaranda et al. also recently observed that in bladder ECs, which are a model of P.a. UTIs,
mutation of the transcriptional regulator AlgR resulted in a significant decrease in intracellular
survival (271). While AlgR regulates a number of bacterial virulence factors such as the T3SS
and quorum sensing, none of the tested mutants in downstream genes, including T3SS mutants,
recapitulated the difference in intracellular survival observed for the algR mutant (271). The
authors further demonstrated that the observations in a murine UTI model mirrored those in in
vitro experiments, suggesting that intracellular P.a. may be physiologically relevant in the
setting of P.a. UTIs and that in vitro results translate well to in vivo studies in this context
(271).

In summary, the literature suggests that P.a. is capable of invading various human EC types in
vitro as well as in certain animal infection models of acute infection. It is thus conceivable that
P.a. may also invade AEC in the airways of CF patients, which may function as a reservoir.
An intracellular lifestyle of a small subpopulation would allow P.a. to persist during antibiotic
treatments due to poor diffusion rates of antibiotics into eukaryotic cells, which is particularly
true for aminoglycosides like tobramycin, the antibiotic of choice during P.a. eradication
therapy (292). P.a. would also be shielded from killing by host immune cells like neutrophils.
At the end of antibiotic treatment, even a small persistent intracellular population of P.a. may

be sufficient to reinfect its surrounding tissues.

1.8 Rationale and research objectives

P.a. is a formidable opportunistic pathogen, which is capable of rapidly adapting to changing
environmental conditions. In the context of pulmonary infections in CF patients, genotypic and
phenotypic P.a. adaptations to the host environment over time are well documented. However,
the full impact of many frequent adaptations, including loss of LasR and T3SS function,

remains to be elucidated. Here, we sought to examine the impact of common adaptations
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observed in chronic infection isolates on two processes important to infection pathogenesis,

namely the induction of airway inflammation and bacterial persistence.

The first objective of our work was to examine how P.a. loss of LasR function, which occurs
in about 1/3 of chronic infection isolates, modulates the levels of the pro-inflammatory
adhesion molecule ICAM-1 on AEC. We further sought to examine how these altered ICAM-
1 levels might affect neutrophil adhesion to AEC in vitro as well as neutrophil recruitment to
the airways in an in vivo bead infection model. Due to the demonstrated immunosuppressive
action of LasR-regulated proteases, we hypothesized that a lack of LasR function may result in
elevated levels of ICAM-1 on AEC in conjunction with elevated neutrophil recruitment and/or

retention.

Our second objective was to establish a model of long-term intracellular P.a. survival within
AEC in order to identify bacterial factors facilitating intracellular P.a. survival. We
hypothesized that a robust long-term survival model would allow us to distinguish between
strains capable of intracellular long-term survival and strains that are unable to survive, which

would lay the foundation for future in-depth analyses.

The third and final objective of this study was to hone in on the observed heterogeneity in the
intracellular survival of CF clinical isolates using our newly established intracellular infection
and survival model. In order to identify additional “hyper-proliferator” strains, we screened a
clinical P.a. collection consisting of 28 isolates for their ability to survive intracellularly within
AEC. We hypothesized that the observed survival heterogeneity was driven by T3SS status
and that T3SS-deficiency, which is commonly observed during chronic infection stages, may

facilitate an intracellular lifestyle.
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Preamble to Chapter 2

P.a. loss-of-function lasR variants are frequently detected in chronic CF infection isolates and
are paradoxically associated with accelerated lung function decline compared to wild-type lasR
isolates. Previous work by our lab and others has demonstrated that LasR-regulated proteases
associated with early infection stages are capable of degrading a wide range of pro-
inflammatory immune mediators including cytokines, chemokines and adhesion molecules,
which likely facilitates bacterial immune evasion. In a chronic infection setting, on the other
hand, loss of LasR-regulated proteases appears to result in overall increased levels of pro-

inflammatory chemokines, greater neutrophilic inflammation and lung pathology.

The pro-inflammatory adhesion molecule ICAM-1 has been reported to be elevated on AEC in
the CF lung, particularly in the proximity of neutrophils. While the effect of elevated ICAM-1
on AEC in the human lung remains incompletely understood, animal infection models suggest
that epithelial ICAM-1 may facilitate neutrophil recruitment and/or retention within the lung
during bacterial pulmonary infection. Here, we sought to investigate the interplay of lasR wild-
type and mutant strains with AEC both in vitro and in vivo in order to examine whether altered
epithelial ICAM-1 may contribute to the observed excessive inflammation triggered by lasR

mutant strains.
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2.1 Abstract

Pseudomonas aeruginosa causes chronic airway infections, a major determinant of lung
inflammation and damage in cystic fibrosis (CF). Loss-of-function lasR mutants commonly
arise during chronic CF infections, are associated with accelerated lung function decline in CF
patients and induce exaggerated neutrophilic inflammation in model systems. In this study, we
investigated how lasR mutants modulate airway epithelial membrane bound ICAM-1
(mICAM-1), a surface adhesion molecule, and determined its impact on neutrophilic
inflammation in vitro andin vivo. We demonstrated that LasR-deficient strains induce
increased mMICAM-1 levels in airway epithelial cells compared to wild-type strains, an effect
attributable to the loss of mMICAM-1 degradation by LasR-regulated proteases and associated
with enhanced neutrophil adhesion. In a subacute airway infection model, we also observed
that lasR mutant-infected mice displayed greater airway epithelial ICAM-1 expression and
increased neutrophilic pulmonary inflammation. Our findings provide new insights into the
intricate interplay between lasR mutants, LasR-regulated proteases and airway epithelial
ICAM-1 expression, and reveal a new mechanism involved in the exaggerated inflammatory

response induced by lasR mutants.

2.2 Author summary

Cystic fibrosis (CF) patients develop progressive lung disease characterized by chronic airway
infections, commonly caused by the opportunistic pathogen Pseudomonas aeruginosa, and
excessive non-resolving neutrophilic inflammation. Loss of function mutations of the lasR
quorum sensing transcription regulator gene commonly arise during chronic P. aeruginosa
infections and are associated with increased lung inflammation. In this study, we demonstrated
that loss-of-function lasR mutants induced increased mICAM-1 levels on airway epithelial
cells compared to wild-type P. aeruginosa strains in cell culture and in murine infection
models. This effect was caused by the loss of ICAM-1 degradation by LasR-regulated secreted
protease, facilitated neutrophil adhesion, and was associated with increased neutrophilic lung
inflammation. Our study provides novel insights into the P. aeruginosa—airway epithelial—
neutrophil interactions, and demonstrates how a common pathoadaptation of P. aeruginosa

may drive lung disease progression by exacerbating inflammation.

2.3 Introduction

Individuals with the genetic disease Cystic Fibrosis (CF) develop progressive lung disease

characterized by chronic airway infections and exuberant neutrophilic inflammation. Mutations
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in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene lead to impaired
chloride secretion and poor mucociliary clearance, making CF patients prone to lung infections.
Chronic airway infections are major drivers of persistent inflammation in CF lung disease (1).
The majority of adult CF patients are infected with Pseudomonas aeruginosa for decades,
which is associated with increased morbidity and mortality (2-4). Within the
airways, P. aeruginosa interacts with airway epithelial cells (AEC) to induce expression of
pro-inflammatory mediators, modulate inflammatory pathways and further exacerbate lung
inflammation (5). Adding to a hyper-inflammatory state associated with the intrinsic CFTR
defects (6,7), neutrophil responses to P. aeruginosa in the CF lung are both ineffective and

excessive, further contributing to lung damage (8,9).

During chronic infection, P. aeruginosa evolves and genetically adapts to the host lung
environment (10). P. aeruginosa isolates recovered from chronic “late” stage CF infections are
genotypically and phenotypically distinct from those found in “early” stage infections, and
commonly share phenotypes such as mucoidy, loss of motility or protease production (11,12).
A notable example of this convergent evolution is the loss of LasR function, typically
attributable to mutations in lasR, the gene encoding the major quorum sensing transcriptional
regulator in P. aeruginosa (13-17). Loss of function lasR variants are found in at least one
third of CF patients chronically infected with P. aeruginosa (15). Quorum sensing is a bacterial
communication system that allows the coordinated expression of hundreds of P. aeruginosa

genes, including many that encode exoproducts and virulence factors (18-20).

Although loss of LasR function leads to the attenuation of bacterial virulence in models of
acute infection (12,21,22), chronic infections with lasR mutants in CF patients have been
associated with accelerated decline in lung function (15) and increased markers of
inflammation (23). To understand the impact of P. aeruginosa lasR mutants on host-pathogen
interactions and on the inflammatory responses relevant to CF lung disease, our group
previously demonstrated that lasR variants elicited an enhanced pro-inflammatory cytokine
response in AEC due to a loss of cytokine degradation by LasR-regulated proteases, leading to
greater neutrophil recruitment in vitro. lasR variants also caused exaggerated neutrophilic

inflammation and immunopathology in a murine model of sub-acute airway infection (23).

Adhesion molecules, such as cell surface intercellular adhesion molecule 1 (ICAM-1), play an
important role in lung inflammation (24). Membrane bound ICAM-1, expressed on endothelial

and epithelial cells, is a ligand to B2 integrins on leukocytes and is involved in neutrophil
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migration, adhesion, and other functions (25-28). Although the role of epithelial ICAM-1 is
less well established than endothelial ICAM-1, which functions as the major adhesion receptor
for leukocyte rolling-adhesion and transendothelial migration (28), studies suggest that airway
epithelial ICAM-1 likely plays an important role in lung inflammation. Epithelial ICAM-1
mediates neutrophil adhesion and retention in the respiratory compartment, and contributes to
lung inflammation in the setting of pulmonary infection and endotoxin-induced injury (26,29—
33). In fact, epithelial cells express low levels of ICAM-1 unless infected or stimulated by
inflammatory cytokines (34,35) or bacterial products including P. aeruginosa secreted
products (31,36,37). Hubeau et al have also reported that AEC in the human CF lung over-
express ICAM-1 compared to non-CF tissues, and ICAM-1 surface epithelial expression is

associated with spatially adjacent neutrophil accumulation (38).

Since airway epithelial ICAM-1 expression is upregulated in P. aeruginosa infection, is a
feature of CF lung disease and mediates neutrophilic inflammation in the lung, this led us to
investigate the effect of lasR mutants on membrane bound ICAM-1 (mMICAM-1) in AEC and

its contribution to neutrophilic inflammation in vitro and in vivo.

2.4 Material and methods

Ethics statement

All experiments using human neutrophils were approved by the Research Ethics Board of the
McGill University Health Centre (protocol 14-169), with informed written consent obtained
from all subjects. All animal experiments were carried out with approval from the Animal Care
Committee of the Rl MUHC (AUP #2015-7586).

Bacterial strains, plasmids and growth conditions

All bacterial strains used in this study are described in detail in S2.1 Table. Primer sequences
and plasmids are listed in S2.2 and S2.3 Tables respectively. To generate the constructs for
inducible protease expression, the lasA, aprA and prpL coding sequences were amplified by
PCR from the PAO1 genome using primers lasA-GWB5-RBS, lasA-GWB2, aprA-GWB5-
RBS, aprA-GWB2, prpL-GWB5-RBS and prpL-GWB2 pairs respectively. The PCR products
were recombined into pDONR221P5P2 using BP clonase Il to generate the entry vectors
PENTR-lasA, pENTR-prpL and pENTR-aprA. The constructed entry vectors pENTR-lasA,
PENTR-prpLand pENTR-aprA were each recombined with the vector pJJH187 and the
destination vector miniCTX2.1-Tc-GW using LR Clonase Il Plus (Invitrogen) to generate the

arabinose inducible constructs pEXP-lasA, pEXP-prpL and pEXP-aprA. The individual
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expression vectors were subsequently integrated into the genome of the Late strain as
previously described (23). Complemented strains were selected on LB agar containing 50
ng/ml tetracycline. Protease expression was induced with 1% (w/v) L-arabinose (ACROS

Organics) added to the growth media.

P. aeruginosa filtrate preparation

Bacteria were grown overnight in 5 mL LB medium (BD Difco), washed twice in sterile
phosphate-buffered saline (PBS) and the cell pellets were resuspended at an ODsoo of 0.05 in
synthetic CF medium (SCFM), which was developed to resemble the nutrient composition in
CF sputum (39). 5 mL planktonic cultures were incubated at 37°C for 24h, with shaking at 250
rpm, then centrifuged for 5 min at 5000 rpm to pellet cells. The supernatants were filtered with
0.22 um cellulose acetate filters (Fisher Scientific) to generate sterile cell-free filtrates. The
remaining cell pellets were resuspended in PBS to measure the ODeoo for estimation of the cell
biomass. Filtrates were first normalized to the ODsoo of the pellet by dilution in SCFM and
then stored at -20°C until use. As control, we note that the normalization of each filtrate to the
ODeoo or total protein content of the pellet were equivalent. Each filtrate aliquot was discarded

after one freeze-thaw cycle. Where indicated, filtrates were heat-inactivated for 10 min at 95°C.

Airway epithelial cell culture conditions and stimulation with P. aeruginosa filtrates

Immortalized human airway epithelial cells (BEAS-2B) were cultured in cell culture-grade
plates in DMEM (Wisent) supplemented with 10% heat-inactivated fetal bovine serum (FBS,
Wisent), penicillin and streptomycin (Wisent) at 37°C with 5% CO2. Once 80-90% confluent,
cells were seeded with 150,000 cells/well into 12- well tissue culture plates (Sarstedt) for flow
cytometry experiments, or with 37,500 cells per well in 48-well tissue culture plates (Sarstedt)
for neutrophil adhesion assays. Cells were seeded 48 h prior to stimulation with filtrates, and
24 h before stimulation, the culture medium was changed to starvation media (DMEM
containing penicillin, streptomycin and 0.5% heat-inactivated FBS). BEAS-2Bs were
stimulated with 30 pL P. aeruginosa filtrate (in 1 mL total volume) for flow cytometry
experiments or 7.5 pL filtrate (in 250 pL total volume) for neutrophil adhesion assays for a
duration of 24 h in fresh starvation media at 37°C with 5% CO2. Equal volumes of SCFM were
used as a negative control and a final concentration of 20 ng/mL TNF-a (BioLegend) was used

as a positive control for ICAM-1 induction and neutrophil binding.
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mMICAM-1 measurement

Following stimulation with P. aeruginosa filtrates, the supernatants of BEAS-2B cultures were
collected and 500 pL cold Accutase (STEMCELL Technologies) was added to each well and
incubated at room temperature for 10 min to detach cells. The BEAS-2B cell suspensions were
then added to their respective supernatants of the same well and centrifuged at 2000 rpm. The
cells were resuspended in FACS buffer (PBS+1% heat-inactivated FBS), stained with 1:1000
Fixable Viability Dye eFluor 780 (eBioscience) for 25 min on ice, then with 1:50 FITC-
conjugated anti-human ICAM-1 antibody or 1gG1-FITC isotype control (R&D Systems) for 30
min on ice, followed by fixation with 0.5% PFA for 10 min at room temperature. Cells were
analyzed with a LSR Il flow cytometer (BD Biosciences) and results were analyzed using
FlowJo (BD Biosciences). For our analysis, debris (low FSC-A/SSC-A), doublets (higher SSC-
A than SSC-H) and dead cells (high eFluor 780) were excluded. For each condition, the results
were calculated by subtracting the median fluorescence intensity (MFI) of the isotype control

from the corresponding sample’s ICAM-1 MFI.

Protease activity measurements of P. aeruginosa filtrates

Total protease activity in filtrates was measured using the Hide-Remazol Brilliant Blue assay
as previously described (40). Caseinolytic activity in filtrates was assessed by spotting 30 uL.
of filtrates on sterile 6mm paper disk placed on skim milk 1.5% agar plates as previously
described (41) and the zone of clearance (diameter minus the 6mm filter) was measured after
16 h incubation at 37°C. Elastolytic activity in filtrates was measured by Elastin-Congo Red

(ECR) assay, as previously described in detail (23).

Recombinant human ICAM-1 (rhICAM-1) degradation assay

To measure the ICAM-1 degradation by P. aeruginosa secreted proteases in vitro, 25 uL of 10
pg/mL (250 ng) thICAM-1 (Peprotech) was incubated with 5 uL. P. aeruginosa filtrate or PBS
(negative control) for 24 h at 37°C, shaking at 200 rpm. The samples were then diluted in 4X
loading buffer containing DTT, incubated at 95°C for 5 min, then stored at -20°C until
quantification of rhICAM-1 by Western Blotting. 20 puL of each rhICAM-1 degradation sample
was loaded onto 4-20% Mini-PROTEAN gels (Bio-Rad), separated by SDS-PAGE and then
transferred onto PVDF membranes. The blots were blocked in 5% (w/v) skim milk prior to
incubation with polyclonal anti-rhiICAM-1 antibody (500-P287, Peprotech) overnight at 4°C.
The protein bands were detected with anti-rabbit 1IgG DyLight 800 4X PEG conjugated
secondary antibody (Cell Signaling Technology), imaged with the Odyssey imaging system
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(Li-Cor Biosciences) and quantified using the Odyssey V3.0 software (Li-Cor Biosciences).
Results are shown as % band density compared to the negative control (rhICAM-1 incubated

with PBS control) on the respective blot. Full blots are provided in S2.1 Spreadsheet.

Neutrophil adhesion assay

Primary human neutrophils were isolated from 5 mL whole blood collected from healthy
volunteer donors using the EasySep Direct Human Neutrophil Isolation Kit (Stemcell)
according to the manufacturer’s instructions in phenol red-free RPMI-1640 with 1% heat-
inactivated donor serum, and included incubation in RBC lysis buffer (Stemcell) for 10 min.
Neutrophils were stained with 1 uM calcein-AM for 30 min in the dark at room temperature,
then washed twice with media and filtered through a 40 um nylon cell strainer cap
(Fisherbrand). BEAS-2B cells were first stimulated with 30 uLL P. aeruginosa filtrates for 24h,
and after removal of the filtrate-containing media, BEAS-2B cells were co-incubated with
4x10° neutrophils in phenol red-free DMEM supplemented with 1% heat-inactivated donor
serum for 2 h at 37°C with 5% CO2. Neutrophils were then removed and BEAS-2B cells were
washed three times with media to remove non-adherent neutrophils. For control experiments,
4x10° neutrophils were stained and co-incubated with AEC as described above or incubated in
wells containing media without AEC for 2h, then washed as described above. Adherent
neutrophils were counted in a blinded manner using three representative fields of view per well
obtained by laser scanning confocal microscopy (10X objective, Zeiss LSM700). Statistical
analysis was performed using the average number of neutrophils per field of view (1.64 mm?)

for each individual well.

Subacute murine P. aeruginosa airway infection

Mice were infected with P. aeruginosa embedded in agar beads to generate a subacute non-
lethal airway infections, as previously described (23). Briefly, bacterial suspensions were
mixed at 1:1 (v/v) in 2% LB and 3% molten agar with continuous stirring into mineral oil to
generate bacteria embedded agar beads. Sterile PBS LB agar beads were used as a negative
control. Adult male C57BL/6 mice (6 to 9 weeks old, Charles River) were infected by non-
surgical intratracheal injection of 50 pL bead suspension containing ~5*10° CFU/mouse. The
mice were sacrificed at 2 or 4 days post infection (p.i). After cardiac puncture, the lungs were
perfused by PBS injection into the vena cava to remove blood leukocytes prior to harvest.
Perfused lungs were then lavaged with 4 x 0.5 mL ice-cold PBS through an intra-tracheal

catheter for collection of the bronchoalveolar fluid (BALF). To measure the pulmonary
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bacterial load, lungs were harvested, homogenized and serially diluted for viable CFU counts

on LB agar plates.

Immune cell counts in lung homogenates and bronchoalveolar fluid (BALF)

For lung homogenates, perfused and lavaged lungs were placed in RPMI, minced, digested
with 150 U/mL collagenase (Sigma-Aldrich) for 1 h at 37°C, then homogenized through a 16G
needle. Cell suspensions were then filtered through a 100 pum cell strainer (BD Biosciences)
and red blood cells were lysed with 0.2% (w/v) NaCl. The remaining cells were washed,
resuspended in RPMI and enumerated using a Z1 cell counter (Beckmann-Coulter). Single cell
suspensions were stained with Fixable Viability Dye eFluor780 (1:1000, eBioscience), blocked
with anti-murine CD16/CD32 (1:100, eBioscience) then surface stained with eFluor610-
conjugated anti-murine CD45 (1:40, 30-F11, eBioscience), FITC-conjugated anti-mouse
CD11c (1:200, N418, eBioscience) and eFluor710-conjugated anti-murine Ly6G (1:160, 1A8,
eBioscience). Cells were fixed with Cytofix (BD) and analyzed by flow cytometry using a LSR
Il Fortessa X-20 (BD Biosciences) and FlowJo 10.0.7 software (BD Biosciences). Neutrophils
were defined as single, live, CD45+, Ly6G high and CD11c- cells, and total neutrophil counts
were calculated by multiplying the proportion of neutrophils by the total number of live cells.
For the BALF, cells were spun down at 1000 rpm for 10 min, resuspended in PBS and counted
by hemocytometer. For immune cell counts, cells collected from the BALF were loaded onto
Shandon Cytoslides (Thermo Fisher), air-dried, stained with Shandon Kwik-Diff (Thermo
Fisher) and analyzed by light microscopy to obtain average neutrophil, monocyte/macrophage

and lymphocyte counts.

Lung histopathology and ICAM-1 immunofluorescence

Perfused and lavaged lungs were inflated, fixed overnight with 10% formalin phosphate
solution and sectioned in 5 pM thick slices. For histopathology, paraffin-embedded lung
sections were stained with H&E and images were acquired using an Olympus BX51
microscope fitted with an Olympus DP70 CCD camera. For immunofluorescence, lung
sections were stained with an anti-mouse ICAM-1 primary antibody (1:1000, eBioscience,
YN1/1.7.4) and OmniMap anti-rat HRP (Ventana). All slides were processed using a Ventana
DISCOVERY ULTRA automated slide preparation system (Roche) at the same time. The lung
sections were imaged by laser scanning confocal microscopy (20x objective, Zeiss LSM700)
at Ex 488 nm/Em 518 nm to visualize the autofluorescence of the lung tissues, and Ex 542

nm/Em 568 nm to visualize the ICAM-1 signal. All lung sections were imaged using identical
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confocal microscopy settings. Seven representative fields of view containing at least one

airway cross-section were randomly selected per lung and imaged in a blinded manner.

Image analyses to quantify airway epithelial ICAM-1 expression were performed in two
independent manners. First, the airway epithelial ICAM-1 expression of each airway was
scored by visual assessment from 1 (no signal) to 10 (very strong) in a blinded manner by two
independent reviewers. Second, ICAM-1 fluorescence intensity was quantified within the
airway epithelium based on a manually designated region of interest (ROI) using the Icy
software (V2.0.3.0, Institut Pasteur) (42). The total fluorescence intensity of each ROl above a
set threshold (defined by ICAM-1 negative regions in PBS lungs) was measured and

normalized to the ROI surface area (in pixels).

P. aeruginosa colony morphology
Bacteria were grown on LB agar for 16h. The presence of a metallic sheen caused by the
accumulation of 4-hydroxy-2-heptylquinoline, which has previously been linked to loss of

LasR function (16), was assessed visually.

N-3-oxo-dodecanoyl-homoserine lactone (3-oxo-C12-HSL) measurement

Production of the LasR autoinducer 3-o0xo-C12-HSL was measured as previously described
(43,44). Briefly, bacterial strains were grown in LB medium + 50 mM MOPS for 16h. 3-oxo-
C12-HSL levels were quantified using the bioassay strain E. coli DH5a expressing pJN105L
and pSC11.

