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ABSTRACT

Cystic Fibrosis (CF) is one of the most widespread life-shortening genetic diseases. CF is
often diagnosed at birth; there is no cure, and many CF patients die from chronic lung disease at
a young age. Patients with CF experience declining pulmonary function related to chronic airway
infection, inflammation and scarring. While the mechanism connecting abnormal CFTR function
to chronic bacterial infection and inflammation of the airway has not been fully elucidated,
recent evidence suggests that CF patients may have defects in their mucosal immunity, resulting
in a predisposition to infection and production of a disproportionate inflammatory response to
microbial stimuli. Studies show increased cytokine expression in sputum and bronchoalveolar
lavage fluid samples in CF patients. To determine if this is secondary to the chronic
inflammatory environment of the lungs or innate to CF immune cells itself, leukocytes were
isolated from peripheral blood and stimulated with LPS and compared to healthy donors. Our
hypothesis is that there will be an increase in cytokine expression in blood leukocytes as well,
with a further increase in expression after LPS stimulation. This will demonstrate that the
chronic inflammatory response is inherent to the CF mutation itself, as blood is sterile and
devoid of infection.

Our study demonstrated that there was increased NF-kB mRNA gene expression in CF
compared to healthy controls. However, NF-kB protein level was decreased when assessed by
ELISA, even after stimulation with LPS, which is contradictory to what we hypothesized.
Furthermore, there was decreased neutrophil elastase, IL-1B, CCL-2, IL-6, and IL-10 protein
levels after LPS stimulation. There were also differences between stable and CFPE samples as
well, with the CFPE group demonstrated a decreased gene expression in NF-kB after LPS

stimulation. These findings suggest that there is an innate immune dysfunction in CF which is
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independent of chronic infection and inflammation in the lungs, resulting in impaired cytokine
secretion, and a further dysfunction which may lead to the pathogenesis of CFPE.

Currently, the only treatment option for end-stage pulmonary disease in CF is lung
transplantation. There are no therapies that can reverse pulmonary fibrosis once established,
leading to a permanent and irreversible decline in function. As such, anti-fibrotic therapies are
an attractive option to restore lung function and decrease morbidity and mortality. In this
study, we have successfully established a murine pulmonary fibrosis model, using bleomycin as
our causative agent. We were able to demonstrate a decrease in inspiratory capacity, forced
vital capacity, forced expiratory volume, and total lung capacity, which is consistent with the
pathophysiology of pulmonary fibrosis. Furthermore, our study demonstrated increased
Ashcroft scores in our bleomycin group compared to saline group, corresponding to an
increased amount of fibrosis in the bleomycin samples. Establishment of a murine pulmonary
fibrosis will enable us to test new agents in hopes of developing a new treatment modality for

CF.
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INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR) gene (1). Pulmonary disease is the
major cause of morbidity and mortality in CF, and is hallmarked by chronic bacterial infections,
persistent inflammation, and mucus plugging of small airways causing obstruction and
bronchiectasis (2, 3). The CFTR gene encodes a chloride channel expressed in numerous cell
types, including various epithelial cell lines, and non-epithelial cell lines such as fibroblasts and
immune cells (4). Recent data has suggested that normal CFTR expression is necessary for the
proper function of immune cells such as neutrophils (5-7), macrophages (8-12), lymphocytes
(13-15), and dendritic cells (16). As a result, mutations or deletions in the CFTR gene, has been
linked to dysfunction of immune cells when compared to healthy controls. For example, high
levels of IL-8 have been demonstrated in sputum (17), BAL (18), and primary epithelial cells of CF
patients (19). It was previously thought that the hyper-inflammatory response was a feedback
mechanism to the chronic inflammatory environment of the lungs secondary to chronic
infection (20). However, recent studies suggests that chronic inflammation in CF occurs prior to
birth in CF independent of infection (21), and may be inherent to the CFTR mutation itself. For
example, increased neutrophil counts and IL-8 levels were found in bronchoalveolar lavage (BAL)
samples that had no growth on bacterial cultures (22). CF primary epithelial lung cells
demonstrated enhanced Nuclear Factor Kappa-Light Chain-Enhancer of Activated B Cells (NF-kB)
and Mitogen-Activated Protein Kinase (MAPK) signaling, which resulted in increased levels of IL-
1B-induced IL-8 production (23). Epithelial cells from CF patients exposed to LPS derived from
Pseudomonas aeruginosa induced higher levels of IL-6 expression than epithelial cells from
healthy controls (24). In addition, blood polymorphonuclear leukocytes (PMNs) isolated from CF

patients have a decreased chemotactic response to leukotriene B4 (25) and decreased



chlorination of phagocytosed bacteria (6). Gene expression defects have also been reported,
such as decreased expression of FcyRIll and L-selectin upon stimulation with either IL-8 or
formyl-methionyl-leucyl-phenylalanin (FMLP) (26). CF fetal lungs have a higher concentration of
NF-kB when compared to healthy controls (24). Furthermore, neutrophil elastase (NE)
expression and activity are elevated in CF sputum, associated with reduced levels of inhibitory
anti-proteases such as secretory leukoproteinase inhibitor and ai-antitrypsin (27, 28). NE
damages airway walls by increasing mucus secretions, generating chemoattractants, and
digesting structural proteins such as elastin, which leads to bronchiectasis (27). Elevated levels
of neutrophils in the lungs are also correlated with increased myeloperoxidase activity.
Furthermore, BAL-derived macrophages isolated from CF patients also display a predominantly
M1-proinflammatory phenotype, with decreased M2 anti-inflammatory phenotype (11). There
are also increased T-cells found in CF airways, which produce high levels of inflammatory
cytokines (29). In addition, a further imbalance between pro-inflammatory and anti-
inflammatory T-cell subpopulations may lead to further dysregulation of the inflammatory
response (14). However, the pathophysiology of the immune imbalance remains to be
elucidated. It is still unclear whether this imbalance is secondary to the CFTR gene mutation
itself, or impaired cell function leading to inadequate bacterial clearance that results in a chronic
pro-inflammatory response (30). Consequently, other investigators have suggested that the
abnormal airway inflammation is a direct result of the altered airway physiology and chronic
microbial infection in the lungs. In healthy patients, the mucus layer and the air-surface-liquid
interface serves as a barrier for protection, trapping and clearing pathogens via the mucociliary
escalator. However, in CF, loss of CFTR function leads to dehydration of the air-surface-liquid
interface, resulting in a dysfunctional mucus layer that is dense and adhered tightly to the lung

epithelium (30). This impairment leads to susceptibility to chronic infections from opportunistic



microorganisms such as Pseudomonas (30). Furthermore, vulnerability to infections in CF
patients occur only in the lungs, as opposed to multiple organs if a systemic immune defect was
truly present (31). Moreover, study of immune cell dysfunction in the lung environment
presents limitations as well. It is difficult to isolate confounding effects that the infectious
environment of the lungs has on immune cells. Additionally, others have reported that studies
using airway cells isolated from BAL have revealed technical problems associated with the
presence of infection and mucus contamination that interferes with assay techniques, in
particular flow cytometry (13). To overcome these limitations and determine if immune
dysfunction is secondary to the CFTR mutation itself, we propose to study total leukocytes
isolated from the blood of CF patients and compare the effects of inflammatory stimuli in vitro
compared to healthy leukocytes. We will be using lipopolysaccharide (LPS) as our inflammatory
stimulant, then measure the gene expression of seven inflammatory cytokines and acute phase
reactants to determine if differences exist. Statistically significant differences will be confirmed
by measuring protein expression levels using enzyme-linked immunosorbent assay (ELISA).

Immune Dysfunction and Pulmonary Exacerbations

A dysfunctional immune system with impaired cytokine response is likely to contribute
to the pathophysiology of cystic fibrosis pulmonary exacerbations (CFPE). Although there are
currently no consensus diagnostic criteria for CFPE, it is generally defined as a clinical event
where patients present with changes in cough, sputum production, dyspnea, decrease energy
level, anorexia, weight loss, and a decrease in pulmonary function (32). CFPE are major
contributors to the overall morbidity and mortality of cystic fibrosis, with each exacerbation
demonstrating a negative linear relationship in 5-year survival rates equal to subtracting 12%
from the measured FEV; value (33). Moreover, CFPE events tend to increase with age and

pulmonary impairment. As the majority of CF patients will succumb due to accumulation of