Statistical analyses

All results are shown as mean £ SD or SEM (as indicated), unless otherwise stated in the figure
legends. Statistical analyses between two groups were performed using an unpaired two-tailed
t-test or Mann-Whitney test as appropriate. Analyses between three or more groups were
performed using a one-way ANOVA and Sidak’s multiple comparisons test. Correlation
between two measurements were estimated by linear regression and statistical analysis was
conducted using Pearson’s correlation analysis. Proportions within two groups were compared
by Chi-Square test. Statistical analyses were done in Graphpad Prism 8.3.0 (GraphPad

Software).
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2.5 Results

Stimulation with LasR-deficient variants induces higher mICAM-1 levels in AECs than
wild-type P. aeruginosa

In order to compare the AEC mICAM-1 responses to secreted factors from loss-of-
function lasR mutant and wild-type strains, we first stimulated BEAS-2B cells with filtrates of
a P. aeruginosa clinical isolate isolated from early CF infection (“Early”) and its
isogenic lasR mutant, and measured cell surface mICAM-1 levels by flow cytometry. We
observed a 2.7-fold increase in mICAM-1 levels in cells stimulated with the lasR mutant
filtrates compared to the wild-type filtrates (Fig 2.1A). Of note, stimulation with TNF-a was
used as a positive control for mICAM-1 induction in every experiment (S2.1A Fig) and
stimulation with SCFM medium, which was used as a negative control, did not induce

significantly greater mICAM-1 expression than starvation media alone (S2.1B Fig).
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Fig 2.1. LasR deficient variants induce increased levels of mICAM-1 in AEC.

BEAS-2B cells were stimulated for 24h with 30 pL sterile filtrates of (A) the Early clinical
isolate and its isogenic lasR mutant, (B) five “early” clinical isolates or PA14 wild-type and
their isogenic lasR mutants or (C) three “early” clinical isolates paired with their clonally-
related “late” isolates (Early/Late, E6/L6, E7/L7). mICAM-1 levels (MFI) were measured by
flow cytometry, with SCFM (media) serving as negative control (-dashed line). Results are
shown as the mean + SD of one representative experiment (from > 2 independent experiments,

each with biological triplicates). *P < 0.05; **P < 0.01; ***P < 0.001.

To validate that the increased mICAM-1 response was attributable to the loss of LasR function

in multiple P. aeruginosa strain backgrounds, we then stimulated AEC with filtrates from five

other pairs of wild-type and isogenic lasR mutant strains, including four “early” clinical

isolates (E.2 to E.5) and the common P. aeruginosa reference strain PA14. Stimulation with

all lasR mutant filtrates induced mICAM-1 levels to a greater degree than their wild-type
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parental filtrates, ranging from a 1.4- to a 4.7-fold increase in mICAM-1 levels (Fig 2.1B).
Furthermore, all mMICAM-1 flow cytometry measurements were gated on live cells, and the cell
viability ranged from 86.4% to 96.4% in different conditions (S2.1C Fig). We therefore
conclude that these modest differences in cell viability were unlikely to be sufficient to explain
the magnitude of mICAM-1 reduction observed in wild-type filtrate-stimulated AEC.

Since loss-of-function lasR mutations are commonly found in P. aeruginosa clinical isolates
recovered during late stage CF infections, we next compared several “early” infection LasR-
competent clinical isolates to their clonally related, “late” infection LasR-deficient isolates
(characterized by low protease production, low 3-0x0-C12 HSL autoinducer levels and metallic
colony sheen) (16) recovered from the same patients, namely the Early/Late, E.6/L.6 and
E.7/L.7 paired isolates as characterized in S2.4 Table. We observed a similar pattern in
MICAM-1 response, with stimulation by all “late” isolates eliciting a higher mICAM-1
response (Fig 2.1C). Both the Late and L.7 filtrate resulted in 1.9-fold greater mICAM-1 levels
compared to their clonally related “early” isolates, but the difference in mMICAM-1 levels was
more modest (1.2-fold) with the E.6 - L.6 pair. The variability observed across the different
“early-late” pairs was not surprising since “late” isolates harbour numerous genetic and
phenotypic differences compared to their clonally related “early” isolates. Furthermore,
different lasR mutations have varying effects on LasR function, and the LasR regulon can vary
across different strain backgrounds (45). These results thus indicated that loss-of-
function lasR variants, both genetically engineered and naturally occurring ones, elicited
higher mICAM-1 responses in human AEC than their respective wild-type counterparts, but
that the magnitude of this phenotype varied depending on the P. aeruginosa strain background.
Since the P. aeruginosa blue-green pigment pyocyanin can stimulate ICAM-1 expression (36)
and is typically a LasR-controlled secreted secondary metabolite, we also noted that pyocyanin
production was significantly decreased in the Early AlasR and Late strains compared to the
Early strain (S2.1D Fig), thus indicating that the mICAM-1 expression in lasR mutant-

stimulated AEC was unlikely to be attributable to increased pyocyanin levels.

Increased mICAM-1 levels on lasR mutant-stimulated AEC correlate with decreased
caseinolytic and elastolytic activity in lasR mutant filtrates

In nearly all wild-type stimulation conditions, we also noted that mICAM-1 levels were below
those observed in media control conditions (Figs 2.1A-1C and 2.2A), raising the possibility
that mICAM-1 might be degraded or downregulated by wild-type filtrates. To start
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investigating this hypothesis, we heat-treated wild-type and lasR mutant filtrates prior to
stimulation to inactivate heat labile bacterial exoproducts, which include secreted proteases.
As shown in Fig 2.2A, heat inactivation of wild-type filtrates restored mICAM-1 to levels
above those seen with non-heat treated lasR mutant filtrates, indicating that LasR-regulated
heat-labile compound(s) present in wild-type filtrates degraded or down-regulated mICAM-1.
We also noted that heat inactivation in both wild-type and lasR mutant filtrates led to a 1.8-
and 1.2-fold increase in mICAM-1 levels compared to their respective non-heat-treated filtrates
(Fig 2.2A), suggesting the concurrent presence of heat-stable compound(s) that either induced
ICAM-1 production or prevented its degradation in both wild-type and lasR mutant filtrates.
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Fig 2.2. Induction of mICAM-1 is associated with reduced caseinolytic and elastolytic
activity in lasR mutant filtrates.

BEAS-2B cells were stimulated for 24h with 30 uL filtrates of (A) the Early and isogenic Early
AlasR mutant (+/- heat inactivation). mICAM-1 levels (MFI) were measured by flow
cytometry, with SCFM (media) serving as negative control (—dashed line). Protease activity
in wild-type and lasR mutant filtrates was characterized for (B) total protease activity using the
Hide-Remazol Brilliant Blue assay, (C) for caseinolytic activity using the clearance zone
diameter on skim milk agar and (D) for elastolytic activity using the Elastin-Congo Red assay.
Results for (A) are shown as mean £ SD of one representative experiment (from > 2
independent experiments, each with biological triplicates). Results for (B) and (D) are shown

as mean = SEM, with pooled data (n > 4 biological replicates from two independent
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experiments). Results for (C) are representative of > 2 independent experiments in biological

duplicates. *P < 0.05; **P < 0.01; ***P < 0.001.

LasR regulates the expression of several secreted proteases such as AprA, LasA, LasB and type
IV protease (T4P) that can degrade components of host defenses and immunity (23,46-48),
some of which have been shown to be heat-labile (23,49). Therefore, we hypothesized that the
loss of mICAM-1 protein signal upon stimulation with wild-type filtrates was due to the
activity of these proteases, and sought to characterize the proteolytic activity in wild-type
and lasR mutant filtrates. We measured protease activity in several manners, with a Hide Blue
degradation assay for total protease activity, skim milk plates for caseinolytic activity and
Elastin-Congo Red assay for elastolytic activity. Although the total protease activity only
showed differences in three (Early, E.3, PA14) out of the six pairs (Fig 2.2B), caseinolytic (Fig
2.2C) and elastolytic activity (Fig 2.2D) were highly reduced (at least by 68%) or undetectable
in all lasR mutants compared to parental wild-type strains. We also confirmed both caseinolytic
and elastolytic activities to be heat-labile (S2.2A and S2.2B Fig). These results therefore
indicated that there was a significant loss in caseinolytic and elastolytic activities among
all lasR mutants tested. We further observed a negative correlation between the filtrates’
protease activity and ICAM-1 induction on AEC, with caseinolytic protease activity showing
a stronger correlation (R?= 0.76) than elastolytic protease activity (R?>= 0.66) (S2.2C and
S2.2D Fig).

LasR-regulated proteases degrade mICAM-1

To test the contribution of the different LasR-regulated proteases on mICAM-1, we measured
the effect of PAO1-V, an invasive P. aeruginosa isolate, and its single (lasA, lasB, aprA),
double (lasA/lasB) and triple (lasA/lasB/aprA) protease mutants on mICAM-1 levels by flow
cytometry. We observed a modest increase (1.3- to 1.4-fold) in mICAM-1 levels upon
stimulation with filtrates from the AlasA, AlasB and AlasA AlasB strains (compared to wild-
type) as well as a more pronounced increase (1.6- and 1.8-fold) upon stimulation with the
AaprA and triple mutant, respectively (Fig 2.3A), suggesting that AprA might have the greatest
effect on ICAM-1 levels in this strain background. The caseinolytic activity of the protease
mutants further confirmed the relative contribution of each protease in the PAO1-V strain
background, as loss of AprA caused the greatest reduction in caseinolytic activity among the

three proteases, while loss of all three LasB/LasB/AprA completely abrogated all caseinolytic
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activity (S2.3A Fig). Not surprisingly, elastolytic activity was nearly undetectable in
the lasB and triple protease mutant (S2.3B Fig).
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Fig 2.3. LasR-regulated proteases degrade ICAM-1.

BEAS-2B cells were stimulated for 24h with 30 pL filtrates of (A) PAO1-V and its isogenic
protease mutants of lasA, lasB and aprA, (B) the Late isolate and complemented strains Late
+lasA, Late +lasB, Late +aprA or Late +prpL (T4P) or (C) Early, Early AlasR, Late, Late
+lasB. mICAM-1 levels were measured by flow cytometry, with SCFM (media) serving as
negative control (—dashed line). (D) in vitro degradation of recombinant human ICAM-1
(rhiICAM-1) by P. aeruginosa filtrate. In each sample, 250 ng rhICAM-1 was incubated with
5 pL filtrates of the Early and Early AlasR strains (+/- heat inactivation) or PBS control for
24h, and the remaining intact rhICAM-1 following degradation was quantified by Western
Blotting. Results in (A), (B) and (C) are shown as mean + SD from one representative
experiment (from > 2 independent experiments, each with biological triplicates). Results in (D)
are displayed as a representative Western Blot and quantification of the % band density
compared to the PBS control condition (n > 3 biological replicates from two independent
experiments). Different lanes were cropped from the same blot and imaged at the same
exposure. Full blots can be found in the S2.1 Spreadsheet. *P <0.05; **P <0.01; ***P <0.001.

We further investigated the contribution of individual proteases by genetically complementing
the Late (LasR-deficient) strain with the lasA, lasB, aprA or prpL (T4P) genes under control of
an arabinose-inducible promoter to generate the Late +lasA, Late +lasB, Late +aprA and Late

+prpL constructs (S2.1 Table). We confirmed that caseinolytic activity was increased upon
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complementation with the +lasB, +aprA and +prpL constructs (S2.3C Fig) and that elastolytic
activity, which is mostly attributed to LasB, was only restored upon complementation with the
+lasB construct (S2.3D Fig). Complementation with any of the four proteases resulted in
decreased mICAM-1 levels compared to stimulation with the parental Late strain filtrate, with
the greatest reduction in mICAM-1 levels (1.7-fold) observed with the Late +lasB strain (Fig
2.3B). Notably, lasB complementation of the Late isolate was sufficient to restore mMICAM-1

levels to those observed in AECs stimulated with wild-type filtrates (Fig 2.3C).

To examine whether the decreased ICAM-1 levels induced by wild-type filtrates were due to
direct degradation of ICAM-1, we incubated recombinant human ICAM-1 (rhICAM-1) with
Early and Early AlasR filtrates and measured the in vitro rhICAM-1 degradation by Western
blotting. Incubation with the Early, but not the Early AlasR filtrate, resulted in a significant
reduction (81% decrease) in detectable and thus intact rhICAM compared to the PBS control
(Fig 2.3D). We also confirmed that in vitro rhICAM-1 degradation was abrogated upon heat-
inactivation of filtrates (Fig 2.3D), and reduced upon loss of one or more LasR-regulated
proteases (S2.3E Fig). These results suggested that several LasR-regulated proteases present in
wild-type filtrates can degrade rhICAM-1, the individual contribution of which might be strain-
dependent.

Neutrophil binding to AEC is increased upon stimulation with lasR mutant filtrates
Next, we sought to characterize the functional consequences of the increased mICAM-1
responses in AEC stimulated with mutant lasR filtrates. Since mICAM-1 is involved in
neutrophil adhesion to endothelial and epithelial cells (28,34,50), we hypothesized that AEC
stimulated with lasR mutant filtrates will bind more neutrophils than AEC stimulated with
wild-type filtrates. To test this, we quantified the adhesion of primary human neutrophils to
AECs pre-stimulated with bacterial filtrates by confocal microscopy, and observed that
significantly higher numbers of neutrophils adhered to AEC stimulated with lasR mutant
filtrates (both Early AlasR and Late) compared to wild-type filtrate (5.5- and 8.6-fold increase
respectively) or media control (Fig 2.4A and 2.4B). We also confirmed that neutrophil binding
was specific to AEC, as control experiments using wells without AEC showed no adherent
neutrophils (S2.3F Fig).
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Fig 2.4. Neutrophil adhesion is increased in AEC stimulated with lasR mutant filtrates.
BEAS-2B cells were pre-stimulated with 30 uL filtrates of Early, Early AlasR and Late strains,
then co-incubated with calcein-stained primary neutrophils (green). 20 ng/mL TNF-a served
as positive control and SCFM served as negative control (—dashed line). Adherent neutrophils
were visualized by confocal microscopy (10X objective) in (A) and quantified in (B). Results
are shown as mean = SD from one representative experiment (from 2 independent experiments,
each with 3 biological replicates). *P < 0.05; **P < 0.01; ***P < 0.001.

The lasR mutant induces greater bronchial ICAM-1 levels and neutrophilic lung
infiltration in a subacute murine lung infection model

We previously reported that lasR mutants induced a hyperinflammatory phenotype with higher
levels of pro-inflammatory cytokines IL-6 and IL-8, greater neutrophilic inflammation and
increased immunopathology compared to wild-type strains in a murine model of subacute lung
infection (23). In this well-established model, bacteria are embedded in agar beads and
inoculated endotracheally, causing a non-lethal airway-centric infection that persist and is
associated with neutrophilic inflammation. Our observations of ICAM-1 modulation in vitro
therefore led us to ask whether lasR mutant infections were also associated with increased
airway ICAM-1 expression in vivo. We infected C57BL/6 mice with wild-type or lasR mutant
bacteria and analyzed the airway epithelial ICAM-1 expression by immunofluorescence, with
confocal microscopy imaging of airway cross sections on whole lung thin sections (S2.4A Fig).
We analyzed mice at 2 and 4 days post-infection (p.i) and confirmed that both infection groups

harboured equivalent bacterial burden at all time points (S2.4C Fig).
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Although ICAM-1 can be expressed by multiple cell types in the lung, including endothelial
and alveolar epithelial cells, we focused on the ICAM-1 expression of the bronchial epithelium
where we observed a strong induction in expression with P. aeruginosa infection, whereas
ICAM-1 expression in the alveolar compartment remained constant in all conditions and time
points (Fig 2.5A, area surrounding airways). To quantify ICAM-1 expression, we first
developed an automated image analysis method to measure ICAM-1 signals across multiple
airway cross-sections per lung section, and to normalize the total ICAM-1 fluorescence of each
airway epithelial cross- section to its surface area (as outlined in S2.4A Fig). As highlighted in
Figs 2.5A and S2.4B, bronchial ICAM-1 expression was largely restricted to the apical
(luminal) side of the bronchial epithelium. We validated our automated ICAM-1 quantification
method using a conventional semi-quantitative scoring system, and given the very good
correlation between the two methods (R? = 0.84, S2.4D Fig), we proceeded with the automated
approach. The median ICAM-1 expression of all airways was significantly (3.2-fold) higher
in lasR mutant infected mice compared to wild-type infected mice (Fig 2.5B). Analysis of
pooled lung sections demonstrated a 2.9-fold higher median ICAM-1 airway signal
in lasR mutant infected mice compared to wild-type infected mice at 2 days p.i, and
consistently low (or undetectable) levels of ICAM-1 in PBS control mice (Fig 2.5C).
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Fig 2.5.lasR mutant infected mice display increased airway epithelial ICAM-1
expression.

Mice were infected with Early, Early AlasR or PBS embedded agar beads and lungs were
harvested at 2 days p.i. for ICAM-1 immunofluorescence (shown as red). (A) Images shown
are representative of airway cross-sections displaying the median ICAM fluorescence scores
of each infection group. Images were taken with a 20X objective, inset boxes are digital
magnification of the bronchial epithelium and the white arrows point to regions of high ICAM-
1 expression localized to the apical epithelial surface (luminal side). The green
autofluorescence (Ex 488/ Em 518, shown as grey) was imaged to visualize the tissue structure.
(B) ICAM-1 total fluorescence normalized to the airway surface area (ROI) in every image,
with results shown as median within each lung (black line) and median within each group (—
dashed line), each dot corresponding to one distinct airway, and columns corresponding to one
distinct mouse lung. (C) Median normalized ICAM-1 fluorescence, with results shown as
medians using data pooled from 7 randomly selected airways per lung, and each dot

corresponding to one mouse (n > 3 mice per condition). *P < 0.05; **P < 0.01; ***P < 0.001.

We also noted considerable heterogeneity in airway mICAM-1 expression within the same
mouse lung (each mouse with its individual airway data points is represented in columns, Fig
2.5B) in both infection groups. This anatomically heterogeneous pattern was not surprising
given that we used an airway infection model where agar bead embedded bacteria are entrapped
within airway lumens and cause foci of infection rather than a diffuse infection throughout the
lung (51). As a result, lung regions in closest proximity to bacteria-containing beads displayed
the greatest host responses to infection while more distant regions remained relatively normal,
a pattern observed in other studies using a similar infection model (26,51). By 4 days p.i, the
majority of airways showed little to no mICAM-1 expression, and no significant differences
were detected in the two infection groups (S4E Fig). While the proportion of ICAM-1 negative
airways (i.e. airways with ICAM-1 signal comparable to PBS control) was not significantly
different across both infection groups at 2 days p.i. (81% vs 91%, p = 0.251), we observed a
trend towards a higher percentage of ICAM-1-positive airways in lasR mutant-infected mice
at 4 days p.i. compared to wild-type-infected mice (40% vs 18%, p = 0.057, S2.4F Fig).
Together, these results thus suggested that lasR mutants were associated with increased airway

ICAM-1 induction both in vitro and in vivo.
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Next, we measured neutrophil counts in the lung homogenates and bronchoalveolar lavage
fluid (BALF) to determine whether the increased ICAM-1 response to lasR mutant infections
at 2 days p.i was also associated with increased lung neutrophilic infiltration. H&E staining of
Early and Early AlasR-infected mouse lungs revealed that peri-bronchial and parenchymal
inflammation in Early AlasR-infected mice was more extensive than in Early-infected or PBS
control mice (Fig 2.6A). We note that the H&E lung sections could not be accurately assessed
for intraluminal airway inflammation because the mouse airways were flushed with PBS for
BALF collection prior to fixation. Both total lung neutrophil counts (1.6-fold increase, p =
0.006) and percentage of neutrophils (68% vs. 53%, p = 0.033) were significantly elevated
in lasR mutant compared to wild-type infected mice (Fig 2.6B and 2.6C). We also noted no
significant differences in the BALF analyses at day 2 p.i. (S2.5A and S2.5B Fig), although our
previous studies using the same agar bead infection model showed that, by day 4 p.i, Early
AlasR-infected mice displayed 25-fold greater BALF neutrophil counts compared to Early-
infected mice (8.6x10°vs 3.4x10%) (23). Furthermore, our previous studies also reported
greater BALF protein and more severe lung histopathology scores in Early AlasR-infected mice
at day 4 p.i, confirming the presence of immunopathology in association with increased lung
inflammation (23). These results suggested that lasR mutants induced an early enhanced
airway epithelial mICAM-1 response in vivo at 2 days p.i. which subsides by 4 days p.i. and
are associated with increased neutrophil lung inflammation. Given that the bacterial burden in
both Early and Early AlasR strains remained equivalent from the time of infection until day 4
p.i, the differences in ICAM-1 and inflammatory responses most likely resulted from

differences in pathogen-host interactions rather than bacterial burden.
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Fig 2.6. lasR mutant induces greater pulmonary neutrophilic inflammation than wild-
type infection.

Mice were infected with Early, Early AlasR or PBS embedded agar beads and lungs were
harvested at 2 days p.i. for lung histopathology and immune cell counts. (A) Representative
images of H&E stained lung sections (10X objective), demonstrating airway cross-sections
and surrounding peri-bronchial tissues. Lung homogenates were analyzed by flow cytometry
for enumeration of (B) total neutrophils (CD45+, Ly6G high, CD11c-) and (C) the percentage
of neutrophils among all live single cells. Results are shown as medians, with each dot
representing one mouse. *P < 0.05; **P < 0.01.

2.6 Discussion
Loss-of-function lasR mutants are common in chronic CF infections (13,52), and are
associated with more severe lung disease (15) and increased markers of inflammation (23) in

CF patients. They cause dysregulated bacterial-host interactions through multiple mechanisms
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(23,46,53-55) that likely contribute to their propensity to cause greater pathology in chronic
infection. Our lab has previously shown that lasR mutant infections caused an increased pro-
inflammatory cytokine and chemokine response in airway epithelial cells, and an exaggerated
neutrophilic inflammation and lung immunopathology in vivo (23). In this study, we showed
that loss-of-function lasR mutants also induced increased mICAM-1 levels on AEC compared
to wild-type strains in cell culture models, and this effect facilitated neutrophil adhesion. We
also found that lasR mutant infected mice showed increased airway epithelial ICAM-1
expression and neutrophilic lung inflammation compared to wild-type infected mice in a model
of subacute airway infection. Our findings thus provide new insights into the intricate interplay
between LasR-regulated proteases and airway ICAM-1 expression. As P. aeruginosa adapts to
the CF lung and lasR variants emerge, these bacterial-host interactions and their effects in

modulating lung inflammation change over the course of chronic infections.

Loss-of-function lasR mutations can emerge under laboratory conditions (16,56,57) and in
human infections (58,59). They are highly prevalent in chronic CF infections, as previously
reported by our group and others (13,15,23,60), and numerous genomic studies of
longitudinally collected P. aeruginosa clinical strains indicate that the lasR gene is under
strong positive selection, with evidence of convergent evolution and pathoadaptation to the CF
host (10,13,14,61-63). Several studies have reported that loss-of-function lasR mutants have
increased fitness in conditions such as low oxygen (64,65), denitrification (66), high cell
density (67) and growth on certain amino acids (16,68). It is therefore plausible that loss of
LasR function confers a growth or survival advantage in such conditions relevant to the CF
lung environment. We thus surmise that the exaggerated neutrophilic inflammation is a
consequence rather than the selection pressure that drives the emergence of loss-of-

function lasR variants in the CF lung.