multiple episodes of acute respiratory decompensation caused by CFPE, approaches to reduce
or predict their occurrence would have a significant impact on the health and life expectancy of
CF patients. Currently there are currently no biomarkers available to predict or diagnose CFPE
(34). Much research has been dedicated to studying CFPE, however, little is currently known
about its pathophysiology (32). It is thought that the predominantly neutrophilic inflammatory
response during CFPE are activated by the NFkB pathway, which results in activation of pro-
inflammatory cytokines by both bronchial and respiratory epithelial cells (35). Increases in pro-
inflammatory cytokines such as IL-8, IL-6, IL-1B, tumor necrosis factor alpha (TNFa), leukotriene
B4 (LTB4), and free NE has been detected during CFPE, with subsequent decreases in expression
levels after administration of antibiotics (28, 36-40). However, it is currently unknown whether
this increase in cytokine expression is beneficial or detrimental in resolution of the CFPE. Recent
microbiome studies have suggested that CFPE may be due to a clonal expansion of existing, less-
prevalent strains rather than acquisition of new virulent strains (41), suggesting an inability of
the immune system to control existing infection. A dysfunctional immune system with impaired
cytokine response could therefore contribute to the pathophysiology of CFPE. Previous studies
have demonstrated a correlation between cytokine expression and CFPE in bronchial mucosal
biopsies. CFPE patients demonstrated a significantly decreased TGF-B and IFN-y expression level
when compared to stable CF patients, with the highest expression levels found in CF patients
with mild pulmonary disease and history of infrequent exacerbations (42). However, since
immune cells were isolated from bronchial mucosal biopsies, it is unclear whether the cytokine
dysfunction has an infectious etiology, or secondary to the CFTR mutation itself. Our hypothesis
is that the cytokine dysfunction is secondary to the CFTR mutation, and this dysfunction is a
significant contributor to the pathogenesis of CFPE. To test this hypothesis, we used leukocytes

isolated from the peripheral circulation, of CF patients experiencing CFPE, and compared to CF



patients who have been clinically stable for at least 6 months. We expect to see that there is
decreased cytokine response in CFPE samples compared to stable samples in the peripheral
leukocytes at baseline as well as post stimulation.

The Role of the Pulmonary Microbiome in Cystic Fibrosis

There appears to be a relationship between inflammation, the pulmonary microbiome
and clinical status in CF. However, studies that aim to examine the correlation between lung
microbiota, airway inflammation, and clinical presentation are limited and lacking (43). How
community diversity changes during different clinical states, such as during CFPE, is currently
unclear. As such, additional research in this area is warranted. Chronic polymicrobial
colonizations in the CF airways are common, and thus can rarely be eradicated with antibiotic
therapy. Previously, identification of organisms in CFPE sputum collections were challenging, as
few microbiology labs have expertise in handling the viscosity of CF sputum due to hydration
secondary to the CFTR defect. In addition, different organisms in the specimen may have
different growth requirements, which increases the difficulty to isolate pure bacterial cultures
for identification and susceptibility testing (32). The advent of molecular sequencing
approaches, most notably 16S ribosomal ribonucleic acid (rRNA) sequencing, has expanded the
species of bacteria that can be identified in sputum samples. This technique has identified
species that have not been cultured previously in CF sputum samples and not thought to play a
role in the pathophysiology of CF pulmonary disease. In addition, it showed that standard
bacterial cultures were only able to distinguish a small fraction of total species in CF samples.
Next generation sequencing (NGS) also allows discrimination of bacterial community structures,
such as assessment of species richness (the number of different species present) and evenness
(the relative abundancies of each species) in each sample (44). One commonly utilized index

used to characterize species diversity is the Shannon index, in which the proportion of species



relative to the total number of species is calculated, multiplied by the natural logarithm of this
proportion, then summed across species (45). Studies using NGS have demonstrated that the
lung microbiome of infants and young children are typically dominated by species such as
Streptococcus and anaerobic bacteria such as Veillonella and Prevotella (46). Furthermore,
anaerobic species often exists in abundances equal to or greater than typical CF pathogens such
as Pseudomonas aeruginosa (47, 48), suggesting that anaerobes may play a greater role in the
pathophysiology of CF pulmonary disease than previously thought (49). For example, studies
have demonstrated that the relative abundance of Prevotella was associated with increased
lung function and decreased markers of airway inflammation (50). Furthermore, several
facultative anaerobic species, such as Gemella (51), Rothia (52), and S. milleri (53) has been
associated with CFPE in adults. Bacterial diversity then increases during the first decade of life,
followed by a decrease during adolescence and persisting into adulthood (54-57). This decrease
mirrors a similar decline in lung function, suggesting a correlation between bacterial diversity
and lung function (47, 51, 58). On the contrary, greater community diversity during adulthood is
positively correlated with less severity and decreased progression of pulmonary disease (55, 59,
60). Although there seems to be a positive correlation between community diversity and
pulmonary function, the etiology of this relationship has not been elucidated. This is further
complicated by patients receiving antibiotic treatments, such as during a CFPE. Microbiomes
with high community diversity can exhibit major perturbations in community diversity after
initiation of antibiotic therapy (51, 55). However, these variations tend to be temporary, with
microbiomes quickly returning to their pre-antibiotic diversities once therapy is stopped (47, 57,
61-63). Conversely, patients with low community diversity, such as patients with end stage
pulmonary disease, experience little to no change in diversity after initiation of antibiotic

therapy (47, 51, 64). In addition, prolonged antibiotic use has been associated with decreased



microbiome richness (65), and is the primary predictor of decreased diversity in adults (55).
Recent studies have suggested that CFPE may be due to a clonal expansion of existing, less-
prevalent strains rather than acquisition of new virulent strains (41). For example, one study of
CF patients with Pseudomonas-dominate samples experienced a decrease in both the relative
and absolute abundances of Pseudomonas during CFPE (51). Patients with sputum samples
demonstrating dominance of a CF pathogen-associated genera (defined as >60% of all
sequences within the community) had increased airway inflammation (66). Furthermore, the
total bacterial density remains constant during a CFPE (44). Currently, antibiotic therapies given
as maintenance and during CFPE are aimed at the most prevalent species in CF, namely
Pseudomonas and Staphylococcus. NGS can potentially identify less-prevalent causative species
before CFPE, and target antibiotic therapy to eradicate these pathogens before patients
experience clinical deterioration and symptoms. Our hypothesis is that there is a significant
altercation in the pulmonary microbiome during CFPE, associated with a decrease in pulmonary
function and increase in pro-inflammatory cytokine expression. Using NGS, we will be able to
identify differences in microbiome between stable and CFPE samples, and correlate this to
pulmonary function and cytokine expression using logistic regression analyses. To our
knowledge, this will be the first study analyzing the relationship between the lung microbiome,
lung function, and cytokine expression. Furthermore, as we will be measure cytokine expression
in both sputum and blood, we will be able to determine whether blood cytokine levels correlate
with sputum levels, and whether an innate defect in immune cells secondary to the CFTR
mutation exists, independent of infection. We expect that the pulmonary microbiome will have
prognostic implications in prediction of CFPE, and that this method can be incorporated into
clinical practice to better direct antibiotic therapy to target causative agents and maintain

pulmonary function. We also expect that diversity is inversely proportional to inflammation,



with a lower Shannon Index associated with an increase in pro-inflammatory cytokine
expression.

Preventing Pulmonary Fibrosis

Although life expectancy for patients with cystic fibrosis has improved dramatically in
the last 4 decades (67), the majority of patients will succumb due to accumulation of multiple
episodes of CFPE (33). Unfortunately, the average life expectancy of CF patients reaching
adulthood is 37.5 years (68). Lung transplantation remains the only option for treatment of
end-stage disease. Although post-transplantation outcomes have continued to improve, 10-
year survival rates are still below 50% (69). As inflammation is the hallmark of cystic fibrosis
pulmonary disease and pulmonary complications are the leading cause morbidities and
mortalities in CF, anti-inflammatory therapies that aim to ameliorate the inflammatory response
and promote healing are warranted. However, while anti-inflammatory therapies may prevent
further destruction of pulmonary parenchyma, it does not have any effect on tissues already
damaged from previous inflammation. Ultimately, loss of lung function is due to the
replacement of healthy lung parenchyma with fibrosis, secondary to the chronic inflammatory
response in an attempt to clear infection (70). As such, therapies aimed to reverse fibrosis and
restore healthy lung tissue is an important adjunct in the treatment of CF. Currently approved
therapies for idiopathic pulmonary fibrosis (IPF) have only demonstrated efficiency in delaying
pulmonary decline, but has not been able to reverse the decline in lung function. Recently, a
synthetic homolog of signaling peptide acALY18 (Naclynamide™) has shown anti-fibrotic
properties in vitro, abrogating fibrosis in disease scleroderma cells and resolving a benign canine
acral granuloma (71). Itis postulated that acALY18 covalently binds to transcription factor XBP1,
thus modulating the unfolded protein response (UPR), NLRP3 inflammasome signaling, and the

innate immune response (71). Activation of the NLRP3 inflammasome leads to secretion of pro-



inflammatory cytokines such as IL-1B and IL-18 in chronic lung diseases, including CF (72). In
vitro studies have demonstrated that IL-1B can stimulate collagen expression in a dose-
dependent manner (73). Overexpression of IL-1B in airway epithelial cells also leads to release
of TNF-q, IL-6, TGF-B, and platelet derived growth factor, which results in deposition of collagen
in the lungs (74). As such, drugs that target the NLRP3 inflammasome may be able to
ameliorate the collagen deposition in the lungs secondary to a dyregulated inflammatory
response and promote tissue repair and recovery. Therefore, our hypothesis is that
Naclynamide™ may be able to prevent fibrosis in the lungs, resulting in improvement of
pulmonary function and median survival rate. As such, a murine model of pulmonary fibrosis

was utilized to evaluate the anti-fibrotic efficacy of Naclynamide™ in vivo.