Our results also demonstrated that the enhanced mICAM-1 response was primarily attributable
to the loss of LasR-regulated proteases that degraded ICAM-1, findings which are consistent
with previous reports by our group and others that LasR-regulated proteases can degrade
mediators of the innate immune system and the complement system (23,46-48,54,69).
Furthermore, proteolytic cleavage of mICAM-1 by host-proteases such as neutrophil elastase
and cathepsin G has been described (70,71), and degradation by bacterial proteases has been
considered a potential mechanism of bacterial virulence (72). While our previous findings

suggested a key role for LasB in the degradation of IL-6 and IL-8 (23), we now observed that
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several LasR-regulated proteases, primarily LasB, AprA and T4P can degrade mICAM-1, and
that their contributions likely vary depending on strain specific expression and secretion levels
of each protease. The proteolytic activity of distinct proteases can also show interdependence,
as LasA requires activation through proteolytic cleavage by LasB, and T4P function is

significantly increased upon proteolytic cleavage by LasB and AprA (73,74).

P. aeruginosa can modulate ICAM-1 expression through other
mechanisms. P. aeruginosa and other gram-negative bacterial lipopolysaccharide (LPS) can
induce ICAM-1 expression in epithelial and other cell types (37,75,76). Although LPS
expression or structures may vary across P. aeruginosa clinical strains, we doubt that this
variable had a major effect on the ICAM-1 induction by the Early and Early AlasR strains since
heat-inactivated filtrates of both strains, which contain heat-stable compounds such as LPS,
stimulated mICAM-1 to comparable levels (Fig 2.2A). The P. aeruginosa type |1l effector
ExoU also induces cleavage of mICAM-1 to soluble ICAM-1, but through a host
cyclooxygenase-dependent pathway (77,78). We note that the effect of P. aeruginosa ExoU on
mICAM-1 does not explain our results since ExoU secretion requires an active type Il
secretion system (79) and is likely negligible in the cell-free P. aeruginosa filtrates used in
our in vitro experimental system. Finally, Look et al. have reported that phenazines (such as
pyocyanin) secreted by P. aeruginosa also induce ICAM-1 expression in AEC (36). However,
these secondary metabolites are unlikely to account for the increased ICAM-1 response to

our lasR mutant strains which are pyocyanin deficient (S2.1D Fig).

Our results support an important role for airway epithelial mICAM-1 responses in neutrophil
adhesion. As an adhesion molecule expressed on the apical surface of epithelial cells (27,37),
mICAM-1 allows immune cells, notably neutrophils, to bind to the airway epithelial surface,
an interaction that promotes transepithelial migration and thus recruitment of inflammatory
cells (26,30). It also facilitates neutrophil-mediated clearance of pulmonary pathogens through
yet unclear mechanisms (25,26). We recognize that other adhesion molecules such as vascular
cell adhesion molecule 1 (VCAM-1) also contribute to neutrophil adhesion to AEC. For
example, VCAM-1 basal expression in AEC is low but upregulated in response to pro-
inflammatory cytokine and respiratory syncytial virus (80-82). This is consistent with our
observation that neutrophil adhesion to AEC stimulated with Late filtrates is greater than Early
AlasR filtrates despite similar mICAM-1 levels in both conditions, indicating that mICAM-1

is not the sole adhesion factor involved.
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LasR regulates the expression of many secreted proteins and small molecules. We thus
recognize that loss-of-function lasR variants likely modulate host inflammatory responses
through additional pathways. For example, LasR-regulated secreted molecules such as
pyocyanin and rhamnolipids can cause cell death, dampen immune cell function and trigger
inflammation (83-85). LasR-regulated proteases can degrade a broad range of host proteins
that mediate lung inflammation, from cytokines such as IL-6, IL-8, MCP-1 and IFN-y
(23,48,69,86) to protease-activated receptors such as PAR2 (87,88), as well as flagellin
monomers, a well-established pathogen-associated molecular pattern (89,90). Although the
ability of LasR-regulated proteases to target host immune and inflammatory mediators has
typically been considered as a mechanism of immune evasion in the context of acute infections,
we propose that the loss of such activity contributes in fact to the hyper-inflammation and

immunopathology observed in the setting of subacute or chronic infections.

In our in vivo infection model, we observed that lasR mutant infections were associated with
higher pulmonary neutrophil counts by flow cytometry and peri-bronchial inflammation by
immunohistopathology. While BALF neutrophil counts did not differ significantly at 2 days
p.i., we have previously reported that they were significantly increased at 4 days p.i. in Early
AlasR-infected mice (23). This suggests that neutrophil recruitment into the airways likely lags
and manifests later than in the peri-bronchial compartments. Although we cannot directly infer
the causal contribution of airway ICAM-1 to the pulmonary neutrophilic inflammation in our in
vivo model, the association between the two is consistent with our in vitro neutrophil adhesion

data.

The role of airway epithelial mMICAM-1 in lung inflammation during infection is emerging but
complex and incompletely understood. Previous studies have also suggested that airway
epithelial mMICAM-1 expression significantly affects neutrophil recruitment to the lungs in vivo
and in vitro (26,34). For example, in a model of subacute H. influenzae lung infection,
Humlicek et al demonstrated a marked reduction of leukocyte recruitment upon intratracheal
instillation of anti-ICAM-1 blocking antibody which predominantly targets epithelial cells of
the lungs (26). Studies have reported that basal mICAM-1 expression is minimal in the airway
epithelium in human and rodent lung tissues and cell cultures, but induced in states of
inflammation and infection (29,38,82). This stands in contrast to alveolar epithelial cells which

show high constitutive expression levels of mICAM-1 in the absence of infection, as we and
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others observed in mice, rats and humans (33,91). Induction of mICAM-1 expression in AEC
has been observed with infection by H. influenzae, C. pneumoniae, Pneumocystis
carinii (26,29-31) or P. aeruginosa (36) as seen in our study, either directly in response to
bacterial products, or indirectly in response to inflammatory cytokines such as TNF-a (82,92).
Epithelial ICAM-1 thus promotes neutrophil recruitment and retention to the airway
compartment (24,26), a response that may aid in pathogen clearance during infection but also
exacerbates inflammation-mediated pathology. Our study thus demonstrates that loss-of-
function lasR mutants induce greater mICAM-1 expression and neutrophil adhesion to human
airway epithelial cells in vitro. We also observed that lasR mutant infections elicit greater
ICAM-1 expression in the bronchial epithelium and greater lung inflammation in murine

infections, but this association remains to be mechanistically proven in vivo.

In conclusion, we report on a novel mechanism through which P. aeruginosa modulates innate
immune and inflammatory responses in the host lung, and how loss of LasR function, a
common patho-adaptation during chronic CF infections, enhances neutrophilic inflammation.
Additionally, modulation of airway epithelial mICAM-1 expression may also have other
implications through its function as the major entry receptor of human rhinoviruses (HRV)
(93). For example, stimulation of AEC with H. influenzae, which also induces mICAM-1
expression, leads to increased susceptibility to HRV-infection (94). Whether AEC stimulated
with P. aeruginosa lasR mutants are more susceptible to HRV infection remains to be
determined. HRV infections are common in CF patients and may be linked to pulmonary
exacerbations (95), an important determinant of lung function decline in CF patients. Whether
CF patients chronically infected with P. aeruginosa lasR mutants are more susceptible to HRV
infection as a result of enhanced airway mICAM-1 levels is an intriguing hypothesis to be

explored.
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2.7 Supporting information
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S2.1 Fig. Controls for mICAM-1 induction and AEC viability.
BEAS-2B cells were stimulated for 24h with (A) 30 pL filtrate of the Early or Early
AlasR strain or 20 ng/mL TNF-a; (B) starvation media (SM) +/- 30 uL. SCFM medium; (C) 30
uL filtrates from six pairs of wild-type clinical isolates and isogenic lasR mutant. In (A) and
(C), SCFM served as negative control (—dashed line) and 20 ng/mL TNF-a as positive control.
(A+B) mICAM-1 levels were measured by flow cytometry and (B) AEC viability following
filtrate stimulation was measured as the percentage of live cells (low eFluor 780) among all
single cells by flow cytometry. The results are shown as mean + SD of one representative
experiment (from > 2 independent experiments, each with biological triplicates). (D)
Representative bacterial cultures of the Early, Early AlasR and Late strains, with pyocyanin
(blue-green pigment) production only evident with the Early strain. Cultures were grown in

SCFM, as used for filtrate production. *P < 0.05; **P < 0.01; ***P < 0.001.
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S2.2 Fig. Secreted protease activity in P. aeruginosa filtrates is heat-labile and negatively
correlated with mICAM-1 levels in filtrate-stimulated AEC.

(A) Caseinolytic activity in Early and Early AlasR filtrates (+/- heat treatment) was measured
on skim milk agar plates. (B) Elastolytic activity in Early and Early AlasR filtrates (+/- heat
treatment) was measured by Elastin-Congo Red assay. Correlation between (C) caseinolytic or
(D) elastolytic activity of different P. aeruginosa filtrates and mICAM-1 levels on AEC
stimulated with the respective filtrates. Results in (A) and (B) are shown as mean +SEM and
are representative of > 2 independent experiments, each with biological duplicates. In (C) and
(D), each data point represents one wild-type or lasR mutant strain, with the X value displaying
the mean £SD ICAM-1 induction in one representative experiment (in biological triplicates)
and the Y value displaying the mean + SEM (C) caseinolytic or (D) elastolytic activity (two
independent experiments, each with biological duplicates). The trendlines in (C) and (D) were
calculated by linear regression. ND = not detectable. *P < 0.05; **P < 0.01; ***P < 0.001.
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S2.3 Fig. Controls for secreted protease mutants and complementation.

Caseinolytic (A+C) and elastolytic (B+D) activity of (A+B) PAO1-V and its isogenic protease
mutants  of lasA, lasBand aprAor  (C+D) the Late strain  complemented
with lasA, lasB, aprA or prpL (T4P) was measured on skim milk agar plates and by Elastin-
Congo Red assay, respectively. (E) rhICAM-1 was quantified by Western Blotting with a
polyclonal anti rhICAM-1 antibody, following incubation for 24h with PBS (- control) or
filtrates of PAO1-V and its isogenic protease mutants as indicated. (F) Adhesion of calcein-

stained human primary neutrophils (green) after 2h of incubation in wells with or without AEC
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was analyzed by confocal imaging. Results in (A-D) are shown as mean + SEM, with pooled
data (n > 3 biological replicates from > 2 independent experiments). Results in (G) are
representative of 2 independent experiments. Results in (F) are representative of 2 independent
experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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S2.4 Fig. ICAM-1 immunofluorescence and bacterial burden in mouse infection model.
(A) Representative image of the region of interest (ROI, green area) manually drawn to define
the airway epithelium on mouse lung sections. (B) Representative image of an airway cross-
section (20X objective, with digital magnification in the inset box) displaying high bronchial
ICAM-1 expression (red) localized to the apical side the bronchial epithelium facing the lumen
(arrows). The autofluorescence of the tissue was imaged in the green channel (Ex 488/ Em 518)
and is shown both in grey (to better highlight the ICAM-1 signal) or green. (C) Total lung
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bacterial burden at 2 and 4 days p.i, in mice infected with the Early or Early AlasR strain.
Results are pooled from two independent experiments. (D) Correlation between manual and
automated scoring of the airway epithelial mICAM-1 fluorescence intensity. Each dot
represents one distinct airway section analyzed. (E) ICAM-1 fluorescence intensity per ROI
area in mice infected with the Early, Early AlasR or PBS control. Each dot represents one
airway section. (F) Percentage of ICAM-1 positive airways in mice infected with the Early or
Early AlasR strain at 2 and 4 days p.i. Results are shown as mean + SEM (C), median + IQR
(E) or percentages (F). *P < 0.05; **P < 0.01; ***P < 0.001; n.s. P>0.05.
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S2.5 Fig. Neutrophilic inflammation in mouse BALF.

C57BL/6 mice were infected with the Early, Early AlasR or PBS control and sacrificed at 2
days p.i. (A) In BALF, the proportion of neutrophils was determined by Kwik-Diff staining.
(B) Total BALF neutrophil counts, calculated by multiplying the proportion of neutrophils by
the total number of live cells. Results are shown as medians (n = 2 mice in the control group,
n > 8 mice in infected groups). *P < 0.05; **P < 0.01; ***P < 0.001.

Strains ‘ Genotype and relevant phenotypic characteristics Reference
Early “AMTO0023-30” early infection clinical CF isolate with wild- | (13)
type lasR
Additional information in Table S2.4
Early AlasR Early isolate with lasR::GmR (16)
Late “AMT0023-34” late infection clinical CF isolate clonally (13)

related to Early with loss-of-function lasR mutation
Additional information in Table S2.4

Late +lasA Late isolate with integrated attCTX::miniCTX2.1-Tc-GW- This study
araC-pBAD::lasA, TcR, resulting in arabinose-inducible lasA

expression
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Late +lasB Late isolate with integrated attCTX::miniCTX2.1-Tc-GW- (23)
araC-pBAD::lasB, TcR, resulting in arabinose-inducible lasB
expression
Late +aprA Late isolate with integrated attCTX::miniCTX2.1-Tc-GW- This study
araC-pBAD::aprA, TcR, resulting in arabinose-inducible aprA
expression
Late +prpL Late isolate with integrated attCTX::miniCTX2.1-Tc-GW- This study
araC-pBAD::prpL, TcR, resulting in arabinose-inducible prpL
expression
E.2 “CF215” early infection CF clinical isolate with wild-type (16)
lasR
E.2 AlasR E.4 with lasR::GmR (16)
E.3 “CF3-0.8” early infection CF clinical isolate with wild-type (16)
lasR
E.3 AlasR E.5 with lasR::GmR (16)
E.4 “CF6-1” early infection CF clinical isolate with wild-type (16)
lasR
E.4 AlasR E.6 with lasR::GmR (16)
ES5 “CF716” early infection CF clinical isolate with wild-type (16)
lasR
E.5 AlasR E.7 with lasR::GmR (16)
E.6 “c5198d” early infection clinical CF isolate with wild-type This study
lasR. RAPD genotype A173. Additional information in Table
S24
L.6 “D3010c¢” late infection clinical CF isolate clonally related to | This study
E.6 with loss-of-function lasR mutation. RAPD genotype
A173. Additional information in Table S2.4
E.7 “AMTO0020-1” early infection clinical CF isolate with wild- (23)
type lasR. Additional information in Table S2.4
L.7 “AMTO0020-84” Late infection clinical CF isolate clonally (23)
related to E.7. Additional information in Table S2.4
PA14 Reference strain, isolated from a burn wound infection, wild- | (96)
type lasR
PA14 AlasR PA14 with lasR::GmR 97)
PAO1-V Invasive P. aeruginosa isolate with wild-type lasR (98)
PAO1-V AlasA | PAO1-V with lasAQGmR (98, 99)
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PAQO1-V AlasB PAO1-V with AlasB deletion (23)

PAO1-V AaprA | PAO1-V with AaprA deletion (98, 99)
PAO1-V AlasA PAO1-V with lasAQGm® and lasBQSmR (98, 99)

AlasB

PAO1-V Atriple | PAO1-V with lasAQGmMR, lasBQSmR, AaprA (98, 99)
PAO1-V AlasR PAO1-V with lasR::GmR (23)

E. coli DH5a, 3-0x0-C12-HSL bioassay strain Ajai Dandekar
(pIN105L, (U Washington)
pSC11)

S2.1 Table. Strains used in this study.

Primer Primer Sequence ‘

lasA-GWB5- GGGGACAACTTTGTATACAAAAGTTGCCAGAGGAGGATATTC

RBS ATGCAGCACAAAAGATCCCGC

lasA-GWB2 GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGAGCGCCAG
GCCGGG

aprA-GWB5- GGGGACAACTTTGTATACAAAAGTTGCCAGAGGAGGATATTC

RBS ATGTCCAGCAATTCTCTTG

aprA-GWB2 GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGACGACGAT
GTCGGCCT

prpL-GWB5- GGGGACAACTTTGTATACAAAAGTTGCCAGAGGAGGATATTC

RBS ATGCATAAGAGAACGTACCTGAAT

prpL-GWB2 GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGGGCGCGAA

GTAGCG

S2.2 Table. Primers used in this study.

Plasmid Description Source or
Reference
pDONR221P5P | Multisite Gateway donor vector with attP5 and attP2 Invitrogen
2 recombination sites, CmR, KmR
pJJH187 pDONR221P5P2 with an attL-flanked, 1192-bp fragment (100)
encoding the araC repressor and the pBAD promoter, KmR
miniCTX2.1- miniCTX2.1-Tc with a Gateway destination cloning site, J J Harrison
GW TcR
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PENTR-lasA pDONR221P5P2 containing the entire lasA ORF fragment | This Study
(1257 bp), CmR, KmR
PENTR-prpL PDONR221P5P2 containing the entire prpL ORF fragment | This Study
(1389 bp), CmR, KmR
PENTR-aprA pPDONR221P5P2 containing the entire aprA ORF fragment | This Study
(1483 bp), CmR, KmR

PEXP-lasA miniCTX2.1-Tc-GW-araC-pBAD::lasA, Tc®? This Study
PEXP-prpL miniCTX2.1-Tc-GW-araC-pBAD::prpL, TcR This Study
pPEXP-aprA miniCTX2.1-Tc-GW-araC-pBAD::aprA, Tc? This Study

S2.3 Table. Plasmids used in this study.

Strains | Time lasR genotype Protease activity Metallic 3-0x0-C12-
interval HSL level
Early |- Wild-type Elastolytic ++ Yes ++
Caseinolytic ++
Late 7.5 years | 1 bp deletion at Elastolytic +/- No -
position 147 Caseinolytic -
E.6 - Wild-type Elastolytic ++ Yes +
Caseinolytic ++
L.6 15 years | T75K missense Elastolytic - No -
mutation Caseinolytic -
E.7 - Wild-type Elastolytic ++ Yes ++
Caseinolytic ++
L.7 16 years | NA Elastolytic - No -
Caseinolytic -

S2.4 Table. Characteristics of paired clonally related early and late infection isolates.
Low protease production, the presence of a metallic sheen and low 3-0x0-C12-HSL signal level

are characteristic phenotypes of LasR-deficient strains. NA not available.
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Preamble to Chapter 3

Together, P.a.-associated lung pathology and bacterial persistence represent the biggest
challenges in the treatment of chronic P.a. infections in CF patients. While we explored the
inflammatory consequences of a common adaptation observed in P.a. isolates from chronic
infections in chapter 2, we sought to explore another aspect of P.a. pathogenesis in chapter 3.
P.a. employs a multitude of mechanisms, including biofilm formation and antibiotic resistance,
that account for its considerable persistence during chronic infection stages. Another potential
mechanism is intracellular P.a. survival within AEC, which would potentially allow for
increased antibiotic tolerance and immune evasion. For instance, intracellular P.a. within the
airway epithelium may function as a reservoir during antibiotic eradication therapy. However,
the long-term intracellular survival of P.a. remains poorly understood as most infection models
focus on internalization and short-term intracellular survival. We thus sought to establish a
robust model of long-term intracellular P.a. survival within AEC that would allow us to

identify bacterial factors facilitating intracellular P.a. survival.
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3.1 Abstract

Pseudomonas aeruginosa (P.a.) is a major human pathogen capable of causing chronic
infections in hosts with weakened barrier functions and host defenses, most notably airway
infections commonly observed in individuals with the genetic disorder cystic fibrosis (CF).
While mainly described as an extracellular pathogen, previous in vitro studies have described
the molecular events leading to P.a. internalization in diverse epithelial cell types. However,
the long-term fate of intracellular P.a. remains largely unknown. Here, we developed a model
allowing for a better understanding of long-term (up to 120 h) intracellular bacterial survival
in the airway epithelial cell line BEAS-2B. Using a tobramycin protection assay, we
characterized the internalization, long-term intracellular survival, and cytotoxicity of the lab
strain PAO1, as well as clinical CF isolates, and conducted analyses at the single-cell level
using confocal microscopy and flow cytometry techniques. We observed that infection at low
multiplicity of infection allows for intracellular survival up to 120 h post-infection without
causing significant host cytotoxicity. Finally, infection with clinical isolates revealed
significant strain-to-strain heterogeneity in intracellular survival, including a high persistence
phenotype associated with bacterial replication within host cells. Future studies using this
model will further elucidate the host and bacterial mechanisms that promote P. aeruginosa
intracellular persistence in airway epithelial cells, a potentially unrecognized bacterial reservoir

during chronic infections.

3.2 Introduction

Many bacteria can survive within the intracellular host environment where they escape immune
recognition, clearance by extracellular host defenses, and many antibiotics. While the
intracellular lifestyle of obligate intracellular pathogens
(e.g., Chlamydia and Rickettsia species) and facultative intracellular pathogens (e.g., Listeria
monocytogenes and Salmonella enterica) has been extensively studied, the capacity for
intracellular residence of other bacteria classically known as extracellular pathogens is less
well appreciated. Several bacterial pathogens, such as Staphylococcus aureus and Escherichia
coli, can invade, survive, and in some cases replicate within host cells. By adopting an
intracellular lifestyle, their evasion of host defenses and antimicrobial therapy likely
contributes to their ability to cause infections that persist or recur after antibiotic treatment
(1, 2). For example, uropathogenic Escherichia coli can persist within bladder epithelial cells
for several weeks in murine models of urinary tract infections (3, 4), and its intracellular form

has been detected in urinary samples of patients with recurrent urinary tract infections
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(5, 6). Staphylococcus aureus can invade different cell types, including phagocytes, epithelial,
and endothelial cells in vitro (7-9), and its intracellular residence in nonphagocytic cells has
been linked to chronic rhinosinusitis, osteomyelitis, and mastitis (10-13). Not only are
intracellular bacteria able to survive during antibiotic treatment, as many antibiotics show
limited penetration and/or activity inside host cells, but intracellular bacteria may also serve as
a reservoir for reinfection of surrounding tissue, thus contributing to the establishment of

difficult to eradicate chronic infections (11, 14, 15).

Pseudomonas aeruginosa (P.a.) is an opportunistic gram-negative bacterium, primarily known
as an extracellular pathogen capable of causing a wide spectrum of human infections.
Notably, P.a. colonizes mucosal and external epithelial surfaces in hosts with impaired barrier
functions and host defenses, causing chronic or subacute infections of different organs and
tissues such as the cornea, soft tissue wounds, and airways (16). Chronic P.a. airway infections
are common in individuals with cystic fibrosis (CF) who carry mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, and in whom defects in mucociliary
clearance and mucosal host immunity lead to impaired bacterial clearance (17). Within
respiratory secretions found in the airway lumen (18-21), P.a. can form biofilm microcolonies
refractory to antibacterial killing and immune clearance (22, 23). P.a. also subverts host
immunity through a wide range of mechanisms (24), such as bacterial type 3 secretion system
(T3SS)-mediated host cell killing (25), proteolytic degradation of proinflammatory and
immune mediators (26-28), and exopolysaccharide overproduction (29). While these host and
antimicrobial evasion mechanisms have been extensively studied, the intracellular lifestyle
of P.a. within airway epithelial cells and its potential contribution to the persistence

of P.a. infections have been largely overlooked.

Previous in vitro studies have demonstrated P.a.’s ability to invade different epithelial and
endothelial cell types. P.a. binds to the epithelium through interactions of bacterial adhesins
(e.g., flagellum, type IV pilus, and LecA) (30-33) or other surface molecules (e.g., outer
membrane porins and lipopolysaccharides) (34, 35) with host cell surface binding motifs
(glycosphingolipid Gb3, N-glycosylated receptors, or heparan sulfate proteoglycans)
(31, 32). P.a.’s entry is an actin-dependent process which requires Rho family GTPases (Rho,
Cdc42, or Rak1l) for cytoskeletal remodeling (36, 37). Recruitment of the host cell endocytic
machinery is mediated by several signal transduction pathways, notably the
phosphatidylinositol 3-kinase (PI3K)/PIP3/Akt pathway (30, 31, 38, 39), but also through
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activation of different tyrosine kinases, such as Src, Abl, and Fyn (37, 40, 41). Studies
examining the fate of intracellular P.a. (42-46) have primarily focused on short-term survival
(typically 3 h to 8 h post-infection (p.i.)) and were performed in different epithelial cell types.
Intracellular P.a. was described by the Fleiszig group to reside in nonapoptotic blebs, namely
large cytosolic compartments generated by the detachment of host membranes from the
cytoskeletal cortex (42, 43, 45, 47, 48). Others observed intracellular P.a. in cytosolic dense
aggregates called pod-like compartments similar to those formed by E. coli in bladder cells

(44, 49) or in membrane-bound intracellular vesicles (39, 50).

Remarkably, the long-term fate of intracellular P.a. within epithelial cells is largely unknown.
Garcia-Medina et al. assessed the long-term intracellular survival of the lab strain PAO1L in
mouse tracheal epithelial cells and reported P.a. persistence without loss of host cell viability
up to 72 h p.i (44). More recently, Penaranda et al. assessed the intracellular survival of P.a. in
the human 5637 bladder cell line and also observed bacterial survival up to 48 h p.i. without
significant host cell death despite upregulation of the NF-xB signaling pathway (50).
Interestingly, results from several studies also suggest that the intracellular survival

of P.a. clinical isolates may differ from laboratory strains such as PAO1 (50-53).

In order to better understand the intracellular persistence of P.a., we developed a model
of P.a. infection in airway epithelial cells that allowed the study of long-term (up to 120 h)
intracellular bacterial survival. We characterized the infection kinetics with measurements of
intracellular bacterial burden by viable bacterial counts and host cell cytotoxicity. For studies
at the single-cell level, we validated analyses by flow cytometry, cell sorting, and confocal
microscopy. Using this model, we also assessed several P.a. clinical isolates and demonstrated
significant heterogeneity in the intracellular survival phenotype, including a high persistence

phenotype.

3.3 Material and Methods

Bacterial Strains and Growth Conditions

Bacterial strains used in this study are listed in Supplementary Table S3.1. Bacterial strains

were streaked from frozen stocks onto LB agar (BD Difco) (Wisent, 800-015) or LB agar

containing 250 ug/mL carbenicillin (for PAO1-mCherry) and incubated overnight at 37°C.

Isolated colonies were then inoculated in 5 mL of liquid LB media or LB media containing

250 ug/mL carbenicillin and incubated overnight at 37°C with shaking at 250 r.p.m. After 2
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washes with sterile PBS (#311-010, Wisent), the bacterial cell pellets were resuspended in
5 mL of PBS to an optical density, equivalent to ~10"9 CFU/mL. The initial dilution in PBS
was followed by serial dilution in Dulbecco’s modified Eagle’s medium (DMEM, #319-005-
CL, Wisent) supplemented with 10% heat-inactivated fetal bovine serum (FBS, #080-150,
Wisent) to reach the desired multiplicity of infection (MOI).

Airway Epithelial Cell Culture Conditions and P.a. Infection

Immortalized human bronchial epithelial cells (BEAS-2B) were grown in DMEM
supplemented with 10% heat-inactivated FBS and 50 IU/50 ug/mL penicillin/streptomycin
(#450-200, Wisent) at 37°C with 5% CO2. Once ~90% confluent, BEAS-2B cells were
harvested and seeded at a density of 200,000 cells/mL (100,000 cells/well) in DMEM
supplemented with 10% FBS in 24-well tissue culture plates (#83.3922, Sarstedt) in the
absence of antibiotics. After seeding, plates were incubated for 24 hours at 37°C prior to
infection. The medium was then replaced by 500 uL of bacterial suspension at the required
MOI in DMEM supplemented with 10% FBS (no antibiotics) and mixed by gentle shaking in
a cross-wise manner. Plates were then centrifuged at 700 r.p.m. for 3 min to allow for bacterial
adherence. After 4-h incubation at 37°C with 5% CO: for the internalization phase, tobramycin
(#32986-56-4, Sigma-Aldrich) was added to each well to a final concentration of 100 ug/mL
for 15 min (or until the end of infection when using clinical isolates) before harvesting for
the T = 4-h time point. For later time points, the media was replaced by fresh DMEM (with
10% FBS) containing variable concentrations of tobramycin (25 ug/mL unless specified
otherwise) for maintenance until cell harvest. For cell harvest, culture supernatants were first
collected. Cells were then washed with PBS and lysed with 0.5% Triton X-100 (#9002-93-1,
Sigma-Aldrich) in sterile PBS. Lysed cells were serially diluted in sterile PBS and plated on
LB agar plates for bacterial growth. After overnight incubation at 37°C, CFU were counted to
determine the viable intracellular bacterial load. Culture supernatants were also plated on LB

agar plates to confirm the absence of extracellular bacteria in the cell culture media.

Cytotoxicity Assay

Epithelial cell viability was assessed using the lactate dehydrogenase (LDH)
release/cytotoxicity assay, with measurement of LDH released by damaged cells into the
culture supernatant and LDH in cell lysates as a measure of intact cell biomass (LDH assay kit,
#11644793001, Sigma-Aldrich) according to the manufacturer’s instructions. LDH

concentrations were measured by absorbance at 492 nm (with reference wavelength subtraction
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at 690 nm), and cytotoxicity was expressed as the ratio of released LDH (in the supernatant) to
total LDH (in the supernatant + cell lysate). To estimate the AEC biomass, we established a
LDH standard curve using 10-fold dilution of BEAS-2B cells (from 1,000,000 cells to 5,000
cells) spun down, lysed with 0.5% Triton X-100 and used for LDH determination.

Flow Cytometry Analyses

Confluent BEAS-2B cells were harvested, seeded at a density of 200,000 cells/mL (200,000
cells/well) in DMEM supplemented with 10% FBS in 12-well tissue culture plates (#83.3921,
Sarstedt), and infected with P.a. as described above. At the indicated time points following
infection, culture supernatants were first collected to recover cells that had detached during the
infection. Adherent cells were gently washed with PBS and incubated for 3 min at RT in PBS
containing 1 mM EDTA (#60-00-4, Sigma-Aldrich) and 1 mM EGTA (#E4378, Sigma) to
detach cells before harvesting by gentle pipetting. Cell suspensions were then pooled with their
respective supernatants, centrifuged (2000 r.p.m for 5 min), and transferred to 96-well round-
bottom plates (#82.1582, Sarstedt). Cells were then stained with 1 : 1000 Fixable Viability Dye
eFluor 780 (FVD eF780, #65-0865-14, eBioscience) in PBS for 30 min on ice, followed by a
wash with FACS buffer (PBS+0.5% FBS) and fixation in 0.5% PFA (#554655, BD
Biosciences) for 10 minutes at RT. For cell sorting experiments, cells remained unfixed. Cells

were then resuspended in FACS buffer for downstream analyses.

Stained cells were analyzed with an LSR 11 flow cytometer (BD Biosciences) and results were
analyzed using FlowJo (BD Biosciences). Debris (low FSC-A, low SSC-A), doublets (SSC-
A > SSC-H), and dead cells (high FVD eF780) were excluded. The gating for mCherry-positive
cells was then defined for each experiment by exclusion of BEAS-2B cells infected with the
nonfluorescent isogenic PAOL strain (negative control) and restricting the false-positive
mCherry signal to <0.5%. The proportion of dead cells was estimated as the percentage of dead

cells among all single cells (after excluding debris and doublets).

Fluorescence-Activated Cell Sorting

For cell sorting, stained cells were resuspended at 5,000,000 cells/mL of FACS buffer before
sorting using a BD FACSAria Fusion Cell Sorter (BD Biosciences). In order to validate the
viability, plasmid expression, and amount of intracellular bacteria in mCherry-neg, mCherry-

low, and mCherry-high populations, 10 and 100 cells for each population were sorted in 100 uL
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of lysis buffer (0.5% Triton X-100 in PBS) in a 96-well plate format at room temperature and

processed for cell sorting validation.

To measure viable intracellular bacteria, sorted cells were lysed in 100 L 0.5% Triton X-100
in PBS through vigorous pipetting. 45 uL of lysate were then plated on one regular LB agar
plate and one LB agar plate containing 250 xg/mL carbenicillin, each. Plates were incubated

overnight at 37°C, and CFU counts were enumerated the next day.

Detection of Intracellular P.a. by Immunofluorescence

BEAS-2B cells were seeded on uncoated sterile 15 mm or 12 mm round microscopy-grade
borosilicate glass coverslips (0.13 to 0.17 mm thick, #12-545-80P or #22-031-145P,
Fisherbrand) placed in 24-well plates and infected as described above (100.000 cells/well). At
defined time points, cells were gently washed with PBS before fixation in 1% PFA for 15 min.
Cells were then washed twice in PBS and blocked for 20 min at RT in staining solution
(PBS+1% Bovine Serum Albumin (#A7906, Sigma-Aldrich) +1% goat serum (#G9023,
Sigma-Aldrich)). Extracellular P.a. was first stained with a polyclonal anti-P.a. rabbit antibody
(1:1000 dilution in staining solution, Abcam ab68538) for 45 min and counterstained for
30 min with an Alexa Fluor 647-conjugated antirabbit secondary goat antibody (1: 500 dilution,
#A21-244, Life Technologies). Cells were then permeabilized with 0.2% Triton X-100 for
10 min, blocked, stained for both intracellular and extracellular P.a. (total P.a. stain) with the
same polyclonal anti-P.a. rabbit antibody (1: 1000 dilution, Abcam ab68538) for 45 min, and
counterstained for 30 min with an Alexa Fluor 488-conjugated antirabbit secondary goat
antibody (1:500 dilution, #A11-008, Life Technologies) as well as DAPI nuclear stain
(#LSD1306, Invitrogen) and TRITC-conjugated phalloidin (#5783, R&D) to stain the actin
cytoskeleton. Samples were then mounted on glass coverslips using Fluoromount-G (#50-187-
88, Thermo Fisher Scientific). Extracellular P.a.was thus double stained by the extracellular

and the total P.a. stains, while intracellular P.a.was single stained by the total P.a. stain.

Confocal Microscopy and Image Analysis

Samples were imaged with a Zeiss LSM700 confocal microscope equipped with 405 nm,
488 nm, 543 nm, and 633 nm lasers for the DAPI, AF488, TRITC, and AF647 channels,
respectively. For each coverslip, 16 to 100 fields of view were randomly acquired (based on
DAPI staining for focusing) with a 40x or 63x oil immersion objective for imaging of a

minimum of 1000 (up to 9000) epithelial cells from at least 2 independent experiments. Z-
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stacks covering approximately 10-um depth of the sample were acquired for maximum
intensity Z-projection images. For each individual experiment, acquisition (including laser
power, electronic gain, and background) and processing (fluorescence threshold) parameters
were optimized for detection of host cells and bacteria using infected AEC and extracellular
bacteria controls and kept constant for acquisition of all images. Intracellular bacteria were
defined as a single green (Alexa Fluor 488) fluorescent signal at least 4 pixels in size
(equivalent to approximately 500 nm) on maximum intensity Z-projection, located within the
limits of the actin cytoskeleton (phalloidin staining). If any signal bigger than 2 pixels was also
observed in the red channel (Alexa Fluor 647), the bacteria was considered as double positive
and thus extracellular. For each image, the percentage of AEC harboring intracellular bacteria
as well as the number of intracellular bacteria per AEC were reported. All images were
randomly and manually analyzed by 2 blinded readers using ImageJ (54) software. Maximum
intensity Z-projection images used for analysis are available

at https://omero.med.ualberta.ca/webclient/?show=dataset-1152.

Automated analyses of confocal images (maximum intensity Z-projection) were also
performed using a customized pipeline in Icy software (55) for counting of intracellular
bacteria in eukaryotic cells (Icy analysis pipeline and script available as Supplementary
methods and at https://omero.med.ualberta.ca/webclient/?show=dataset-1152). Eukaryotic cell
segmentation was performed by active contouring of the cell nuclei using the actin signal as
boundary. Identification of intracellular bacteria was based on spot detection (scale 2 parameter
=3 pixel-sized objects) analysis performed on both red (extracellular stain) and green (total
stain) channels, followed by colocalization analysis of the detected spots. Spots detected in the
green channel that were not colocalized with spots in the red channel were considered as
intracellular bacteria, while those that colocalized in both channels were considered
extracellular bacteria. Correlation analysis of automated counts vs. manual counts was

performed using a random subset of images (n=29) from one representative experiment.

Statistical Analysis

Results are shown as mean + SD unless stated otherwise. Statistical analyses between 2 or more
categorical groups were performed using a 2-way ANOVA followed by Tukey’s multiple
comparisons test. Correlation analyses were done using the Pearson’s correlation coefficient.

A P value <0.05 was considered statistically significant, *P < 0.05, **P < 0.01, and ***P <
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0.001. All analyses were done using the GraphPad Prism 7.0a (GraphPad Software, San
Diego).

3.4 Results

Development of an In Vitro Model of P. aeruginosa Long-Term Intracellular Survival in
Human Airway Epithelial Cells

We sought to develop and validate a model of infection which optimized both bacterial survival
and host cell viability for a period up to 120 h p.i. Airway epithelial cells (AECs) were first
incubated for 4h with P.a.to allow bacterial adhesion and uptake during an initial
internalization phase, followed by an intracellular persistence phase where AEC were treated
with tobramycin and maintained in tobramycin-containing culture medium. Tobramycin and
other aminoglycosides, such as gentamicin, are cell impermeable antibiotics that Kkill
extracellular bacteria while sparing intracellular ones and have thus been extensively used for
the study of intracellular bacteria including P.a. (44-46, 48, 56). In an initial experiment, we
observed that the intracellular bacterial burden at 4 h p.i. was 9.5-fold higher in BEAS-2B
compared to CFBE-wt cells grown in submerged cultures, two commonly used immortalized
human epithelial cell line of bronchial origin (average of 3.5 x 10* vs. 3.7 x 10® CFU/well for
BEAS-2B and CFBE-wt, respectively, Figure S3.1A-B), suggesting greater bacterial
internalization in BEAS-2B cells. We thus chose to use BEAS-2B cells (57) for our model as
this AEC cell line readily internalized P.a.

We then characterized the intracellular infection Kinetics using different bacterial inoculum
corresponding to a multiplicity of infection (MOI) of 0.1, 1, and 10 by assessing the
intracellular bacterial burden by viable colony forming unit (CFU) count after AEC lysis and
cytotoxicity by measurement of lactate dehydrogenase (LDH) release into the media. We
observed that bacterial internalization (CFU count at T=4 h) was relatively proportional to the
MOI, with a 7-fold increase in internalization from MOI 0.1 to 1 and a 5-fold increase from
MOI 1 to 10 (Figure 3.1A). After initial entry in BEAS-2B, the viable intracellular bacterial
burden declined over time, with infections at MOI 10 resulting in the most rapid decline over
48h from 1.9 x 10° CFU/well to 3.3 x 102 CFU/well, which led to near eradication of
intracellular P.a. by 120 h p.i. In contrast, infections with MOI 1 and 0.1 resulted in only a
modest decline in viable intracellular bacterial burden and allowed for significant bacterial
persistence at 120 h p.i (Figure 3.1A and S3.1C). Notably, concomitant measurements of LDH
release revealed that the marked reduction in intracellular CFU counts in cells infected at MOI
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10 was associated with very high cytotoxicity (98% at 24 h to 94% at 120 h p.i) compared to
MOI 1 (25.3% at 24 h and 17.4% at 120 h p.i) and 0.1 (4.9% at 24 h and 11.2% at 120 h p.i)
(Figure 3.1B and Figure S3.1D). These results thus indicate that infection at low MOIs of 1
and 0.1 allow for long-term intracellular persistence of P.a. within AEC, whereas infection at
MOI 10 results in a rapid decline in intracellular bacterial counts likely attributable to extensive
host cell death. We noted that the modest reduction in cell death estimates between 48 h and
120 h in AEC infected at MOI 10 (from 99.0% to 94.3%) and MOI 1 (from 26.6% to 17.4%)
were likely attributable to AEC proliferation during the course of the experiment. Indeed, using
total LDH as a quantitative estimate of AEC biomass (Figure S3.1F), we observed an average
of 2.3-fold increase in AEC biomass over 5 days for all conditions except for AEC infected at
MOI 10 where AEC biomass first declined significantly between 4 h and 24 h (Figure S3.1E).
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Figure 3.1

Intracellular P.a. survival in an airway epithelial cell infection model. (A) Intracellular
bacterial burden and (B) cytotoxicity after infection with different MOI. (C) Intracellular
bacterial burden and (D) cytotoxicity at different maintenance concentrations of tobramycin.
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For all experiments, BEAS-2B cells were infected with P.a. strain PAO1 at MOI 1, unless
stated otherwise. After 4h p.i., extracellular bacteria were first killed with 100 pg/mL
tobramycin X 15 min for all experiments. For (A) and (B), AEC cultures were then maintained
in 100 pg/mL tobramycin for the remainder of the experiment, while the tobramycin
maintenance concentrations ranged from 12.5 to 100 pg/mL for (C) and (D) as indicated. The
intracellular bacterial burden was measured by viable CFU count (detection limit shown as
green dashed line), and cytotoxicity was measured by LDH release assay. Results shown are
from data pooled from >4 biological replicates (>2 independent experiments). *P < 0.05; **P <

0.01; ***P < 0.001.

Following the initial internalization phase, P.a.-infected AEC were briefly treated with
tobramycin at a bactericidal concentration (100 #g/mL for 15 min) to eliminate the remaining
extracellular bacteria. For the subsequent intracellular persistence phase, AEC were then
maintained in culture medium containing tobramycin to inhibit any extracellular replication of
bacteria released from AEC and thus avoid host cell reinfection or bacterial overgrowth in the
cell culture medium. Although aminoglycosides cannot permeate cell membranes due to their
anionic nature, they can still slowly accumulate intracellularly by fluid-phase endocytosis at
high concentrations (58-60), a process which can influence survival of intracellular bacteria.
We therefore compared the effect of different “maintenance” tobramycin concentrations (100,
50, 25, and 12.5 ug/mL) on the infection kinetics. We observed that the tobramycin
concentration did not affect intracellular bacterial counts at 24 h (Figure 3.1C). However, by
120 h, 100 and 50 ug/mL tobramycin were associated with 21- and 8-fold decrease in
intracellular CFU count compared to 4 h, respectively, while 25 and 12.5 ug/mL tobramycin
were not. Although the highest intracellular bacterial burden at 120 h p.i was observed with
12.5 ug/mL tobramycin, this low maintenance concentration of tobramycin also led to a
significant increase of cell death, likely due to breakthrough growth of extracellular bacteria
causing cell death (Figure 3.1D and Figure S3.1G). These results showed that the long-term
survival of intracellular bacteria and AEC viability were optimal with PAO1 infection ata MOI

1 and maintenance of AEC with 25 xg/mL tobramycin.

Flow Cytometry Analysis to Assess Intracellular Infection at the Single-Cell Level
Measurement of intracellular bacterial burden by viable CFU counts allows assessment of
bacterial survival in AEC on a population level but lacks resolution at the single-cell level. In

order to measure both the percentage of infected AEC and the bacterial burden in individual
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AEC, we analyzed AEC infected with a fluorescently tagged mCherry-PAQOL1 strain by flow
cytometry. After infection with mCherry-PAOL using the model described above, AEC
harvested at different time points were stained with fixable viability dye and analyzed for
mCherry fluorescence. A gating strategy (shown in Figure S3.2A-C) was set using an isogenic
nonfluorescent P.a. strain to allow for a false-positive rate of mCherry(+) AEC of <=0.5%
(Figure 3.2A). We observed that 9.1% of live AEC harbored intracellular P.a. at 4 h p.i, a rate
which decreased to 6.6% and 6.2% at 24 h and 120 h, p.i, respectively (Figure 3.2C; data from
all independent experiments are shown in Figure S3.2D-G)). We also found more cell death
among AEC exposed to P.a. compared to uninfected AEC (10.6% vs. 5.9% at 4 h p.i, 19.7%
vs. 4.3 at 24 h p.i, and 14.5% vs. 3.2 at 120 h p.i, respectively), with cell death peaking at 24 h
p.i (Figure 3.2D). These results were consistent with the cytotoxicity assessment by LDH

release assay (Figure 3.1B).
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Analysis of P.a.-infected AEC by flow cytometry. (A) Gating strategy based on mCherry
fluorescence intensity and forward scatter area (FSC-A) to detect mCherry(+)-infected AEC,
with exclusion of mCherry(-) noninfected AEC using control samples infected with
nonfluorescent PAOL. (B) mCherry fluorescence histograms of the AEC populations at
different time points after infection with nonfluorescent PAO1 (whole population, grey) or
mCherry PAO1 (mCherry(+) population only, colored) as indicated. Quantification of the
proportion of (C) mCherry(+) AEC among all live AEC or (D) dead (FVD+) AEC among all
AEC. (E) mCherry median fluorescence intensity (MFI) of the mCherry(+) AEC population at
different time points after infection. The mCherry MFI of cells infected with nonfluorescent
PAO1 was subtracted from the MFI of mCherry(+) cells to account for day-to-day variability
in fluorescence. For all experiments, BEAS-2B cells were infected at MOI 1, except for

113



uninfected (UI) controls. >20,000 cells were analyzed in each sample. For (A) and (B),
representative scatter plots and histograms are shown. For (C), (D), and (E), results shown are
from biological triplicates from one representative experiment of 3 independent ones (data
from all 3 independent experiments are shown in Figure S3.2). *P < 0.05; **P < 0.01; ***P <
0.001.

In order to confirm that mCherry(+) cells harbored live bacteria and that mCherry(-) cells did
not, we sorted live AEC cells infected with mCherry-PAO1 at 24 h p.i into 3 different
populations based on their mCherry fluorescence: mCherry negative, mCherry low, and
mCherry high as shown in Figure S3.2H. Those AEC populations were sorted into sterile lysis
buffer in pools of 10 or 100 cells per well for subsequent plating and CFU counts. No viable
bacteria were recovered from mCherry-negative AEC lysates, compared to an average of
81 CFU/100 cells in mCherry-high populations and 12 CFU/100 cells in mCherry-low
populations (Figure S3.21). These results thus validated that most AEC from the mCherry-high
populations likely harbored viable intracellular bacteria, while some cells from mCherry-low
populations likely did not, and no cells from the mCherry-negative population did. Since the
mCherry fluorescence histograms of mCherry-PAO1l-infected AEC at 24h p.i
(Figure 3.2B and S3.2G) displayed a bimodal distribution, we also sought to confirm that
intracellular bacteria did not lose fluorescence due to a loss of the mCherry expression plasmid.
AEC lysates from the mCherry(+) populations were thus simultaneously plated for viable CFU
counts on media without antibiotics and media containing carbenicillin for selection of the
mCherry plasmid, and plate counts on both media showed good correlation (r=0.87,

Figure S3.2J), indicating that plasmid loss was not a significant concern.

Confocal Microscopy Imaging of P. aeruginosa-Infected Airway Epithelial Cells

To further validate the proportion of AEC harboring intracellular P.a. estimated by flow
cytometry and determine the intracellular bacterial burden at the single-cell level, we assessed
for P.a. in infected AEC by immunofluorescence and confocal microscopy, with differential
staining of extracellular and intracellular P.a. At different time points, infected AEC were
fixed, and extracellular bacteria were first stained with a polyclonal anti-P.a. antibody (AF647,
red). AEC were then permeabilized and stained again with the same polyclonal anti-
P.a. antibody (AF488, green), resulting in differential staining of extracellular and intracellular
bacteria (total P.a. staining) (Figures 3.3A and 3.3B and Figure S3.3A). Intracellular P.a.was

thus identified by their single green signal, while extracellular P.a.was double stained
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red/green. The validation of the extracellular staining was performed on bacteria spun down on
coverslips without AEC and stained as previously described (Figure S3.3B). The absence of

fluorescence spillover was assessed using single-stained infected AEC (Figure S3.3C).
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Detection of intracellular P.a. by confocal microscopy. (A) Z-projection images (AF488,

AF647, and merged channels) to distinguish extracellular from intracellular bacteria in AEC at
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4h p.i or uninfected negative controls. (B) Z-projection and orthogonal views (merged
channels) to localize bacteria at different time points. Green and red arrows denote the plane
of cut for the and plane projections, respectively. Extracellular P.a. (gray arrowhead) was
double-stained by the total (AF488 green) and extracellular (AF647 red) stains, while
intracellular P.a. (white arrowhead) was single stained with the total (green) stain. The actin
cytoskeleton was stained with phalloidin (grey) and the AEC nuclei with DAPI (blue). (C) The
percentage of AEC harboring intracellular P.a. signals among all AEC. (D) The percentage of
AEC harboring a given number of intracellular P.a. per AEC at different time points (among
all AEC with intracellular P.a.). For all experiments, BEAS-2B cells were infected with PAO1
at MOI 1, and confocal microscopy images were analyzed manually. For (A) and (B),
representative images are shown, with scale bar = 2 um. Results in (C) and (D) shown are from
pooled data (> 1000 cells or>16 fields of view per conditions) from 2 independent

experiments.