STATEMENT OF PURPOSE

In this study, we compared expression levels of pro-inflammatory cytokine between
healthy donors (HD) and CF patients using leukocytes isolated from blood. Our hypothesis is
that there is a dysregulation in CF immune cells secondary to CFTR mutation, resulting in a
sustained expression of pro-inflammatory cytokines. We will be analyzing leukocytes isolated
from the blood to distinguish if any differences if present are due to CFTR mutation or the
chronic inflammatory response due to infection in the lungs. In addition, we will be comparing
the cytokine expression response between stable and CFPE patients. As CFPE may be due to a
clonal expansion of existing, less-prevalent strains rather than acquisition of new virulent
strains, we hypothesize that the pathogenesis of CFPE is related to a cytokine expression defect
resulting in an inability of the immune system to control current infection. Finally, as the end
result of chronic inflammation and CFPE is a permanent decline in pulmonary function due to
replacement of healthy lung parenchyma with fibrotic tissue, the development of therapies
aimed to prevent and reverse fibrosis is in dire need. In order to accomplish this, a pulmonary
fibrosis murine model using bleomycin as our causative agent was developed. Using this model,
an NLRP3 inhibitor, Naclyamide™ as tested to determine its anti-fibrotic properties. We
hypothesize that Naclynamide™ will result in improved pulmonary function and decreased
amounts of fibrosis in lung tissues when compared to saline controls. At the conclusion of this
study, we aim to answer the following questions:

1) What is the difference in inflammatory cytokine expressions between healthy

subjects versus CF patients in circulating immune cells?
2) Is there a difference in cytokine expressions between different CF disease states, i.e.

clinical stability versus pulmonary exacerbation?
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3)

4)
5)

6)

Are there changes in the pulmonary microbiome that are associated with changes in
disease state?

What is the association between pulmonary microbiota diversity and inflammation?
Are inflammatory cytokine levels in the blood correlated with levels in the lungs?

Does Naclynamide™ have anti-fibrotic properties in vivo?

11



METHODS

Patient Selection

This study including chart reviews, and sample collections were approved by the Wake
Forest Baptist Medical Center Institutional Review Board (Study ID#IRB00029036) and informed
consent was obtained from all participants. Blood samples from 37 patients confirmed to have
CF through sweat chloride tests and/or genetic sequencing were collected during routine
medical care at the Adult CF Center at Wake Forest Baptist Medical Center. CFPE was defined
according to the 1994 Cystic Fibrosis Foundation Microbiology Consensus Conference as the
presence of at least 3 of 11 clinical symptoms: increased cough, sputum production, fever,
weight loss, school or work absenteeism, increased work of breathing, decreased excise
tolerance, or a deterioration in the respiratory exam, chest radiograph, FEVi, or hemoglobin
saturation (41). Samples were collected prior to initiation of antibiotics and anti-inflammatories
if indicated. Chronic suppressive antibiotics started prior to CFPE onset, such as azithromycin or
tobramycin, were continued as indicated. Copies of all sighed forms were given to the patient,
and a copy was placed in the medical record for reference. Inclusion criteria includes: adults 18
years or older with a diagnosis of CF, and healthy adults 18 years or older to serve as controls.
Exclusion criteria includes: current oral or IV antibiotic use (except for suppressive therapy),
current use of anti-inflammatory medications, and history of blood dyscrasia. Data collected on
each subject includes age, gender, race, ethnicity, current medications and illnesses and, for CF
subjects only, CF genotype, current CF severity/lung function and history of sputum cultures.

Blood and Sputum Collection

Approximately 15 mL of blood were collected into sodium heparin coated collection
tubes, and transferred to our lab for further processing as detailed below. Sputum was

collected using the Norgen Biotek Sputum DNA Collection, Preservation, and lIsolation Kit™
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(Norgen Biotek, Thorold, Canada). Briefly, approximately 2 mL of sputum was expectorated into
the collection tube, and the contents of the preservation ampule emptied into the collection
tube. The tube was shaken well for 10 seconds, then stored at room temperature.
Furthermore, blood was collected in a similar manner from 24 healthy volunteers. All in vitro
assays were performed at our lab located at the Wake Forest Institute of Regenerative
Medicine.