We first analyzed the confocal microscopy images manually and estimated the percentage of
infected AEC harboring intracellular P.a. to be 11.1% (+6.8%) at 4 h p.i and 10.6% (+0.6%) at
24 h p.i, decreasing to 3.8% (£3.1%) at 120 h p.i (Figure 3.3C). While these results were
generally consistent with the flow cytometry results, small differences were noted between the
different methods (11.1% vs. 9.1% at 4 h p.i, 10.6% vs. 6.6 at 24 h p.i, and 3.8% vs. 6.2% at
120 h p.i for confocal vs. flow cytometry, respectively). The bacterial burden per cell peaked
at 24 h p.1 (median number of bacteria per cell of 2 compared to 1 at 4 h) before decreasing at
120 h p.i (1 bacteria per cell) (Figure 3.3D). At4 h p.i, 52% of infected cells harbored a single
intracellular bacterium and less than 18% had more than two intracellular bacteria, consistent
with the low MOI of 1. By 24 h p.i, 32.6% had 3 or more intracellular bacteria, possibly
indicating intracellular bacterial proliferation within the first 24 h in some cells. We noted a
small number of intracellular bacteria-like signal (less than 1.5%) in uninfected AEC, likely
representing false-positive signals due to nonspecific binding of the secondary antibody
(Figure S3.3A), as cultures of the AEC revealed no viable bacteria. We further validated the
manual counts using an automated custom image analysis pipeline and found the two methods
to be well correlated (r=0.906, Figure S3.3D).

P. aeruginosa Clinical Isolates Display Different Intracellular Infection Kinetics

Here, we sought to compare the long-term intracellular survival and cytotoxicity of P.a. clinical

isolates collected from CF children (listed in supplemental Table S3.1-S3.2, (61)). The four
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clinical isolates displayed a range of bacterial phenotypes (e.g., mucoidy, protease and
pyocyanin production, flagellar, and pilus-mediated motility (Table S3.2)). All were
susceptible to tobramycin, and none displayed any growth defects in LB or DMEM medium
(S3.4D-E). The bacterial burden at 4 h p.i was relatively similar in the four clinical isolates
(range 1.2 to 4.2 x 10* CFU/well in BEAS-2B and 0.7 to 3.7 x 102 in CFBE-wt, Figure S3.1A),
suggesting comparable internalization rates. However, we observed different infection kinetics
over time (Figures 3.4A and 3.4B and Figure S3.4A). The lab strain PAOL and 2 out of 4
clinical isolates (CI455 and C1565) persisted until 120 h p.i. (an average of 47 to 474 CFU per
well were recovered at 120 h p.i.) but showed a gradual decline in intracellular bacterial burden
over time. The isolate CI581 displayed the most rapid decline in intracellular bacterial burden
with no detectable viable bacteria in most replicates at 120 h p.i. In contrast, the isolate CI1180
displayed on average a 5.7-fold increase in intracellular bacterial counts over time, from 4.2 x
10* CFU/well at 4 h p.i and 6.0 x 10* CFU/well at 24 h p.i to 1.6 x 10° CFU/well at 120 h p.i,
suggesting probable replication of intracellular bacteria given that cell death remained constant
between 24 h and 120 h p.i. We also observed that the different clinical isolates induced
variable degrees of cytotoxicity over time (Figure 3.4C and Figure S3.4B-C). The CI180 and
CI565 induced relatively limited cytotoxicity to a degree comparable to the lab strain PAOL.
Conversely, CI581, which was associated with the lowest intracellular bacterial counts at 120 h
p.i, caused the greatest cytotoxicity at 24 h, 48 h, and 120 h p.i. (which impaired further
merasurement by confocal imaging of this strain, Figure S3.3E-F). Our results thus reveal that
different P.a. isolates have divergent infection outcomes in AEC across a spectrum, from high
cytotoxicity/low intracellular persistence (e.g., CI581) to low cytotoxicity/high persistence
(e.g., C1180). Given the high persistence phenotype of C1180, we examined AEC infected with
this clinical isolate by confocal imaging, with differential staining of P.a. as done with PAO1
(Figure 3.4D). We observed an increase in the proportion of AEC harboring intracellular
bacteria, from 11% at 4 h p.i. to 25% at 24 h p.i. (Figure 3.4E), as well as an increase of the
number of intracellular bacteria per AEC (median of 2 at 4 h p.i. vs. 3 at 24 h p.i.). Notably, at
24 h p.i, 27% AEC harbored 5 or more bacteria, including 8% AEC having 8 or more bacteria,
compared to 2% with >=5 bacteria and none with >=8 bacteria at 4 h (Figure 3.4F), thus

further supporting the notion that C1180 can replicate within AEC in our model.
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Intracellular infection kinetics and cytotoxicity of CF clinical isolates. (A) Intracellular
bacterial burden, (B) relative bacterial survival, and (C) cytotoxicity over time following
infection with PAOL1 or clinical isolates C1180, C1455, CI565, or CI1581. (D) Detection and 3D
localization of intracellular P.a. (white arrowhead) by confocal microscopy, with evidence of
clustered intracellular bacteria in AEC infected with CI180 at 24 h p.i. In AEC infected with
Cl180, (E) the percentage of AEC harboring intracellular P.a. signals among all AEC and (F)
the percentage of AEC harboring a given number of bacteria per AEC at different time points

(among all AEC with intracellular P.a.). For all experiments, BEAS-2B cells were infected
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with at MOI 1, except for uninfected (Ul) controls. The intracellular bacterial burden was
measured by viable CFU count (detection limit shown as green dashed line), and the relative
bacterial survival was calculated as the intracellular bacterial burden at the indicate time
normalized to the 4 h counts. The cytotoxicity was measured by LDH release assay. Confocal
microscopy images were analyzed manually. Results in (A), (B), and (C) are from pooled data
(> 6 biological replicates) from >3 independent experiments. Results in (B) are depicted
as mean + SEM. For (D), images representative of 3 independent experiments are shown,
with scale bar = 2 um. For (E) and (F), results are from pooled data (> 8 fields of view per

condition) from 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

3.5 Discussion

Although P.a. is widely known as an extracellular pathogen, many studies have demonstrated
its ability to invade and survive in different models of epithelia, such as the cornea (48, 53, 62),
skin (63), respiratory (31, 44), and urinary tract (50). Bacterial survival within epithelial cells
could serve as a mechanism of evasion from the immune system, extracellular host defenses,
or antibiotic therapies and thus contribute to the persistent and chronic nature of P.a. infections.
Given that most studies to date have focused on the invasion process and short-term survival
of P.a. within epithelial cells, our understanding of the intracellular survival kinetics during
long-term infection remains limited. In this study, we described anin vitro model
of P.a. infection in human airway epithelial cells. Using the BEAS-2B cell line in a tobramycin
protection assay, we optimized the model for intracellular bacterial persistence and
demonstrated bacterial survival for up to 5 days p.i. Flow cytometry and confocal microscopy
analyses allowed us to study the infection kinetics at the single-cell level, demonstrating that
at low MOI, a small but reproducible proportion of AEC (~10% at 4 h p.i) internalize P.a., and
intracellular P.a. can persist for up to 5 days p.i, without causing significant host cell death.
Finally, infection with different P.a. strains revealed that CF clinical isolates were highly
heterogeneous in their ability to survive intracellularly, with CI1180 providing an example of a

strain with a high intracellular persistence phenotype.

P.a. has been shown to invade several epithelial cell types including the polarized kidney
MDCK cells (30), corneal cells (62), and intestinal Caco-2 cells (64), as well as respiratory
cells such as A549 (46, 65) and polarized AEC (47, 51). For our study, we selected BEAS-2B
cells, an AEC line widely used to study host cell signaling and inflammatory responses

to P.a. and its secreted or surface molecules (66-69). Previous studies using live cell video
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microscopy by the Fleiszig group have observed that P.a. can survive and replicate within
epithelial cells in nonapoptotic membrane blebs (42, 43, 45, 47). The formation of blebs is
dependent on a functional T3SS and the adenylate cyclase activity of the effector proteins
ExoY (45) or the ADP-ribosyltransferase activity of ExoS (42, 48), while intravesicular
bacterial survival requires ExoS to avoid vesicle acidification (45, 56) or to inhibit autophagy
(46). In our model, we have not observed bleb-like structures by confocal microscopy, possibly
due the specific cell line or lower MOI (1 rather than 10 or 100) used in our study or the fixation

method which can collapse such structures (47).

We recognize that our current model with submerged BEAS-2B cells presents some
limitations. This immortalized cell line may differ from polarized primary airway epithelial
cells through display of mesenchymal-like properties (70) and thus mimic a nonpolarized or
damaged epithelium (71). Those properties are known to favor bacterial engulfment through
an increased display of molecular patterns associated with bacterial invasion (31, 72, 73). We
indeed observed that bacterial internalization was 4 to 27-fold increased in BEAS-2B when
compared to CFBE-wt cells, another commonly used bronchial epithelial cell line previously
used to study AEC-P.a. interactions and internalization (51, 52). The use of BEAS-2B cells
thus facilitates the study of intracellular P.a. over time and at the single-cell level, as these are
relatively rare events. Our model will therefore benefit from further validation using AEC
grown at the air liquid interface, since polarization and the formation of tight junctions may

influence bacterial invasion, cytotoxicity, and other host cell responses (30, 31, 69, 74).

Our model was developed to study the long-term fate of intracellular bacteria under conditions
that did not cause extensive host cell death with the lab strain PAO1. The MOI of 1 results in
a low frequency of AEC harboring intracellular bacteria but achieves long-term infection (up
to 5 days). In contrast, the use of high MOI (such as MOI 10) results in higher rates of bacterial
internalization but causes significant cytotoxicity by 24 h p.i and thus precludes any study of
the long-term fate of intracellular bacteria. Gentamicin protection assays have been widely
used to study intracellular P.a. at drug concentrations ranging from 50 to 200 xg/mL
(44, 62, 75). We chose to use tobramycin, a chemically related aminoglycoside, for its clinical
relevance in the treatment of CF lung infection (76). While aminoglycosides (such as
gentamicin and tobramycin) are impermeable to eukaryotic cells, they are slowly taken up by
endocytosis over time (59), and high concentrations can impact intracellular bacterial survival

and growth (58, 60). We thus observed that reducing the maintenance concentration of
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tobramycin to 25 ug/mL enhanced the long-term survival of intracellular PAO1. However, the
maintenance concentration was kept at 100 xg/mL during infection with CF clinical isolates to
avoid growth of extracellular bacterial in P.a., strains which may have varying tobramycin

susceptibility.

Studies focused on long-term survival (beyond 24 h p.i) of P.a. in epithelial cells are scarce
and have typically only assessed the intracellular bacterial burden by CFU counts
(44,51, 52,62, 75). Our flow cytometry and confocal microscopy analyses provided
complementary approaches to estimate the percentage of infected host cells and intracellular
bacterial burden at the single-cell level. Flow cytometry allowed us to analyze a large number
of AEC (~50,000 cells) and was likely more selective for detection of live (metabolically
active) bacteria which express mCherry fluorescence, but this method lacked the resolution to
assess the number of intracellular bacteria per cell. We also recognize that flow cytometry
cannot distinguish cell surface-associated bacteria from intracellular bacteria, and that a very
small proportion of mCherry(+) AEC may be false-positive since our gating for mCherry(+)
cells was set by our negative control to tolerate up to 0.5% false-positive fluorescence signal.
Conversely, confocal microscopy was low throughput, and antibody staining of
intracellular P.a. could not distinguish live from dead bacteria, but it provided high-resolution
images that permitted confident 3D localization and counting of intracellular bacteria. We did
note small differences (2 to 4%) in the proportion of P.a.-infected AEC estimated by confocal
microscopy compared to flow cytometry, which were likely due to the different methods for
bacterial detection (mCherry expression vs. antibody labeling). However, results from both
methods were consistent in estimating that ~10% of AEC harbor intracellular PAO1 at 4 h p.i,
with comparable trends indicating a decrease in the proportion of PAO1-infected AEC at 24 h
and 120 h p.i. While it remains to be determined whether this decline was due to bacterial
clearance by the host or host cell death induced by intracellular P.a., we also noted that AEC
proliferation during the experiment contributed to the declining estimates of the proportion
of P.a.-infected AEC.

We then compared the intracellular survival kinetics and cytotoxicity of different P.a. clinical
isolates from CF airway infections. While their initial intracellular bacterial burdens suggested
relatively comparable rates of internalization, there were significant differences in long-term
intracellular survival and cytotoxicity. We observed a high intracellular persistence phenotype

in C1180, while the other strains did not persist, and CI581 was the most cytotoxic strain.
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Fleiszig et al. had previously reported an inverse correlation between cytotoxicity and
intracellular invasion of MDCK kidney epithelial cells upon testing of P.a. isolates from
corneal infections, but the study did not examine time points beyond 3 h p.i (53). More recent
studies assessed a few CF clinical isolates for intracellular bacterial survival and cytotoxicity
up until 24 h p.i in immortalized airway epithelial cells and described clinical isolates with a
persistent intracellular infection phenotype reminiscent of what we observed with C1180
(51, 52). Using a model of bladder epithelial cell infection, Penaranda et al. also observed a
comparable intracellular persistence in certain P.a. clinical isolates originating from urinary
tract infections (50). The bacterial functions that might contribute to strain-specific intracellular
persistence are likely numerous but remain incompletely understood. These include
mechanisms that directly enhance bacterial survival and/or replication, such as the ability to
metabolically adapt to the intracellular host milieu (50, 52), or indirectly modulate host cell
viability or responses, such as the expression of the T3SS, effectors proteins, and other secreted
cytotoxic factors (42, 45, 48, 56, 77—79). The ability of certain clinical isolates to successfully
persist in AEC raises the possibility that these host-adapted P.a. strains harbor phenotypic
characteristics that promote their ability to cause chronic human infections. Our model would
enable future mechanistic studies to understand the host-pathogen interactions and bacterial

factors involved in long-term intracellular persistence of P.a. in airway epithelial cells.

3.6 Supplemental methods

Bacterial growth conditions

To compare the growth kinetics of the different P.a clinical isolates, bacterial strains were
streaked from frozen stocks onto LB (BD Difco) agar (Wisent, 800-015) and incubated
overnight at 37°C. Isolated colonies were then inoculated in 5 mL of liquid LB medium and
incubated at 37°C with shaking at 250 r.p.m. until OD600 = 0.8-1. Bacterial cultures were then
diluted in 200 uLL LB (OD600= 0.05) in triplicates and incubated in a 96-wells plate at 37°C
with shaking (Cytation 5 plate reader, Agilent).

CFBE-wt airway epithelial cell culture conditions.
The immortalized human bronchial epithelial CFBE-wt cell line originated from the cystic
fibrosis CFBE410- parental cells (80), which carries the AF508/AF508 CFTR mutations and is
stably transduced with wt-Cftr to express wild-type CFTR (81). The experiments were
performed in a similar fashion to BEAS-2B cells, except for the use of collagen-coated plates
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and EMEM culture medium. Prior to AEC seeding, 24-well plates were first coated for at least
2h at 37°C h with a Purecol solution of type 1 collagen at 40 pg/mL (Advanced Biomatrix,
#5005), followed by removal of the coating solution. Plates were either used immediately for
seeding, or stored at 4°C (max 2 weeks) until use. The coated plates were seeded with CFBE-
wt cells at a density of 200.000 cells/mL (100.000 cells/well), grown using EMEM medium
(#320-005, Wisent) supplemented with 10% FBS and 50 1U/50 pg/mL penicillin/streptomycin
(#450-200, Wisent) at 37°C with 5% CO2.

Automated confocal image analysis
The automated image analysis was performed using a custom protocol for Icy (55). The
following files are available at

https://omero.med.ualberta.ca/webclient/?show=dataset-1152 :

Icy pipeline Graphic description of the custom Icy protocol.

Custom ICY protocol for detection of bacteria using wavelet spot

) detector blocks, with distinction of extracellular from intracellular
Icy automated image o ) _ o )
) bacteria using the resulting ROI list and the colocalization studio block.
analysis.protocol ) _ ) )
This protocol can be run using ICY Version 2.3.0.0 and the test_image

included in the supporting information.

Representative confocal image of an infected BEAS-2B displaying
Icy test_image intracellular bacteria as well as extracellular bacteria used with the icy

protocol included.
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3.7 Supplementary Figures and Tables
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Figure S3.1. Effect of different AEC lines, MOI and tobramycin maintenance
concentrations.

(A) Intracellular bacterial burden and (B) cytotoxicity at 4h p.i. in BEAS-2B and CFBE-wt
AEC. (C) Intracellular bacterial burden and (D) cytotoxicity at different timepoints in BEAS-
2B cells infected with PAO1 at different MOI. (E) The total AEC biomass over time following
infection at different MOI, estimated by the total LDH content (absorbance units at 490nm)
from the culture supernatants and lysates combined. (F) Linear correlation between BEAS-2B
cell counts and total LDH content as an estimate for AEC biomass. (G) Cytotoxicity in BEAS-
2B infected with PAOL at different MOI or uninfected controls, upon maintenance with
different concentrations of tobramycin. The intracellular bacterial burden was measured by
viable CFU count (detection limit shown as dashed line) and cytotoxicity was measured by
LDH release assay. Results shown are from data (> 4 biological replicates) from > 2

independent experiments.
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Figure S3.2. Flow cytometry analysis for detection of mCherry (+) AEC and cell sorting

to validate mCherry fluorescence. The initial gating strategy included (A) exclusion of cell
debris based of forward (FSC-A) and side (SSC-A) scatter area, (B) exclusion of doublets based
of side scatter area (SSC-A) and height (SSC-H), and (C) selection of live cells based on fixable
viability dye (FVD) staining. Quantification of the percentage of (D) mCherry(+) AEC among

all live cells, (E) dead cells among all AEC, (F) mCherry median fluorescence intensity (MFI)

of mCherry(+) cells, (G) mCherry fluorescence histograms of AEC populations at different

time points after infection with non-fluorescent PAO1 (whole population, grey) or mCherry
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PAOL1 (mCherry(+) population only, colored). Each panel across one row for D to G represents
one independent experiment (each with biological triplicates). (H) Gating strategy for AEC
infected with mCherry PAO1, with sorting of cells no (mCherry Neg), low (mCherry Low) or
high (mCherry High) mCherry fluorescence. (1) Quantification of intracellular bacterial burden
in AEC sorted as mCherry Neg, Low or High to validate mCherry fluorescence. Viable CFU
counts were measured per sorting well, which contained 100 cells per well, with data pooled
from n=10 wells per condition. The CFU detection threshold is depicted as a black line. (J)
Correlation between intracellular bacterial burden of AEC by viable CFU counts on selective
media (with Carbenicilin) v.s. non-selective media to assess the mCherry (carbenicillin -
resistant) plasmid stability. Viable CFU counts were measured per sorting well, which
contained 10 or 100 cells per well, with data from n>20 wells. The displayed trendline was
calculated using a linear regression analysis. For H, I and J, BEAS-2B cells were infected with
mCherry PAO1 at MOI 1 and analyzed at 24h p.i.
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Figure S3.3. Confocal microscopy imaging of infected AEC and controls. Confocal images
of (A) AEC infected with PAO1 and uninfected controls at different time points, with
*indicating false-positive signals in uninfected controls. (B) Controls with PAO1 cells grown
on coverslips without AEC, stained as in (A). Split-channel images (A-B) and merged channel
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images (A only) are displayed. (C) Controls with infected AEC stained as indicated. For C,
images shown are merged from all four channels and indicate no crossover fluorescence. (D)
Correlation between manual and automated counts of AEC with intracellular bacterial signals,
with each data point representing one field of view. Confocal images (merged from all
channels) of AEC infected with clinical isolate CI581 at (E) 4h p.i and (F) 24h p.i, with the
zoomed image corresponding to the inset visualized at low magnification, with extracellular
P.a. (grey arrowhead) and intracellular P.a. (white arrowhead) indicated. For all experiments,
BEAS-2B cells were infected at MOI 1, and (unless stated otherwise) stained for extracellular
P.a. (red), total P.a. (green), AEC nuclei were stained with DAPI (blue) and the actin
cytoskeleton with phalloidin (grey).
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Figure S3.4. Intracellular infection kinetics, cytotoxicity and growth curve of CF clinical

isolates. (A) Intracellular bacterial burden, (B) cytotoxicity and (C) total AEC biomass

(estimated by total LDH) over time in BEAS-2B. Growth curves of PAO1 and clinical isolates

in (D) LB or (E) DMEM medium. For all experiments, cells were infected with PAOL1 or
clinical isolates C1180, CI455, C1565 or C1581 at MOI 1. The CFU detection limited is shown
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as a black dashed line. Results shown are pooled data (> 6 biological replicates) from > 2
independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

Strains Relevant information Reference | DN#
PAO1 Reference PAO1 (MPAOQL) strain from Manoil lab. (82) DN145
PAO1- PAOL1 carrying the pMKB1, CbR. (83) DN89%4
mCherry
Cl1 180 Clinical isolate from cystic fibrosis patient. (61) DN515
CI 455 Clinical isolate from cystic fibrosis patient. (61) DN615
CI 565 Clinical isolate from cystic fibrosis patient. (61) DN638
Cl1 581 Clinical isolate from cystic fibrosis patient. (61) DN619
Plasmid
pMKB1 plasmid encoding a constitutively expressed (84) DN814
mCherry, CbR.

Supplemental Table S3.1. Strains and plasmids used in this study.

CbR carbenecillin resistance.

Strains PAO1 Cl1 180 Cl1 455 Cl1 565 Cl1581
Mucoid - - - + .
Secreted Protease + + + + +
Swimming motility + + + - +
Twitching motility + + + - +
Pyocyanin + + + + -
Tobramycin MIC

<2 <2 <2 <2 <2
(ng/mL)

Supplemental Table S3.2. Phenotypic characteristics of PAO1 and the P.a. clinical
isolates. Mucoid phenotype (alginate overproduction) was assessed qualitatively by colony

morphology on YEM agar medium; Total protease production was assessed by the presence of

131



a zone of clearance with bacterial growth on skim milk agar plate; Swimming motility was
assessed by measuring the zone of bacterial growth after stab inoculation in 0.3% soft agar;
Twitching motility was assessed by measuring the zone of bacterial adhesion at the agar-plastic
interface after stab inoculation in 1% agar; Pyocyanin production was assessed qualitatively.

Clinical isolates phenotypes were originally described in a previous study (61).
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Preamble to Chapter 4

Having established a robust long-term model of intracellular P.a. survival within AEC in
chapter 3, we next sought to gain a deeper understanding of the “hyper-proliferator” phenotype
observed in CI180 and identify potential underlying bacterial factors that mediate this
phenotype. Bacterial factors promoting intracellular survival were of particular interest as they
may be attractive future treatment targets in order to improve bacterial antibiotic eradication
regimens. We thus decided to screen a larger subset of clinical isolates, allowing us to identify
the loss of T3SS as an important bacterial phenotype that promotes intracellular survival, and

to observe evidence of specific strains capable of high intracellular proliferation.
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4.1 Abstract

While a combination of mucosal defense defects in the Cystic Fibrosis (CF) lung allows for
the colonization by a range of opportunistic pathogens, the Gram-negative bacterium
Pseudomonas aeruginosa (P.a.) is typically of particular concern due to its ability to establish
chronic infections that are unresponsive to antibiotic treatment and are generally associated
with excessive lung inflammation and tissue destruction. There are diverse factors accounting
for P.a.’s persistence in the CF lung, including antibiotic resistance, biofilm formation and a
downregulation of bacterial factors that are typically recognized by the host immune system.
However, an additional potential persistence mechanism, intracellular bacterial survival within
the airway epithelium, is often overlooked despite proof of intracellular P.a. both in vitro and
in rodent infection models. Here, we explored the ability of a collection of clinical P.a. isolates
to survive intracellularly within airway epithelial cells (AEC) for 24h post infection. We
identified loss of type 3 secretions system (T3SS) function as a major determinant of bacterial
intracellular survival and observed increased intracellular survival and proliferation in naturally
occurring and engineered T3SS-deficient isolates in different strain backgrounds. Using both
flow cytometry and confocal imaging, we determined that this increased proliferation of T3SS-
deficient isolates was largely driven by a small subpopulation of infected cells harboring a high
bacterial burden. These findings may offer additional insights into why chronic infection
isolates, which are likely to be T3SS-deficient, are able to persist in the presence of antibiotics
and immune cells. Future studies could elucidate the underlying mechanism and whether other
phenotypes associated with chronic infection isolates further potentiate intracellular bacterial

survival.

4.2 Introduction

Pseudomonas aeruginosa (P.a.) is an opportunistic Gram-negative pathogen well known to
cause chronic infections such as chronic airway, wound or urinary infections, in individuals
with defects in mucosal host defenses. In individuals with the genetic disease Cystic Fibrosis
(CF), chronic airway P.a. infections, which persist despite antibiotic treatments and are nearly
impossible to eradicate, are commonly observed and are associated with accelerated decline in
lung function, increased symptoms and mortality (1, 2). Impaired mucociliary clearance and
mucosal host defenses, as well as the ability for P.a. to form biofilms in airway mucus, resist
antibiotics and evade host immunity, are all well-established host and bacterial factors that

contribute to bacterial colonization and persistence in the CF airways (3-5).
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In this study, we examined the intracellular lifestyle of P.a., a potential bacterial evasion
mechanism that has been largely overlooked, yet may contribute to the persistent nature of
chronic P.a. infections. Although P.a. is traditionally considered an extracellular pathogen,
several groups have established over the last three decades that P.a. can invade different
epithelial cell types ranging from corneal and bladder to airway epithelial cells (AEC) (6-13).
While the occurrence of, and the mechanisms involved in the intracellular lifestyle of P.a.
remain incompletely understood, intracellular P.a. within epithelial cells may represent an
unrecognized bacterial reservoir protected from immune cells and the action of extracellular
host defenses. Intracellular bacteria are also shielded from cell-impermeable antibiotics such
as tobramycin (14), and subpopulations of intracellular bacteria may become tolerant to cell-

permeable antibiotics such as fluoroquinolones (10).

Multiple bacteria widely regarded as extracellular pathogens, such as Staphylococcus aureus
and Escherichia coli, can survive inside host cells. The intracellular lifestyle of S. aureus and
uropathogenic E. coli (UPEC) is increasingly recognized as a clinically relevant bacterial
reservoir that survives antibiotic treatment and contributes to the persistent nature of chronic
infections (15-17). Intracellular UPEC within bladder epithelial cells has been demonstrated in
samples from UTI patients (16, 18) and is the likely bacterial reservoir responsible for relapsing
infections, refractory to prolonged antibiotic therapy and caused by the same persistent
bacterial strains (19, 20). While less frequent than UPEC infections, P.a. may also form
intracellular reservoirs within bladder epithelial cells (7). Similarly, intracellular S. aureus has
been observed both in non-phagocytic and phagocytic cells in vitro (21-23) and has been linked

to chronic rhinosinusitis in patients (24).

In the intracellular P.a. field, several studies have looked at defined mutants of different
bacterial virulence factors in a limited number of strain backgrounds in order to examine their
contribution to bacterial internalization and/or survival, largely within a very limited infection
time frame (6, 25-30). Particularly initial internalization has been extensively studied in
different epithelial cell types, highlighting the involvement of bacterial factors such as the
flagellum, pili, lipopolysaccharide outer core, the lectin LecA and the type 3 secretion system
(T3SS) (6, 8, 25, 26, 31), as well as host factors including small GTPases, Src family kinases,
the actin cytoskeleton and lipid raft membrane domains, among others (32-36). However, few
have examined the intracellular lifestyle of clinical isolates (7, 33, 37, 38). Additionally, the

scarce number of studies that have examined clinical strain survival are largely descriptive and
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do not dissect the causes of the survival heterogeneity in greater detail (7, 33, 37). Using our
newly established model of intracellular long-term survival (39), which had previously allowed
us to identify a non-cytotoxic clinical isolate displaying high intracellular survival across 120h,
we sought to investigate which bacterial factors may be major determinants of intracellular

survival among a collection of clinical isolates.

In this study, we tested a large collection of CF clinical isolates and observed significant strain-
to-strain heterogeneity in their intracellular survival in AEC, a phenotype strongly determined
by each strain’s cytotoxicity and T3SS status. Genetically engineered T3SS mutants in 4
clinical and one lab strain background, all of which were originally T3SS(+) ExoS(+),
demonstrated that loss of T3SS injectisome function alone was sufficient to allow for
intracellular strain survival, whereas T3SS effector mutants that retained injectisome function
were unable to survive intracellularly despite being non-cytotoxic. Lastly, we determined that
the increased survival of T3SS-deficient strains was driven by a sub-population of hyper-
infected cells that was not observed among wild-type-infected cells, which likely account for

the majority of the intracellular bacterial burden.

4.3 Material and methods:

Bacterial strains, mutant construction and culture conditions:

All bacterial strains and plasmids used in this study are described in supplementary table S4.1.
Bacteria were streaked onto LB (BD Difco) agar (Wisent) plates to single colonies from
glycerol stocks stored at -80C. Agar plates were then incubated overnight at 37°C and used to
inoculate 5 mL LB media for overnight growth at 37°C with shaking at 250 rpm. After ~16h
growth, stationary phase bacteria were used for subsequent experiments. To generate mCherry-
tagged strains, the respective strains were transformed with pMKB1::mCherry via
electroporation for constitutive mCherry expression, and cultured in LB media containing 250
ug/mL carbenicillin  (PhytoTechnology Laboratories) for selection prior to infection

experiments.

T3SS (exsA and exoS) unmarked deletion mutants were generated by two-step allelic
replacement using the suicide vector pEX18-Gm containing AexsA and AexoS deletion
constructs (40, 41). Briefly, following mating of SM10 E. coli donor cells containing the
pEX18-Gm constructs with the recipient parental P.a. strain, merodiploids were selected on 10

ug/mL chloramphenicol and 50 pg/mL gentamicin (Wisent Bioproducts). Deletion mutants
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were selected by counter-selection on 15% sucrose (42) and were confirmed by PCR. All PCR
primer sequences used are provided in supplementary Table S4.2. Phenotypic loss of function

was assessed by Western blotting as described below.

T3SS secretion:

In order to assess T3SS secretion by clinical strains or T3SS deletion mutants, overnight
cultures were washed and adjusted to ODe00=0.2 in 5 mL of either LB (non-inducing media)
or LB supplemented with 20 mM MgClz and 5 mM EGTA (T3SS-inducing media). After 3h
of growth (37°C, shaking at 250 rpm), cells were pelleted by centrifugation (12000 rpm x 5
min), bacterial supernatants were collected and mixed to a final concentration of 10%
trichloroacetic acid (Sigma Aldrich) to precipitate proteins. Following overnight incubation at
4°C, supernatant proteins were pelleted by centrifugation (12000 rpm x 15 min at 4°C), washed
twice with acetone (Sigma Aldrich), air-dried and resuspended in Tris-HCI (pH 8.8). Protein
concentrations were assessed by BCA assay (Thermo Scientific) according to the
manufacturer’s instructions. Protein samples were then mixed with 4x loading buffer

containing DTT, boiled at 95°C for 5 min and stored at -20°C until analysis.

Secretion of T3SS proteins

ExoS and PcrV were assessed by Western blotting as follows. 1 pg of protein per sample was
loaded onto pre-cast 4-20% Mini-PROTEAN gels (Bio-Rad) for SDS-PAGE and subsequently
transferred onto activated PVDF membranes (Bio-Rad). Membranes were then blocked with
5% skim milk for 45 min prior to overnight incubation at 4°C with 1:5000 rabbit anti-ExoS
(Dr. Arne Rietsch) and/or 1:500 human anti-PcrV (AstraZeneca) (43) antibodies diluted in 5%
skim milk. Following washing with TBS-T (Tris-buffered saline supplemented with 0.1%
Tween 20), membranes were incubated with 1:5000 donkey anti-human 1gG DyLight 680
(Invitrogen) and/or 1:5000 anti-rabbit 1gG DyLight 800 4X PEG conjugated (Cell Signaling
Technology) secondary antibody for 1h at room temperature. Protein bands were imaged with
an Odyssey imaging system (Li-Cor Biosciences) and assessed for the presence or absence of
PcrV and ExoS bands. Strains were determined to be T3SS-negative by two blinded examiners
if no T3SS bands were observed in two independent experiments. For some experiments,
duplicate SDS-PAGEs with the same amounts of the same samples were simultaneously
processed for Western blotting and Coomassie staining. Coomassie-stained gels were analyzed

using an Aplegen Omega Lum G Gel Documentation System.
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Bronchial epithelial cell culture conditions:

Immortalized human bronchial epithelial cells (BEAS-2B) were maintained in DMEM
(Wisent) supplemented with 10% fetal bovine serum (FBS, Wisent), penicillin and
streptomycin (P/S, Wisent) at 37°C in 5% CO2. Primary human bronchial epithelial cells from
healthy (i.e. non-CF) donors were obtained from the CRCHUM’s Respiratory Cell and Tissue
Biobank of the Respiratory Health Research Network of Québec with informed written consent
prior to enrolment (protocol #08.063). Submerged primary cells were maintained in BEBM
(Lonza) supplemented with BEGM (except for gentamicin and retinoic acid, Lonza), 10% FBS
and P/S and were grown at 37°C in 5% COz2. Primary cells were grown to an approximate cell
density of 200,000-600,000 cells/mL in cell culture-grade 24 well plates (Sarstedt) for
infection, while BEAS-2B cells were seeded into fresh 24 well plates 24h prior to infection at
100,000 cells/well.

P.a. infection assay:

BEAS-2B cells were infected with P.a. and processed for colony forming units (CFU), lactate
dehydrogenase (LDH) release assay and other downstream assays as previously described (39).
Briefly, BEAS-2B cells were infected with P.a. strains at a multiplicity of infection (MOI) of
1, spun down for 3 minutes at 700 rpm, and after 4h of infection, extracellular bacteria were
killed through the addition of 100 pg/mL tobramycin (Sigma Aldrich), a cell impermeable
antibiotic. BEAS-2B cells containing intracellular bacteria were maintained in the presence of
100 pg/mL tobramycin for up to 120h. To measure intracellular bacteria at different time
points, host cells were lysed using 0.5% Triton X-100, and viable bacterial counts were
measured by serial dilution and plating for CFU counts. P.a. cytotoxicity to epithelial cells was
assessed by LDH release assay (Roche) in BEAS-2B cell lysates and culture supernatants as

previously done (39).

Flow cytometry analyses:

BEAS-2B cells were processed and stained for flow cytometry as previously described (39).
Briefly, BEAS-2B cells were infected with mCherry-expressing P.a. strains as described
above. At varying time points post infection, cells were stained with fixable viability dye eFluor
780 (eBiosciences) and fixed in 0.5% PFA. Cell fluorescence was assessed on a Fortessa LSR-
Il flow cytometer (BD Biosciences) and results were analyzed using FlowJo (BD Biosciences).
For the mCherry gating, fluorescence-minus-one samples infected with the corresponding non-

fluorescent strain and stained/fixed in the same manner were used. The false-positive threshold
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in the uninfected sample was set to < 0.5% and the same gating was applied to all samples. The
% of mCherry-positive cells in samples infected with the corresponding non-mCherry strain
was subtracted from the % of mCherry-positive cells in samples infected with mCherry-
expressing strains in order to account for the varying presence of auto-fluorescent cells upon

infection with different strains.

Immunofluorescence and confocal microscopy imaging:

100,000 BEAS-2B cells were seeded onto sterile 12mm glass cover slips (22293232P,
Fisherbrand) inside cell culture-grade 24 well plates (Sarstedt). BEAS-2B cells were infected
with P.a. as described above. Fixation and staining for total/extracellular P.a. was conducted
as previously described (39). Briefly, cells were fixed in 1% PFA followed by incubation with
1:1000 diluted primary (rabbit anti-P.a., Abcam ab68538) and 1:500 diluted secondary
(AF647-conjugated anti-rabbit, #A21-244, Life technologies) antibody for staining of
extracellular P.a. Cells were then permeabilized with 0.2% Triton X-100 and stained again for
P.a. with the same primary antibody (rabbit anti-P.a., Abcam ab68538), followed by a
secondary antibody conjugated to a different fluorophore (AF488-conjugated anti-rabbit,
#A11-008, Life technologies). Simultaneously, cellular actin (TRITC-conjugated phalloidin,
1:250, #5783, R&D) and nuclei (DAPI, 1:1000, #LSD1306, Invitrogen) were stained. Samples
were mounted on microscopic slides and analyzed on a Zeiss LSM700 confocal fluorescence

microscope.

Image acquisition and analysis:

Stained coverslips were imaged by confocal microscopy using a Zeiss LSM 700 microscope
with a 405nm, 488nm, 555nm and 639nm laser channels. The following objectives were used:
EC plan-neofluor 40x/0.9 Pol M27 and plan-apochromat 63x/1.40 oil DIC M27 oil-immersion
objective. Z-stacks were collected in 8 or 12 bit mode with a minimum of 2-line averaging and
a resolution of minimum 1024x1024 pixels. Images were exported as czi files then processed
and using ImageJ (Version 2.1) for image transformation and rendering or ICY (version
2.4.2.0) for automated detection of eukaryotic cells and bacteria (based on method described
(39)). For colocalization analysis, maximum intensity projections were created for all channel

and a correlation-based method was used to determine the Manders coefficient (44).
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4.4 Results

T3SS-deficient clinical P.a. isolates display increased intracellular survival within AEC.
Previous studies on the intracellular lifestyle of P.a. in epithelial cells have largely focused on
initial internalization steps (25, 34, 36, 45) and early stages (<12h) of intracellular survival (27-
30). Studies have typically tested one P.a. strain at a time (e.g. PAO1, PAK), and few have
reported on the heterogeneity of the intracellular lifestyle across different strains (37, 39). Here,
we sought to investigate the heterogeneity in intracellular survival in a collection of 28 P.a.
clinical isolates recovered from CF sputum (Supp. Table S4.1). We only tested ExoS+ isolates
and excluded ExoU+ isolates since ExoU-mediated toxicity has previously been demonstrated

to be incompatible with intracellular survival within epithelial cells (46).

We used a model of long-term infection of the airway epithelium where we measured the viable
intracellular bacterial burden and cytotoxicity in AEC infected with the different P.a. isolates.
We first examined the relationship between intracellular bacterial burden at 24h post-infection
(p.i) and AEC cytotoxicity for each P.a. isolate and noted significant heterogeneity across the
28 isolates, with CFU counts ranging from undetectable (<10 CFU/mL) to 4.4x10° CFU/mL
and cytotoxicity ranging from 3.5% to 54.4% (Fig 4.1A). Since intracellular bacterial counts
at 24h p.i are not only a measure of intracellular survival, but also affected by internalization
rates, we then looked at bacterial survival at 24h p.i, namely the 24h CFU counts normalized
by the initial CFU counts at 4h. Interestingly, we now noted that a small subset of isolates with
high intracellular survival (>100%) displayed low to no cytotoxicity, while those with low

survival (<100%) caused varying degrees of cytotoxicity (Fig. 4.1B).
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Fig. 4.1: T3SS-deficient clinical P. aeruginosa isolates display increased intracellular
survival. BEAS-2B cells were infected with 28 clinical P.a. isolates from CF lung infections
at MOI 1 for 4h. Extracellular bacteria were then cleared through the addition of tobramycin,
cells were maintained in the presence of extracellular tobramycin for 24h. Time points to assess
intracellular viable CFU counts and cytotoxicity (by LDH release assay) were taken at 4h and
24h. Cytotoxicity at 24h p.i. was plotted against (A) viable CFU counts at 24h p.i. and (B)
intracellular bacterial survival. Bacterial survival ((24h CFU counts/4h CFU counts) x100) was
expressed as a percentage for each strain. Clinical strains were assessed for their ability to
secrete T3SS components (PcrV, ExoS) into surrounding growth media under T3SS-inducing
(+) or non-inducing (-) conditions. Secreted protein was precipitated and 1 pg protein was
loaded per sample. Secretion was assessed by Western blotting and strains were grouped into
T3SS-positive and negative isolates, as shown in a representative Western blot in (C). The
average (D) cytotoxicity and (E) intracellular survival per strain at 24h are displayed for each
group, where each dot represents one clinical isolate. Data points in (A) and (B) represent the
mean = SD values for each isolate, where each isolate was assessed in two independent
experiments conducted in biological triplicates. (D) and (E) display the underlying data from

(B) stratified by T3SS-secretion status. The median per group is displayed as a red line.
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Since the P.a. T3SS is a well-established driver of epithelial cell cytotoxicity (47) and its
activity is known to vary across CF clinical isolates, we assessed the T3SS activity of all
clinical isolates under T3SS-inducing conditions (low Ca?* (48)) by Western blot, probing for
extracellular ExoS (effector) and PcrV (translocon). Representative Western blots for T3SS
positive or negative strains are shown in Fig. 4.1C. The ExoS antibody was first validated using
the reference strain PA14 which encodes for ExoT and ExoU but not ExoS, indicating
specificity for ExoS despite the high sequence homology between ExoS and ExoT (Supp Fig.
S4.1A) (49). The clinical isolate CHA, an ExoS+ gacS mutant which has a hyperactive T3SS
(50), was used as a positive control and its isogenic exsA mutant was used as a negative control
for both the PcrV and ExoS antibodies (Supp. Fig. S4.1A). Furthermore, three representative
T3SS(-) and three T3SS(+) isolate samples analyzed simultaneously by Western Blotting and
Coomassie staining showed similar protein patterns, thus excluding the possibility that the
absence of T3SS bands was due to insufficient protein loading (Supp. Fig. S4.1B).

When grouped according to their T3SS status, T3SS(-) isolates, as expected, induced
significantly less cytotoxicity than T3SS(+) isolates (32.5% vs 4.6%, p=0.0005, Fig. 4.1D).
Notably, intracellular survival was higher in T3SS(-) compared to T3SS(+) isolates (155% vs
22.5%, p=0.0203, Fig. 4.1E), with all but one T3SS(+) isolate demonstrating low intracellular
survival (< 71%). We also noted one outlier T3SS(+) isolate associated with low cytotoxicity
(3.5%) and high intracellular survival (208%). Interestingly, T3SS(-) isolates were
heterogeneous in their ability to survive intracellularly (range 13.1% to 266%), suggesting that

bacterial factor(s) other than the T3SS may be involved.

Loss of T3SS function promotes intracellular bacterial survival in different strain
backgrounds. In order to investigate the contribution of T3SS deficiency to P.a. intracellular
survival, we deleted the T3SS transcriptional activator gene exsA from one lab strain PAO1-F
(51) and 4 clinical isolates, all of whom were T3SS(+). Loss of ExsA function abolishes
expression of the T3SS, resulting in a loss of T3SS-mediated cytotoxicity (52-54) and naturally
occurring mutations in the exsA gene have been reported in CF clinical isolates (55-57). At4 h
p.i., both wild-type and exsA mutant strains appeared to be non-cytotoxic. However, by 24 h
p.i., cells infected by wild-type stains displayed varying degrees of cytotoxicity with >19%
LDH release, whereas exsA mutant strains were non-cytotoxic and induced <4% LDH release
(Fig. 4.2A). The intracellular bacterial load at 4 h p.i ranged from 1.5x10* to 4.3x10° CFU/mL,

with no clear distinction between the wild-type strains and exsA mutants. In contrast, the
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intracellular CFU counts at 24 h p.i diverged into two non-overlapping clusters of wild-type
strains and exsA mutants (range 1.2x102 to 1.7x10* CFU/mL and 3.9x10* to 2.6x10° CFU/mL

respectively) (Fig. 4.2C).

A B 1085
604 — Wild-type 60 @ C4
§ z - C5 105
(7] |
S 40- B 40- E
; S 104—
a 5 S
- = | ©
* 2 & 207 2 10
0 0 102
0 5 10 15 20 0 10 20 0 5 10 15 20
[hours] [hours] [hours]
E i F - G
50 ! 400 - —
L] 5_
E El
g 4 £ 300+
g 30 ¢ S &
-1 (7] ©
< T 200- : s
I . = —— -
o 204 . ] . x
- e o Q
R m 100 =
10_ \° )
S e
L] ' ._..'._
o | 1 o 1 1
Wild-type AexsA Wild-type AexsA 4h
*okok
H T Bl PAOTF J sl
Il CHA = K%k =
. 3 CHAAexsA E [ PAO1 F AexsA E 200
@ — 100 -
8 - Ul 2 ? 150
[ s K]
z 8 100+
8 T s50- 3
= @ a
2 R’ 9
0- 0-

4h 24h

I\

@ C4
& C5

0 10 20

[hours]

Il PAO1F
[ PAO1 F AexsA
vl

Il CHA
[ CHAAexsA

Fig. 4.2: T3SS loss-of-function is sufficient to allow P. aeruginosa to survive

intracellularly within an airway epithelial cell line as well as human primary bronchial
epithelial cells. BEAS-2B cells (A-F) or submerged human primary bronchial epithelial cells
(G-J) were infected with a lab strain (PAO1 F) or four clinical isolates (CHA, C1-3) and their
isogenic exsA mutants at MOI 1. Alternatively, cells were infected with naturally occurring

T3SS-deficient isolates C4 or C5. At 4h p.i., extracellular bacteria were killed through the

addition of tobramycin. Intracellular bacteria were maintained in the presence of extracellular

tobramycin for the entire duration of the experiment. Samples were taken at 4h and 24h p.i. to
assess cytotoxicity via LDH release assay (A+B, E, G+H), intracellular viable CFU counts in

CFU/mL (C+D) and the percentage of intracellular bacterial survival, which is a measure of
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CFU counts at 24h in relation to CFU counts at 4h p.i. (F, 1+J). Each data point in (E+F)
represents the average LDH release/bacterial survival at 24h p.i. for one out of the five wild-
type or exsA mutant strains shown in (A+C). Averages were calculated from > 2 independent
experiments in biological triplicates. Red bars designate the median for each group. All other
panels show the mean + SD from > 2 independent experiments in biological triplicates (BEAS-

2B experiments) or quadruplicates/quintuplicates (primary cell experiments).