Isolation of Nucleated White Blood Cells

After blood collection, total human leukocytes were isolated from buffy coat using
HetaSep™ (StemCell Technologies, Vancouver, Canada) gravity sedimentation as described by
the manufacturer. All leukocytes were included to better understand the interactions between
different cell subsets. Briefly, 1 part HetaSep™ was added to 5 parts whole blood. The sample
was centrifuged at 90 x g at room temperature for 3 minutes and incubated for 40 minutes. The
leukocyte-rich supernatant was collected, and washed 3 times with Roswell Park Memorial
Institute (RPMI) 1640 + 1% bovine serum albumin (BSA). Ten mL of red blood cell (RBC) lysis
buffer was added to ensure complete lysis of RBCs. Cell count and viability was determined
using Trypan Blue exclusion. Isolated cells were separated into two groups: a control group that
did not receive any stimulation, and a stimulation group that received 10ng/mL LPS to mimic
infection. A total of 2 x 10° cells per well were plated onto 12-well plates using Roswell Park
Memorial Institute (RPMI) 1640 medium + 1% bovine serum albumin (BSA) for each group. Cells
were incubated in triplicates at 37°C with 5% CO, for 18 hours. After incubation, cells and
supernatants were harvested for further analyses.

MRNA Isolation, cDNA Creation, and RT-gPCR

After incubation, mRNA was isolated from pelleted cell preparations using Trizol™

reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. Briefly, cells were

13



harvested and centrifuged, and cell supernatant removed for further analyses. One mL TRlzol
reagent was added to each sample for cell lysis. After addition of 0.2 mL of chloroform for
homogenization, the samples were centrifuged at 12,000 x g for 15 at 4°C. The aqueous phase
of the samples were isolated by angling the tube at 45° and pipetting the solution out. RNA
precipitation and wash was performed using isopropanol and ethanol, respectively.
Quantification of mRNA after isolation was assessed using a NanoDrop™ 2000
Spectrophotometer (ThermoFisher Scientific, Wilmington, DE). cDNA were generated from
previous mRNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA) as described by the manufacturer. RT-qPCR was performed using Tagman®
Gene Expression Primers (Applied Biosystems, Foster City, CA) and TagMan Fast Advanced
Master Mix (Applied Biosystems, Austin, TX) according to the manufacturer’s instructions. AACT
analyses will be performed using one healthy sample as baseline for comparison. A review of
the literature revealed 28 cytokines that were associated in the pathophysiology of the
inflammatory response in CF (Table One).

Table One: List of cytokines implicated in the pathophysiology of CF

IL-8 (75, 76) EGF (77) NLRP3 (78)
Neutrophil Elastase TGF-B (80) IL-13 (81)
(79)
NF-kB (82) IL-2 (83) CD163 (84)
TNF-a (82) IL-4 (82) CCL-2 (85)
IL-17A (82) CD80/86 (86) IL-10 (77)
IL-1PB (82) Arginase (82) NO/iNOS (87)
VEGF (88) IL-12 (77) Mannose Receptor
(89)
IL-6 (82) MPO(90) P2x7r (91)
CCL-18 (77) IFN-y (81) IL-18 (78)
NLRC4 (78)

14



Only cytokines that had a significant positive response after stimulation with LPS at this
time-point was used in subsequent studies. Seven cytokines were measured using RT-qPCR: IL-
8, IL-1B, neutrophil elastase (NE), IL-6, NF-kB, IL-10, and CCL-2.

Nuclear Extraction and NF-kB ELISA

Total human leukocytes were collected after incubation and centrifuged at 500 x g for 5
minutes. The cell pellets were used for nuclear and cytoplasmic extractions using the NE-PER™
Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific, Rockford, IL) according to the
manufacturer’s instructions. Briefly, cells were harvested by centrifugation at 500 x g for 5
minutes and washed with phosphate buffer solution (PBS). The packed cell volume for each
sample was estimated to be 20 puL. Cytoplasmic and nuclear extractions were performed using
the reagents supplied in the kit. Both extracts were stored at -80°C until use. Next, nuclear
extracts were used to perform the NF-kB ELISA using the Human NF-kB p50 Transcription Factor
Assay Kit (abcam, Cambridge, MA) according to the manufacturer’s protocol, with the exception
that 75 uL of nuclear extracts were used instead.

Neutrophil Elastase ELISA

Cell supernatants were collected after incubation as described above. ELISA was
performed using the Human PMN Elastase Platinum ELISA kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol.

IL-18, IL-6, IL-8, and CCL-2 ELISA

Cell supernatants were collected after incubation as described above. Sputum samples
were collected using the Norgen Biotek Sputum Kits as described above. ELISA was performed
using the respective Boster ELISA kits (Boster Biological, Pleasanton, CA) according to the

manufacturer’s protocol.
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16s rRNA Sequencing

Sputum samples collected in the Norgen Biotek Sputum DNA Collection, Preservation,
and Isolation Kit™ as described above, and sent to LC Sciences (Houston, TX) for 16s rRNA
sequencing. Briefly, 338F and 806R primers were used to target the V3 and V4 regions of the
16S gene, which creates single amplicons that are approximately 469 base pairs in length.
Library preparation was performed using the Nextera XT DNA Library Preparation Kit™ (lllumina,
San Diego, CA). All sequences from all samples were clustered into Operational Taxonomic Units
(OTUs) based on their sequence similarities. Microbiome analysis from raw DNA sequencing
data was performed using QIIME.