To account for differences in internalization rates across different strains, we calculated the
intracellular survival (as done for Fig. 4.1E) for each strain. Upon comparing wild-type strains
to their isogenic exsA mutants, we found that exsA mutants displayed significantly higher
intracellular survival compared to their wild-type counterparts (Fig. 4.2F, 188% vs 16%
p=0.0079), which was associated with significantly lower cytotoxicity induced by exsA
mutants at 24h p.i. (Fig. 4.2E), as previously observed for the naturally occurring T3SS-
deficient strains (Fig. 1D). Interestingly, all 5 exsA mutants showed intracellular survival over
100%, potentially indicating intracellular proliferation. Notably, similar results were observed
with the clinical isolates C4 and C5, two naturally occurring T3SS(-) strains which displayed
17.2% and 4.2% LDH release at 24h p.i., respectively (Fig. 4.2B). Intracellular CFU counts for
C4 and C5 at 24h p.i. were 6.2x10* and 4.4x10° CFU/mL (Fig. 4.2D), with an intracellular
survival of 98% and 266%, respectively. Taken together, our results indicate that loss of T3SS
activity leads to reduced cytotoxicity and promotes intracellular survival within airway

epithelial cells across genetically and phenotypically diverse P.a. strains.

Since BEAS-2B are an immortalized airway epithelial cell line (58, 59), we sought to validate
our findings in primary human (non-CF) airway epithelial cells. Submerged primary human
bronchial epithelial cells were infected with two pairs of wild-type strains, the PAOL F lab
strain and the CHA clinical isolate, and their respective isogenic exsA mutants. Surprisingly,
infection with both PAO1 and CHA resulted in very modest cytotoxicity (Fig 4.2G/H),
suggesting that primary cells are less susceptible to T3SS-induced cell death than BEAS-2B
cells. Despite this absence of cytotoxicity, both exsA mutants displayed greater intracellular
survival than their parental strains (Fig. 4.21+J, 27% vs 70% p=0.005 for PAO1, 5% vs 167%
p=0.0012 for CHA), even if the magnitude of difference varied based on the P.a. strain
background and the airway epithelial cell type.
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The increased intracellular survival of T3SS-deficient strains is not due to a lack of
effector-mediated cytotoxicity. Since loss of T3SS activity led to increased intracellular
survival and reduced cytotoxicity, we sought to determine which component of the T3SS
mediated this effect. We tested knockouts of the major T3SS components, namely mutants of
exsA (transcriptional activator), popB (translocon), pscD (needle) and exoSTY (all T3SS
effectors) in the PAOL F background. Their T3SS secretion activity was first validated by
detecting extracellular ExoS and PcrV under T3SS-inducing low calcium conditions and
confirming that both the wild-type strain and the popB mutant secreted ExoS and PcrV, while
the exsA and pscD mutants did not, and the exoSTY mutant only lacked ExoS as expected (Fig
4.3A). We note that detection of ExoS and PcrV in the popB mutant is not surprising as
translocon function is crucial for translocation of effectors across host membranes, but
dispensable in culture media (60). As shown in Fig 4.3B, all four mutants were impaired for
cytotoxicity at 24 h p.i. compared to the wild-type strain, indicating that all examined
components of the T3SS (needle, translocon, effectors) are required for T3SS-mediated
cytotoxicity (Fig. 4.3B). Surprisingly, despite causing low cytotoxicity like the other three
T3SS mutants, the exoSTY mutant did not maintain a high intracellular bacterial burden over
time, in contrast to the other three T3SS mutants (Fig. 4.3C).
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Fig. 4.3: Loss of T3SS effector-mediated cytotoxicity does not allow for intracellular
bacterial survival. (A) T3SS mutant strains (AexsA, ApopB, ApscD, AexoSTY) in the PAOL1 F
background were assessed for their ability to secrete T3SS components (PcrV, ExoS) into
surrounding growth media under T3SS-inducing conditions. Secretion was assessed by
Western blotting, 1 ug precipitated supernatant protein was loaded per sample. (B-F) BEAS-
2B cells were infected with the lab strain PAOL F, the clinical strains CHA, C2 and C3 or their
isogenic T3SS mutants (AexsA, ApopB, ApscD, AexoS (C2/C3), AexoSTY (PAO1 F/CHA)) at
MOI 1. (B+D) Cytotoxicity (by LDH release assay) and (C+E) intracellular viable CFU counts
were assessed at different time points. The percentage of intracellular bacterial survival (F)
was calculated as the percentage of CFU counts at 24h relative to 4h CFU counts, where each
data point represents the average for a different strain background (PAO1 F, CHA, C2, C3).
All data is based on > 3 independent experiments in biological triplicates and is shown as mean

+ SD, with the exception of (F), where red bars show the median.
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To validate these results in other genetic backgrounds, we tested the clinical isolates CHA, C2
and C3, their isogenic exsA mutants, and the exoSTY (CHA) or exoS (C2/C3) mutants.
Similarly, both exsA and effector (exoSTY or exoS) mutants were minimally cytotoxic
compared to their parental wild-type strains (Fig. 4.3D), but only the exsA mutants displayed
increased CFU counts compared to the parental strain at 24h p.i. (Fig. 4.3E). Upon pooling the
data for all four strain backgrounds and comparing their bacterial survival (which normalizes
for initial internalization rates), we clearly observed that intracellular survival was enhanced in
the exsA mutants (31% vs 166% survival in wild-type vs AexsA, p=0.037) while survival of the
exoSTY effector mutants was similar to the wild-type strains (Fig. 4.3F). Together, these results
indicated that loss of effector-mediated cytotoxicity was not sufficient to allow for intracellular
survival of P.a., while the loss of either needle or translocon function was. Intracellular
bacterial survival was thus enhanced in injectisome-deficient mutants (where either needle or
translocon function was impaired), but not effector-deficient mutants. We did note that the
intracellular bacterial burden of the PAO1 F exoSTY mutant at 4h p.i., was higher than the wild-
type strain. Since this was not observed in the other exoSTY mutants, we did not further

investigate this observation as it was beyond the main focus of this study.

Increased intracellular survival is linked to enhanced intracellular proliferation of T3SS-
deficient strains. Next, we sought to analyze the infection dynamics at a single-cell level by
flow cytometry. We infected AEC with mCherry-tagged PAO1-F and its T3SS mutants (exsA,
popB, pscD, exoSTY) and analyzed for mCherry(+) AEC. The mCherry(+) gating was first set
using uninfected AEC controls, allowing for a false positive threshold of 0.5%, then applied to
all samples (Fig. 4.4A). The complete gating strategy is shown in Supp. Fig S4.2. Using the
well-established fixable viability dye eFluor 780 to assess the cytotoxicity of the different
strains, we observed similar results as with the LDH release assay (Fig. 4.3B), where the wild-
type strain was the only strain that caused significant cytotoxicity (compared to an uninfected
control) at 4h and 24h p.i. (Fig. 4.4B).
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Fig. 4.4: Increased intracellular bacterial proliferation of exsA, popB and pscD, but not
exoSTY mutant. BEAS-2B cells were infected with mCherry-expressing PAOL F or its
isogenic T3SS mutants at MOI 1 for up to 24h. Extracellular bacteria were killed through the
addition of tobramycin at 4h p.i. and cells were maintained in the presence of extracellular
tobramycin for the entire duration of the experiment. (A) The mCherry-positive gate was set
using an uninfected control (left) and applied to all samples within the same time point
(representative mCherry-positive infected sample on the right). (B) Dead cells were defined as
fixable viability dye eFluor 780-positive cells and are displayed as a percentage. The
percentage of infected cells (C) and mCherry median fluorescence intensity within the
mCherry-positive gate (D) are shown. (E) displays representative mCherry fluorescence
spectra for each strain for both time points. All results are from 1 representative of 3
independent experiments conducted in biological triplicates. The data is displayed as mean +
SD.
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Using mCherry(+) cells as an indication of AEC infected with intracellular P.a., we noted that
all T3SS mutants displayed a greater percentage of infected cells compared to the wild-type-
infected cells at 4h p.i., indicating that T3SS mutants may be internalized more efficiently than
their wild-type counterpart (Fig. 4.4C). However, when comparing the percentage of infected
cells within strains between 4 h and 24 h, we only observed a moderate decline in the exsA,
popB and exoSTY mutant infected cells at 4 h vs 24 h p.i (Fig. 4.4C). This suggests that a
difference in the percentage of infected cells is unlikely to account for the diverging CFU
counts of wt/AexoSTY and AexsA/ApopB/ApscD strains from 4h to 24h p.i. we observed in Fig.
4.3C. The observed differential intracellular survival of wild-type and T3SS mutant strains is
thus likely attributable to a factor other than the percentage of infected cells. Next, we examined
the median mCherry fluorescence intensity within the mCherry(+) cell populations as a proxy
for the intracellular bacterial burden. While there was no difference between the five strains at
4 h p.i., the MFI at 24 h p.i. was significantly higher in exsA, popB and pscD mutant-infected
AEC compared to wild-type or exoSTY mutant-infected cells, indicating an increased bacterial
burden of AexsA/ApopB/ApscD per cell at this time point (Fig. 4.4D). We further noted the
appearance of a high fluorescence subpopulation upon comparison of the mCherry
fluorescence histograms of AEC infected with each of the five strains at 24 h p.i. compared to
4 h p.i. (Fig 4.4E). While the fluorescence histograms are identical for all P.a. strains at 4 h
p.i., a second high fluorescence population apparent at 24 h p.i., is more pronounced in the
exsA, popB and pscD mutant-infected cells than in the wild-type or exoSTY mutant-infected
cells. This population of highly infected cells is likely the consequence of bacterial proliferation
as additional internalization of extracellular bacteria after 4 h is impossible due to the presence

of extracellular tobramycin and due to the fact that no such population was observed at 4 h p.i.

We validated these results with the clinical strains C2 and C3 and their isogenic exsA mutants.
As observed with the PAO1 F-derived mutants, the C2 and C3 exsA mutants were less cytotoxic
than their parental strain at 24 h p.i. (Supp Fig. S4.3A and S4.3B) and infected a greater
percentage of infected cells at 4 h p.i., but this difference was variable by 24h p.i. (Supp. Fig.
S4.3C and S4.3D), suggesting that differences in the percentage of infected AEC were not
sufficient to explain the high intracellular CFU counts at 24 h p.i observed in Fig. 4.3E. The
exsA mutant-infected cells also displayed an increased mCherry MFI at 24h p.i. (Supp Fig.
S4.3E and S4.3F) as well as a more pronounced high fluorescence second peak compared to
wild-type-infected AEC (Supp. Fig S4.3G and S4.3H).
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Together, these results suggest that the increased intracellular survival of exsA and injectisome
mutants is primarily driven by an increased ability to proliferate intracellularly in a sub-

population of infected AEC.

Confocal imaging reveals a sub-population of highly infected cells among cells infected
with injectisome- or ExsA-deficient strains 24h p.i. We next performed confocal microscopy
imaging to directly localize intracellular bacteria at the single AEC level. Samples were stained
with both AF647 (red)-conjugated anti-P.a. antibody before and AF488 (green)-conjugated
anti-P.a. antibody after permeabilization of AEC, resulting in double-stained extracellular
bacteria, and single-stained (green) intracellular bacteria. As shown in Fig. 4.5, cells infected
with both CHA and PAO1 F strain panels at 4h p.i. typically exhibit only 1-3 intracellular
bacteria, and few extracellular (yellow) bacteria are visible both adherent to the coverslip as
well as eukaryotic cells. This is likely attributable to the fact that the extracellular bacteria were
killed with tobramycin just prior to fixation, but not enough time has passed for the dead
bacteria to disintegrate. By 24h p.i., cells harboring 1-3 intracellular bacteria were still observed
in all conditions. Interestingly, we noted highly infected AEC, as exemplified by the PAO1 F
ApopB-infected and CHA AexsA-infected cells in Fig. 4.5, but not with the wild-type CHA and
to a lesser extent for the wild-type PAOL F infection. This subpopulation of AEC harboring >5
bacteria per cell at 24h p.i. likely corresponds to the high fluorescence subpopulations observed
by flow cytometry, and may represent a subset of infected AEC in which injectisome- and

ExsA-deficient strains successfully proliferate in.
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Fig. 4.5: Evidence of intracellular proliferation at 24h p.i. in injectisome- and EXxsA-
deficient strains as measured by confocal microscopy. BEAS-2B cells were infected with
either PAOL F or CHA and their isogenic exsA, exoSTY, pscD or popB mutants for 24h at MOI
1. Time points were taken at 4h and 24h p.i., cells were fixed on coverslips and stained prior
to permeabilization (anti-P.a. — red) and post permeabilization (anti-P.a. — green, DAPI — blue,
phalloidin — grey). Double-staining of extracellular (yellow), but not intracellular (green)
bacteria allows for the distinguishment of intracellular bacteria. Confocal imaging was
conducted using a 40X or 63X objective, the size of the ruler is 10 um. Images are

representative of > 2 independent experiments with > 3 randomly selected areas imaged per
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slide. One representative image is shown for all 4h conditions and 2 representative images are

shown for the 24h conditions.

4.5 Discussion

In this study, we sought to examine the intracellular survival of a collection of 28 CF clinical
isolates and establish the role of the T3SS in determining their long-term intracellular survival
within AEC. We demonstrated that a deficiency in T3SS activity, both in naturally occurring
clinical isolates as well as in genetically engineered mutants, promotes intracellular survival.
Interestingly, complete loss of T3SS effector activity and low cytotoxicity were not sufficient

to confer this intracellular survival phenotype.

We have recently validated our intracellular infection model (39), which was developed
specifically to study the long-term fate of intracellular P.a. in airway epithelial cells and has
several characteristics that differentiate our study from previous ones. First, most studies have
predominantly focused on initial invasion and early intracellular survival, typically up to 12 h
p.i. (6, 9, 25-28, 30, 61), and rarely up to 24h (10, 37), while we focused on the longer-term
infection kinetics from 4 h to 24 h and up to 120 h p.i. Second, we used a low infection inoculum
(MOI 1) rather than MOI 10 to 50 (9, 10, 61-63), as we have previously established that low
MOI infections were compatible with a model of chronic infection, whereas high MOI
infection (MOI 10) results in excessive cytotoxicity by 24h p.i. (39). Lastly, our study focused
on airway epithelial cells and used the BEAS-2B immortalized cell line as well as primary

human bronchial epithelial cells.

Our model does present, however, several limitations. First, aminoglycoside-resistant strains
are not compatible with our intracellular infection assay. This has restricted our ability to test
chronic infection isolates, many of which are resistant to aminoglycosides, and thus has limited
our identification of T3SS-deficient clinical isolates. Second, we recognize that BEAS-2B are
an immortalized cell line which does not recapitulate certain physiological features of the
airway epithelium. Since the limited availability, complex culture conditions and significant
biological variability of primary human cells precluded their use as a primary source of
epithelial cells, we only used the latter to validate our study’s key findings. While some studies
suggest that P.a. uptake into or survival within CF AEC may be altered (33, 64), examining
the effect of CFTR dysfunction was beyond the scope of our study. Furthermore, CFTR
expression is highly reduced in non-polarized, submerged epithelial cells (65) and comparisons
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for CF vs non-CF cell lines present many limitations. As such, we chose to focus on AEC
expressing wild-type CFTR in our study but recognize that the intracellular survival of P.a may
be different in CF AEC.

Our results indirectly suggest that T3SS injectisome activity may limit intracellular survival,
and possibly intracellular proliferation in an effector-independent manner. While the exact
mechanism of these interactions remains unclear, several explanations are possible. The
injectisome activity may directly or indirectly cause the death of host cells harboring
intracellular P.a. It could also induce an antibacterial host response leading to killing of
intracellular P.a. Epithelial cells could sense both components of the T3SS injectisome as well
as non-T3SS components injected into the host cell cytosol via the T3SS, resulting in
inflammasome activation (66-68). The pore formation by the injectisome complex across
compartment membranes may also be sensed by the host as a danger signal and initiate an anti-
bacterial host response (69). Lastly, it has been suggested that T3SS(+) P.a. can escape from
bacteria-containing vacuoles into the cytosol, while T3SS(-) mutants are trapped inside
vacuoles (30). While bacterial replication inside the cytosol might occur, the host cytosol is
also a hostile environment for bacteria, where cytosolic bacteria and the process of vacuolar
escape are readily sensed and induce antibacterial defense mechanisms (70-72). For example,
damaged vacuoles expose glycans which are recognized by galectin-8, and host sensing of
bacterial LPS via RNF213 activates guanylate-binding protein signaling platforms, both
resulting in antibacterial autophagy (73, 74). Other innate antibacterial defense mechanisms
in the cytosol of epithelial cells include the formation of septin cages that limit bacterial
proliferation and spread, and the expression of bactericidal compounds like apolipoprotein L
(75-78). In fact, septin cages have been detected around T3SS-proficient cytosolic bacteria at
4h p.i. in a HeLa cell infection model (76). While bacterial evasion mechanisms from cytosolic
defenses remain incompletely understood even for professional intracellular pathogens,
numerous bacterial factors are likely required to combat the multi-layered host defenses (79,
80). It is thus conceivable that a primarily extracellular pathogen such as P.a. may not be
equipped for long-term survival in the host cytosol and a strictly vacuolar localization may be
beneficial for reservoir formation. However, while the literature suggests a strictly vacuolar
localization of T3SS-deficient bacteria, the bacterial localization throughout the extended time

course in our infection model remains to be established.
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Although we did not obtain direct evidence of bacterial intracellular replication, both the flow
cytometry and confocal microscopy data were consistent with this notion. The appearance of a
high mCherry fluorescence subpopulation by flow cytometry, as well as the evidence of
epithelial cells harboring up to 10+ bacteria at 24h p.i. but not 4h p.i., are highly suggestive of
intracellular bacterial replication in a small subpopulation of P.a.- infected epithelial cells.
These highly infected subpopulations were more abundant in the exsA or injectisome mutants,
particularly the CHA AexsA strain, compared to wild-type strains or effector mutants. Notably,
these hyper-infected cells were morphologically normal without rounding or other cytoskeletal
deformation to suggest major cellular stress, suggesting that the absence of injectisome activity
may allow intracellular P.a. to be tolerated by its host cell. The mechanism(s) underlying the
heterogenous fate of P.a.-infected AEC remains unknown. We speculate that this may be
determined by heterogeneous expression or activity of either host or bacterial responses. For
example, T3SS expression is heterogeneous in bacterial populations even under T3SS-inducing
conditions (81). As a consequence, a subpopulation of wild-type P.a. that encodes for a
functional T3SS may be phenotypically T3SS-deficient and survive intracellularly. Future
studies of the underlying mechanisms, for instance by analyzing the differential transcriptional
host response of cells harboring wild-type and T3SS-deficient bacteria, or by investigating the

potential differential intracellular localization of the strains, may be very insightful.

We do note that our results do not align with certain previous observations in the literature.
Our findings, which suggest that loss of T3SS injectisome function promotes intracellular
bacterial survival through an effector-independent mechanism, stands in contrast to reports
indicating that ExoS-dependent T3SS function is necessary for P.a. intracellular survival.
Previous studies observed that the T3SS effector ExoS inhibits both autophagy and lytic host
cell death and promotes bacterial escape into the cytosol, which allows for greater bacterial
proliferation compared to a vacuolar localization (9, 30, 82). Penaranda et al, on the other hand,
found no differences in bacterial internalization or intracellular survival in wild-type and exsA
mutant bacteria in an intracellular infection model with bladder epithelial cells (7), while
Kroken et al reported that the effect of ExoS on host cell death and intracellular replication
differs between corneal epithelial cells and HeLa cells (82). These divergent results could be
explained by several factors that influence the fate of intracellular bacteria: cells from distinct
epithelial sources differ in their susceptibility to cell death and permissiveness to intracellular
bacterial replication (37, 39, 82); P.a. strains, even within the same lineage (e.g. PAO1) are
phenotypically heterogeneous in their cytotoxicity and intracellular survival phenotype, as our
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results demonstrate. Furthermore, even epithelial cells infected with a single wild-type strain
may in fact be heterogeneous due to differential gene regulation that is highly dependent on
environmental factors. Kumar et al. recently reported that infection with wild-type P.a. led to
distinct subpopulations with high and low T3SS expression, and vacuolar T3SS(-)
subpopulations displayed biofilm-like properties and increased drug tolerance compared to
their cytosolic counterparts, and could thus contribute to P.a. long-term intracellular survival
(10).

Loss of T3SS function is a very common adaptation of P.a. during chronic CF infections, as it
is observed in 82-96% of chronic infection isolates, but only in 51% acute infections and 10%
of environmental isolates, although these percentages may vary in different study populations
(83-85). To our knowledge, no studies have examined whether T3SS-deficient variants arise
in other chronic P.a. infections. In contrast, loss of T3SS function appears uncommon in acute
infection settings such as P.a. hospital-acquired pneumonia and sepsis (85-87). T3SS-
deficiency may be caused by loss of function exsA mutations or indirectly via downregulation
of T3SS gene expression through the Gac/Rsm pathways or altered c-di-GMP levels (56, 88,
89). While the ability of P.a. to persist within the CF airways is clearly multifactorial, the
emergence of T3SS-deficient strains with enhanced intracellular survival may facilitate the
establishment of an intracellular reservoir which contributes to the persistent and recurrent
nature of chronic P.a. infections. While most previous studies focused on one or few strains
(9, 30, 82), we conducted the most comprehensive study of CF clinical isolates to date, which
included both naturally occurring T3SS-deficient isolates as well as genetically engineered
T3SS mutants in several clinical strain backgrounds. Our data highlight how the fate of
intracellular P.a. differs across clinical isolates, and the contribution of the T3SS is influenced
by P.a. genetic backgrounds. Some T3SS(+) isolates (e.g. PAO1-F and C2) displayed greater
intracellular survival than others, and not all naturally occurring T3SS-deficient strains survive
intracellularly, likely as the result of other P.a. factors involved in bacterial survival or other

host-bacterial interactions.

In summary, this study provides novel insights into the heterogeneous intracellular survival of
clinically relevant P.a. isolates and identifies loss of T3SS function as a driver of intracellular
survival within AEC. This suggests that loss of T3SS function may contribute to the formation
of an intracellular P.a. reservoir, which might have clinical implications in the context of P.a.

eradication regimens.
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4.6 Supplementary materials

Strain
PAO1 F

PAO1 F AexsA

PAO1 F AexoSTY

PAO1 F ApscD

PAOL1 F ApopB

CHA

CHA
AexoSTY::GmR

CHA AexsA::GmR

Cl

C1 AexsA

C2

Description Source
PAOL variant, commonly used lab strain (51)
isolated from a wound infection

Markerless in-frame deletion of exsA in PAOL | This study
F

Markerless in-frame deletion of exoS, exoT (90)

and exoY in PAO1 F

Markerless in-frame deletion of pscD in (91)
PAO1 F

Markerless in-frame deletion of popB in (90)
PAOLF

Mucoid chronic infection isolate from CF (92)
sputum with hyperactive T3SS expression due

to a mutation in gacS

Deletion of exoS, exoT and exoY in CHA (93)
Insertion deletion of exsA that confers (93)
gentamicin resistance in CHA

Initial infection clinical isolate from CF (94)
sputum with wild-type T3SS secretion of

PcrV and ExoS; “SK7”

Markerless in-frame deletion of exsA gene in | This study
C1 (“SK7”)

Initial infection clinical isolate from CF (94)
sputum with wild-type T3SS secretion of

PcrV and ExoS; “SK273”

Markerless in-frame deletion of exsA gene in | This study
C2 (“SK273”)

Markerless in-frame deletion of exoS gene in | This study

C2 (“SK273”)
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Initial infection clinical isolate from CF (94)
sputum with wild-type T3SS secretion of
PcrV and ExoS; “SK455”
C3 AexsA Markerless in-frame deletion of exsA gene in | This study
C3 (“SK455”)
C3 AexoS Markerless in-frame deletion of exoS gene in | This study
C3 (“SK455”)
le/l 1 |nitial infection clinical isolate from CF (94)
sputum lacking T3SS activity; “SK180”
e |nitial infection clinical isolate from CF (94)
sputum lacking T3SS activity; “SK298”
E. coli SM10 E. coli SM10 strain containing pEX18Gm Matthew Wolfgang

o] = G € AN plasmid used to generate in-frame markerless

o1 [E1ilelaNee]gi gl [ee | deletion of exsA in P.a.