Murine Pulmonary Fibrosis Model

Six to eight weeks old male C57BL/6 mice weighting approximately 20 to 25 grams were
obtained from Charles Rivers Laboratories. Mice were randomly assigned into four groups:
saline control (n = 18), Bleomycin + saline only (n = 16), Bleomycin plus Naclynamide™ (4 pg/kg,
n = 7) administered starting at day 0, and Bleomycin plus Naclynamide™ (n = 2) administered
starting at day 9 (delayed) (Figure 1). Day 9 was selected as previous experiments have
demonstrated the beginning of fibrosis establishing between days 7 to 10. Therefore,
administration of Naclynamide™ after initial establishment of fibrosis would demonstrate
efficiency of therapy to reverse fibrosis. Mice were anesthetized on day 0 with isoflurane and
Buprenorphine SR (0.5-1 mg/kg) given for analgesia. Bleomycin (2.5 U/kg) or an equivalent
volume of injectable grade saline was given via intratracheal injection (1 pL/g). Subsequently,
mice were fed a wet chow diet, weighted daily, and given 1 mL subcutaneous saline injections
twice daily to maintain hydration. Injectable grade saline or Naclynamide™ was administrated
via retro-orbital injection every three days from day 0 to day 18 except for the delayed

Naclynamide™ group, where retro-orbital Naclynamide™ injections commenced starting at day
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9 instead. At day 21, mice were anesthetized using a combination of isoflurane, ketamine (110
mg/kg), and xylazine (10 mg/kg). Tracheostomy was performed using an 18-gauze
tracheostomy cannula. Pulmonary function tests (PFT) were performed using the Buxco®
pulmonary function testing system (Wilmington, NC). Mice were subsequently euthanized using

CO; and lungs harvested for further analyses.

/ Terminal PFT\

Naclynamide™ every 3 Days

— ]
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Figure One. Timeline for Murine Pulmonary Fibrosis Model

Ashcroft Scoring

After PFT, the left lung was tied off using Silk 3-0 sutures, and the right lung inflated with
4% paraformaldehyde (PFA) and submerged in PFA for at least 24 hours. The left lung was flash-
frozen in liquid nitrogen and stored in -80°C for subsequent RNA and protein analyses. The right
lung was embedded in paraffin and sectioned for H&E staining following standard protocols.
Pulmonary fibrosis was assessed using a numerical scale developed by Ashcroft et al (92).
Scoring was performed using the Olympus® BX63 microscope by one blinded researcher.
Briefly, each sample was systemically scanned in the microscope using the 10x objective.
Fifteen fields were randomly chosen from each lobe of the lung and allotted a score between 0
and 8. Two lobes from each sample was scored, and the mean scores of all fields was

designated as the fibrosis score for that sample.
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Statistical Analyses

Experimental design and post-experimental data analyses were performed with
assistance from the Wake Forest Clinical and Translational Science Institute. GraphPad Prism
version 7.0 (GraphPad Software, La Jolla, CA) was used to analyze cytokine data. Differences
between mean values were analyzed using an analysis of variances (ANOVA), with post-hoc
Tukey HSD tests conducted on all possible pairwise comparisons. A p-value less than 0.05 was
determined as statistically significant. Pulmonary function tests were analyzed via ANOVA with
post-hoc Bonferroni tests conducted using SPSS version 25 (IBM, Armonk, New York). A p-value

less than 0.05 was determined as statistically significant.
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RESULTS

Patient Population

Thirty one CF (25 males and 13 females) were included in this study. Mean FEV; was
2.41L, which was 54.5% of predicted. In addition, 31 (22 males and 9 females) donors were
recruited as healthy controls. The demographic data of CF patients versus healthy controls are
shown in Table 2, and CF non-exacerbating vs. CF exacerbating patients shown in Table 3.

Table Two: CF Patients vs. Healthy Controls Demographics

CF Healthy
(n=37) Control (n=31)
Age, years 31.0(18-54) 35.8 (23-57)
Male/Female 25/13 22/9
FEV,, liters? 2.41 (0.46-4.50) N/A
FEV1, % predicted® | 64.5(11.0-1140) N/A

Data are presented as median and (range).
! Lung function during same clinic visit when blood was collected.