(UNC Chapel Hill)
(41)

deletion construct e Ele]iNel A CRRIINE:Y

E. coli SM10 E. coli SM10 strain containing pEX18Gm Matthew Wolfgang
= GEle B GRI plasmid used to generate in-frame markerless | (UNC Chapel Hill)
(40)
m Plasmid encoding a constitutively expressed (95)

mCherry, CbR.

Supplementary Table S4.1: Bacterial strains and plasmids used in this study.

Primer Sequence

Source

exsA-forward 3’-CGCTTCTCGGGAGTACTGCTT-5’ This study
exsA-reverse 3’-TATGCCGTCGTTCAGGGAAGG-5’ This study
exoS-forward 3’-GAGAAAAAGCTGGTGGATGGC-5’ This study
exoS-reverse 3’-TGGTATCCAAGGCGAGCAAC-5’ This study

Supplementary Table S4.2: Sequences of primers used to validate successful deletion

mutants.
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A PA14 CHA AexsA

ExoS —
PcrV - e
T3SS ind. -+ - + -+
B
T3SS
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—
i — -
Coomassie Anti-PcrvV WB Anti-ExoS WB

Supp. Fig. S4.1: Western Blot controls. Strains were grown under T3SS-inducing (A+B) or
non-inducing (A) conditions. For (A), 1 ug precipitated supernatant protein was loaded for
each sample and T3SS secretion was assessed by probing a Western Blot using anti-ExoS and
anti-PcrV antibodies. Western blots for (B) were conducted in the same manner as described
above, but a second SDS-PAGE using the same volumes of each sample was loaded and run
at the same time as the SDS-PAGE meant for Western Blotting. This SDS-PAGE was then
stained with Coomassie to assess total protein in the samples.

166



250K = 250K —

200K = 200K —

150K = 150K —

SSC-A
55C-H

100K 100K —

Com@-APC-Cy7-A :: Viability

50K 50K —

T T T T T T T T T
0 50K 100K 150K 200K 250K o 50K 100K 150K 200K 25

FSC-A SSC-A FSC-A
10° 3 ol
3 3
2 @
[v] 4 mCherry+ = 3 60 =
g 10 0,49 E 10 7
: < >
° - »
] o
& 0% & 0% S a0
& E ] ]
X % %)
o o
& 5
g‘ lOZ i EI 102 -
a 3 a 3 20—
E E
o o
5} o
ll.)l ™ 101 =
LB i B B B B e LI LU LR ELELELLE LR R N LERLL E L S L i L L
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 101 102 103 104 105
FSC-A FSC-A Comp-PE-Texas Red-A : mCherry

Supp. Fig. S4.2: Flow cytometry gating strategy. Debris (low FSC-A, low SSC-A) was gated
out, after which single cells (proportional SSC-A to SSC-H) were gated on. Live cells (low
fixable viability dye eFluor 780 staining) were gated on for further analysis, while dead cells
(high fixable viability dye eFluor 780 staining) were gated on to quantify strain cytotoxicity.
Within the live cell population, uninfected (non-fluorescent) cells were used as a negative
control to set the mCherry-positive gate. Within samples infected with mCherry-expressing
P.a. strains, mCherry frequency histograms of the cells within the mCherry-positive gate were

used as a proxy for the bacterial burden per infected cell.
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Supp. Fig. S4.3: Increased intracellular bacterial proliferation of exsA mutants vs wild-
type strains. BEAS-2B cells were infected with mCherry-expressing clinical isolates C2 and
C3 or their isogenic exsA mutants at MOI 1 for up to 24h. Extracellular bacteria were killed
through the addition of tobramycin at 4h p.i. and cells were maintained in the presence of
extracellular tobramycin for the entire duration of the experiment. (A+B) Dead cells were
defined as fixable viability dye eFluor 780-positive cells and are displayed as a percentage. The
percentage of infected cells (C+D) and mCherry median fluorescence intensity within the
mCherry-positive gate (E+F) are shown. (G+H) display representative mCherry fluorescence
spectra for each strain for both time points. All results are from 1 representative of 2
independent experiments conducted in biological triplicates. The data is displayed as mean +
SD.
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Chapter 5: Discussion

5.1 Major findings

While P.a. adaptations to the CF airways over time are well documented, the implications of
specific adaptations to lung disease pathology remain incompletely understood. Here, we
sought to elucidate how two common P.a. adaptations, loss of LasR and T3SS function, affect
P.a.-AEC interactions in terms of inflammation and intracellular bacterial survival. In chapter
2, we observed that loss of function of the quorum sensing transcriptional activator LasR was
associated with increased mICAM-1 expression on AEC in vitro and in vivo. We further found
that the observed increase in mICAM-1 expression was associated with increased neutrophil
adhesion in vitro and with increased neutrophilic pulmonary inflammation in vivo. These
observations were attributed to a lack of mICAM-1 degradation by LasR-regulated proteases
upon stimulation with lasR mutant filtrates, resulting in overall higher mICAM-1 levels on
AEC. Together, these results complement a growing body of literature showing that LasR-
regulated proteases may facilitate immune evasion in early infection stages, but enhance

deleterious inflammation during chronic infection stages (1-4).

In chapter 3, we sought to establish tools allowing us to explore the long-term survival of
intracellular P.a. in AEC as most studies have primarily focused on bacterial internalization
and early intracellular survival. Given the chronic nature of P.a. infections in the context of
CF, we sought to establish an in vitro model that could model long-term intracellular bacterial
survival within AEC, as would be expected to occur during periods of antibiotic treatment in
the CF lung. Thus, we established a robust model of intracellular P.a. infection, which allows
for the analysis of intracellular P.a.-host interactions both at the population and single cell level
for up to 120h post-infection. Using this model, we observed heterogeneous intracellular

survival phenotypes among a small set of clinical P.a. isolates.

Using the model established in chapter 3, we then screened a collection of 28 CF clinical
isolates for their ability to survive intracellularly and observed that loss of T3SS function is a
major driver of intracellular survival among clinical P.a. isolates. By testing genetically
engineered T3SS mutants, we demonstrated that intracellular bacterial survival is likely limited
by T3SS injectisome function, even in the absence of T3SS effector-mediated cytotoxicity. We
further uncovered a “hyper-proliferator” phenotype in a subset of cells harboring T3SS-
deficient bacteria, while this phenotype was not observed (or observed to a lesser extent) among

cells infected with T3SS-positive strains. Our work represents the most extensive analysis of
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clinical P.a. isolate intracellular survival within AEC to date and offers novel insights into how
P.a. might adapt towards increased intracellular survival within the airway epithelium. This
increased intracellular survival may thus be a bacterial evasion mechanism that contributes to

P.a.’s ability to persist during antibiotic treatment.

5.2 LasR-regulated proteases: a double-edged sword

The quorum sensing transcriptional activator LasR is widely recognized for its role in
regulating the expression of acute virulence factors, notably several secreted proteases which
cause direct host damage and subvert host immunity in acute infections (1, 4-9). While the loss
of LasR function often (although not always) results in impaired production of LasR-controlled
acute virulence factors, the implication of this pathoadaptation on host-pathogen interactions
and chronic disease pathology is less well recognized. Here, we discuss how (loss of) LasR
function and LasR-regulated proteases affect host immunity, inflammation and tissue

pathology in acute vs. chronic P.a. lung infection.

LasR-regulated proteases are among the key virulence factors employed by P.a. during acute
infection stages and appear to have low substrate specificity, as demonstrated by the vast range
of substrates degraded by LasR-regulated proteases (1, 4-9). LasB and AprA in particular have
been demonstrated to cleave a variety of host proteins ranging from cytokines and chemokines
to adhesion molecules, structural proteins and surfactants (1-3, 5, 10). Since LasR-regulated
proteases can be deleterious to the host in a multitude of ways, one would expect that loss-of-
function lasR variants lacking LasR-regulated proteases, which are highly prevalent among
clinical isolates from chronic CF infections, would cause less severe lung disease. Surprisingly,
CF patients infected with lasR variants show accelerated decline in lung function and increased
IL-8 levels, a marker of neutrophilic inflammation, compared to patients infected with wild-
type lasR strains (1, 11). Past and present studies in our lab have aimed at understanding the

mechanisms that contribute to this apparent paradoxical outcome.

We propose that the interactions between LasR-regulated exoproducts and the host vary and

have different implications to disease pathology and severity in acute vs. chronic infection

settings (Fig. 5.1). In acute infections, P.a. is likely motile, expresses functional LasR and a

large array of acute virulence factors, with LasR-regulated proteases causing direct tissue

damage by degrading extracellular matrix proteins and cell junctions (5, 12). While host

epithelial cells express pro-inflammatory surface receptors and produce high levels of pro-
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inflammatory cytokines (e.g. IL-8, ENA78) upon stimulation by P.a., LasR-regulated
proteases can counteract these responses by directly degrading inflammatory and immune
mediators (1, 4). LasR-mediated interactions thus dampen immune responses, allowing for
immune evasion, bacterial proliferation and direct tissue damage. These deleterious
interactions likely dominate during acute infection settings and explain the attenuated virulence

of the lasR mutant observed in various acute infection models (13-15).
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Figure 5.1: LasR-regulated proteases and neutrophilic inflammation in acute vs. chronic

lung infection. Adapted from (16).

In contrast, P.a. in chronic CF infections grows as biofilm aggregates with cells encased and
immobilized in an extracellular matrix, and undergoes extensive pathoadaptation to the CF
lung environment (12, 17). CF-adapted P.a. strains are often non-motile, induce less
cytotoxicity and frequently carry loss-of-function lasR variant alleles (11, 17, 18). Although
LasR loss of function might dampen the direct tissue damage inflicted by LasR-regulated
factors, our work indicates that protease-deficient lasR variants induce an exaggerated
neutrophilic inflammation. Using a murine model of subacute lung infection
with P.a. embedded in agar beads to approximate CF airway infections, we show

that lasR variants induce higher levels of pro-inflammatory cytokines, increased airway
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epithelial mICAM-1 expression as well as greater neutrophilic inflammation and lung
pathology than wild-type infections. These results support our in vitro findings that the loss of
secreted proteases in LasR-deficient variants induces a highly pro-inflammatory milieu, with
accumulation of cytokines (e.g. IL-8, IL-6) and mICAM-1, leading to increased recruitment,
transmigration and adhesion of neutrophils to the airway epithelium (1). We thus propose that
in chronic infections such as those seen in CF airway infections, the loss of LasR-dependent

secreted proteases fuels the exuberant and tissue-damaging neutrophilic inflammation.

LasR quorum sensing and LasR-regulated proteases are involved in complex interactions with
host targets, with divergent implications on the pathogenesis of acute and chronic infections.
While inhibitors of LasR and secreted proteases have been proposed as anti-virulence therapy
for P.a. infections (19, 20), these therapies should be considered with caution, as they may
further exacerbate inflammation and thus worsen the outcomes of chronic P.a. lung infections

where excess neutrophils are major drivers of the disease pathology.

While we successfully demonstrated that increased mICAM-1 levels on AEC were caused by
a lack of proteolytic degradation by LasR-regulated proteases, the exact contribution of the
varying ICAM-1 levels to the observed neutrophil phenotypes remains to be elucidated in
greater detail. It is possible that other adhesion molecules are affected by the stimulation with
P.a. supernatants and that these molecules, along with the changes in ICAM-1 levels, modulate
neutrophil adhesion. Other adhesion molecules involved in neutrophil adhesion to AEC, such
as VCAM-1, may similarly be a target of proteolytic degradation by LasR-regulated proteases.
Similarly, there may be a synergistic effect between higher ICAM-1 levels and greater
secretion of pro-inflammatory molecules like IL-6 and IL-8 by AEC that may activate
neutrophils and increase neutrophil adhesion (1). The exact contribution of ICAM-1 to this
adhesion phenotype could be further investigated either by using ICAM-1 knock-out AEC or
by pre-treating AEC with ICAM-1 neutralizing antibodies prior to supernatant stimulation. In
a similar manner, we have demonstrated an association between increased ICAM-1 levels on
the bronchial epithelium of mice infected with a lasR mutant strain and enhanced neutrophilic
pulmonary inflammation, but causation remains to be shown. Pre-treatment with aerosolized
ICAM-1 antibodies that would specifically target the lung epithelium and not the entire
organism could definitively show the role of bronchial ICAM-1 in neutrophil recruitment and

retention in this infection context.
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5.3 Challenges and limitations of the intracellular Pseudomonas aeruginosa

infection model

In this study, we established a model of chronic intracellular P.a. infections within AEC.
Intracellular P.a. may be relevant not only in the context of pulmonary infections, but also in
P.a. keratitis and UTIs (21-23). As a consequence, there is extensive literature on P.a.-corneal
epithelial cell interactions (22-27). However, the results and methodology of these studies may
not necessarily apply to AEC, as differences in bacterial intracellular survival have been
observed across corneal and other types of epithelial cells (28). Furthermore, several studies
investigated the internalization and survival of P.a. in epithelial cell lines (such as MDCK,

HEK and HeLa) that are unlikely to be appropriate models for airway infections (29-31).

There are caveats and limitations to using immortalized epithelial cells. We chose to use a
bronchial epithelial cell line rather than other respiratory epithelial cells such as the alveolar
epithelial cell line A549 (32), since CF P.a. infections are typically observed in the conducting
airways, whereas the respiratory airways are typically involved only in advanced infection
stages (33). We primarily used BEAS-2B cells due to their high bacterial uptake and ease of
culturing compared to another immortalized bronchial epithelial cell line or primary cells (34).
However, we do recognize that BEAS-2B cells display increased replication rates compared to
primary cells and cannot be polarized, both of which may affect host-microbe interactions. For
instance, polarized AEC can express cilia, have a distinct apical and basolateral membrane and
form tight junctions between neighboring cells, all of which may affect P.a. adherence,
internalization and intracellular survival compared to submerged cells (35-37). In many ways,
human primary AEC polarized at the air-liquid interface (ALI) represent the gold standard of
in vitro infection models. However, primary cells also present limitations, such as significant
experimental variability across donors and culture batches, limited access and supply of cells,
potential microbial contamination, as well as lengthy procedures for polarization. As a
consequence, human primary cells were not appropriate for screening large collections of
bacterial strains, but were useful to validate key phenotypes in a more physiologically relevant

model, as was done in chapter 4.

In addition to an in vitro model system, the development of an in vivo model would greatly
advance the study of intracellular P.a.-host interactions in pulmonary infections. Although
corneal infection models have successfully been established in mice and rats by the Fleiszig

lab and a murine urinary tract infection model was recently published by the Hung lab (21, 22,
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38, 39), animal models of P.a. chronic respiratory infections remain challenging, as discussed

in detail in section 1.4.2.

Lastly, evidence of intracellular P.a. in human infected tissues still lacks in the literature. To
address this knowledge gap, the Nguyen lab has recently analyzed human tissues from CF lung
explants recovered at the time of lung transplantation (unpublished data). Using
immunohistochemistry and immunofluorescence microscopy methods, intracellular P.a. was
detected at a low bacterial burden per cell in a small population of ciliated AEC in sections of
CF lung explant tissues from patients known to be chronically infected with P.a. prior to
transplantation. Interestingly, intracellular P.a. was even detected by microscopy and culture
of lysed tissues in one patient known for chronic P.a. infection but in whom sputum cultures
were consistently negative for one year prior to transplantation. These data thus suggest that
intracellular P.a. can be detected in the CF lung tissues, even in one instance where P.a. was
no longer cultured from sputum cultures. The study of human CF lung explants could offer
additional insights by comparing intracellular vs extracellular bacterial populations from the
same sample or by establishing the 3D spatial distribution of bacteria using the MiPACT
technique (40, 41). While these microscopy findings from the Nguyen lab represent the first
evidence of intracellular P.a. in the CF bronchial epithelium, it is important to also recognize
the limitations of this data. Microscopy analyses of CF lung explant tissues only offer a
snapshot of end stage lung disease and do not provide insights into the dynamics of intracellular
P.a. infections, the overall duration of bacterial persistence, or the contribution of intracellular
P.a. to the persistent nature of chronic CF infections. Combining in vitro infection models
using immortalized and primary AEC infections with in vivo pulmonary P.a. infections in
animal models and human lung tissue analyses could provide a holistic approach to the study

of intracellular P.a. within AEC.

5.4 Pseudomonas aeruginosa adaptations to the Cystic Fibrosis lung and

their implications for intracellular survival

Intracellular P.a. within the bronchial epithelium of the CF lung may function as a reservaoir,
particularly during antibiotic eradication therapy using cell-impermeable antibiotics such as
tobramycin. In this study, we observed significant heterogeneity in the ability of clinical
isolates to survive intracellularly within AEC as well as in their cytotoxicity towards AEC,
consistent with previous studies by our group and others that tested smaller collections of

clinical CF isolates (34, 42). Although we observed that T3SS-deficient isolates showed
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significantly elevated intracellular survival within AEC compared to T3SS-positive isolates,
there was heterogeneity in intracellular survival among T3SS-deficient mutants from different
strain backgrounds, ranging from 125% survival to 346% (Fig. 4.2), suggesting that additional
bacterial factors likely contribute to the variability in survival across different P.a. strains.
These results highlight the importance of testing defined mutants in different relevant strain

backgrounds as phenotypes may be under- or overestimated if a single strain is tested.

Some studies suggest that T3SS-deficient strains display increased internalization into
epithelial cells (26, 31), while our study demonstrates that T3SS-deficient strains show greater
intracellular survival, and in some cases, proliferation within AEC compared to T3SS(+)
isolates. These observations raise the question of whether T3SS-deficient strains commonly
observed in chronic CF infections are more adapted towards an intracellular lifestyle, and
contribute to the antibiotic refractory nature of chronic infections. Furthermore, the Fleiszig
lab’s finding that T3SS-deficient intracellular populations are refractory not only to cell-
impermeable, but also cell-permeable antibiotic killing, may contribute to the phenotype we
have observed (39). We thus speculate that loss of T3SS function may favor the survival of
intracellular bacterial populations during periods of antibiotic treatment, leading to a fitness

advantage for T3SS-deficient bacteria and their positive selection (43).

Here, we established that loss of T3SS function facilitates intracellular bacterial survival within
AEC and that this phenotype was largely driven by a sub-population of AEC that permitted
high intracellular bacterial proliferation of T3SS-negative strains, but was not observed in AEC
infected with T3SS-positive strains. While some of these observations diverge from the
literature (potential explanations are discussed in greater detail in chapter 4.5), future studies
will be required to further examine the intracellular phenotype and gain a deeper understanding
to explain how and why some of our observations differ from others. For example, an important
future direction is to define the intracellular localization of T3SS-positive and -negative
bacteria over time. The intracellular localization could be explored either by live cell imaging
or at defined time points in fixed cells. Live cell imaging would offer the advantage of tracking
single bacteria over time without the risk of missing important events between time points.
Recombinant cell lines expressing fluorescently labelled markers of intracellular localization
combined with fluorescence-tagged bacteria would enable the tracking and colocalization of
the bacterial and host signals over time. However, the downside of live cell imaging is its very

low throughput. On the other hand, imaging of fixed cells stained for intracellular localization
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markers would be higher throughput, but may miss important dynamic events. A combination
of both approaches where initial time points of interest are identified by live cell imaging and

then confirmed by staining of fixed cells may be the most thorough and informative approach.

Bulk host RNA sequencing or dual host/pathogen RNA sequencing could also inform the next
steps of this project. Host RNA sequencing could be used to explore the differential host
response to T3SS-positive and -negative bacteria by extracting RNA from cells infected with
the respective strains and sorted to enrich for those harboring intracellular bacteria. The
Nguyen lab has taken the first steps towards establishing intracellular P.a. host RNA
sequencing by optimizing the cell sorting methodology to recover cells harboring intracellular
bacteria vs. uninfected cells from the same sample, the results of which are partly published in
chapter 3. Follow up host RNA sequencing experiments could reveal which host cell death,
antimicrobial defense or inflammatory pathways are upregulated by intracellular infection,
offering insights into how the host cell restricts intracellular P.a. proliferation and whether the
increased survival of T3SS-negative P.a. is due to a lack of detection by the host. Dual RNA
sequencing would provide a powerful way to profile both host and bacterial transcriptomic
responses but presents significant experimental hurdles, namely the isolation of sufficient
bacterial RNA. While dual RNA sequencing has successfully been established for professional
intracellular pathogens such as S. enterica Typhimurium (44), both the percentage of infected
host cells as well as the bacterial burden per cell are significantly lower in AEC infected with
P.a. compared to professional intracellular pathogens (34, 44, 45). As a consequence,
additional bacterial RNA enrichment steps would likely be required. Follow-up studies will
undoubtedly uncover new aspects of the complex intracellular P.a./host interactions and will

offer a deeper understanding of how T3SS-negative bacteria survive within AEC.

5.5 Conclusions

The clinical observation that patients infected with LasR-deficient strains display greater lung
function decline (11) initially appeared paradoxical based on the presumed role of LasR in
controlling bacterial virulence. However, a previous publication from our lab revealed that loss
of LasR function was associated with increased IL-6 and IL-8 levels in vitro and in vivo, along
with increased neutrophilic inflammation in vivo, which was attributed to a loss of proteolytic
degradation by the LasR-regulated protease LasB (1). Here, we established that increased
mICAM-1 levels on AEC also contributes to this phenotype, where higher IL-6 and IL-8 levels
result in the recruitment and activation of neutrophils, while increased epithelial mICAM-1
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levels may facilitate neutrophil transepithelial migration and neutrophil retention in the lung
lumen. As a consequence, our findings extend a growing body of literature demonstrating the
plethora of mechanisms by which LasR-regulated proteases interfere with innate immune
signaling during acute infection stages. More importantly, our work highlights their implication
in lung inflammation and disease pathogenesis when loss of key LasR-regulated virulence
factors occurs during chronic infection stages. The excessive inflammation observed during
chronic P.a. infection may not only be driven by the large bacterial abundance in the airways,

but by the emergence of P.a. variants such as LasR-deficient variants.

Our model of long-term intracellular P.a. survival within AEC allowed us to screen a large
collection of clinical P.a. isolates, to correlate intracellular survival with cytotoxicity and T3SS
activity, and thus to identify loss of T3SS function as a major driver of intracellular survival
among clinical isolates. These finding suggest that T3SS-deficient isolates, which are
commonly recovered in chronic infections, could be more adapted towards an intracellular
lifestyle. The implications are manifold: If P.a. adapts towards an increased ability to survive
within AEC, this could be a mechanism which contributes to the persistent nature of P.a.
chronic infection, in addition to biofilm formation and antibiotic resistance. While the loss of
T3SS function is widely speculated to be a result of the antibody response to T3SS components,
clearing T3SS-positive isolates (43), the enhanced intracellular survival of T3SS-deficient
bacteria may represent an additional selective force. Finally, our data further raises questions
regarding the potential use of T3SS-targeting antibodies (46-48). While these antibodies may
enhance antibiotic eradication therapy efficacy during early infection stages by enhancing
immune cell killing of P.a., inhibiting the T3SS during intermittent infection stages may
accelerate the transition to a chronic infection by facilitating the formation of an intracellular

P.a. reservoir.

Together, our findings show how the loss of two key virulence factors that are important during
acute infection stages yet dispensable during chronic infections, may paradoxically contribute
to deleterious lung inflammation and ineffective pathogen clearance. Furthermore, our
observations imply that targeting the LasR and T3S systems during chronic infection in which
the infecting isolate still has a wild-type phenotype should be carefully considered, as it may
have unintended negative consequences for the patient’s lung function and may even impair

antibiotic efficacy on P.a.
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