Table Three: CF Non-Exacerbating vs. CF Exacerbating Patient Demographics

Characteristic Non-Exacerbating (n=23) | Exacerbating (n=14)
Age, year

Mean 30.4+£10.8 33.1+9.7

Range 18 -54 18-52
Gender (%)

Male 14 (61%) 10 (71%)

Female 9 (39%) 4 (29%)
FEV,, L

Mean 2.50+1.13 2.34+1.03

Range 0.46 - 4.47 1.35-5.69
FEV,, % predicted

Mean 67.30+28.00 60.62 +26.23

Range 11.00 - 114.00 19.40 - 109.00
FVC, L

Mean 3.32+1.17 3.61+1.33

Range 1.15-5.25 0.66 -4.50
FVC, % predicted

Mean 80.39+24.71 74.96 +22.38

Range 22.00-130.00 31.00 - 109.00
Orkambi Use (%) 12 (52%) 4 (28%)
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Gene expression of in-vitro CF peripheral leukocytes compared to healthy controls

Several studies have suggested that CF patients with chronic infections demonstrate a
hyper-inflammatory immune cell activity in sputum and BAL samples. To investigate whether
this response is present and innate to the circulating immune cells themselves, we isolated total
nucleated white blood cells from the peripheral blood, stimulated them with LPS, and measured
the cytokine levels of seven pro-inflammatory cytokines (Figure 2).

There was a significant increase in gene expression levels after LPS stimulation,
compared to unstimulated for IL-1B (1.5-fold unstimulated vs. 23-fold stimulated for healthy, p =
0.0062, 1.5-fold unstimulated vs. 19-fold stimulated for CF, p = 0.0117), IL-6 (0.8-fold
unstimulated vs. 110-fold stimulated for healthy, p = 0.0131, 0.8-fold unstimulated vs. 106-fold
stimulated for CF, p = 0.0047), IL-10 (2.6-fold unstimulated vs. 74-fold stimulated for healthy, p =
0.0001, 2.6-fold unstimulated vs. 47-fold stimulated for CF, p = 0.0102), and CCL-2 (0.7-fold
unstimulated vs. 4-fold stimulated for healthy, p = 0.0037, 0.7-fold vs. 5-fold stimulated for CF p
= 0.0007) for both the healthy and CF groups. In addition, there was a significant difference in
NF-kB expression in the CF group after LPS stimulation, which was not detected in the healthy
samples. NF-kB was the only measured gene that demonstrated significant differences between
CF and healthy samples. Furthermore, there were no differences in expression levels for IL-8 or
NE following LPS stimulation.

Although CF samples have similar baseline NF-kB levels when compared to healthy
controls, there was a significant increase after LPS stimulation in CF samples compared to
healthy (p < 0.01). Subsequently, we tested whether the observed increased NF-kB gene
expression also resulted in increases in nuclear translocated NF-kB transcription factor
activation. During the inactive state, NF-kB remains bound to the inhibitor protein IKB in the cell

cytoplasm. After activation of the NF-kB pathway, it dissociates from IKB and translocate into
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the nucleus, where it binds to sequence specific promotor regions of its targeted genes to
initiate transcription of pro-inflammatory cytokines (93). There was a statistically significant
decrease in NF-kB protein level for CF stimulated (p = 0.0483, Figure 3f) groups compared to

healthy donors, suggesting a hypo-activation response of the NF-kB pathway after LPS

stimulation.
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Figure Two. Acute Phase Reactants gene expression in peripheral blood derived total white cells
of healthy and CF patients, both at baseline and following stimulation with 10ng/ml LPS. Gene
expression was determined as fold-change using AACT analysis from one healthy sample as
baseline for comparison. (a) IL-1B. (b) IL-6. (c) CCL-2. (d) IL-8. (e) IL-10. (f) NF-kB. (g)
Neutrophil Elastase. * = p <0.05. *** = p <0.01. Cystic Fibrosis (CF). Lipopolysaccharide (LPS).

Protein translation of in-vitro CF peripheral leukocytes compared to healthy controls

Neutrophil Elastase (NE) gene expression showed similar levels between healthy

controls (1.9-fold unstimulated vs. 0.9-fold stimulated) and CF patients (1.9-fold unstimulated
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vs. 1.6-fold stimulated), regardless of whether unstimulated or stimulated by LPS. (Figure 2g).
This is contrary to what has been found in BAL-derived neutrophils and macrophages from CF
patients, which found increased neutrophil elastase activity following LPS stimulation (94). One
possible explanation for this difference is the prolonged incubation time in our study before
gene expression analysis, which was optimized for a larger range of inflammatory factors. One
of the challenges looking at gene expression for multiple acute-phase reactants is determination
of the optimal incubation time to analyze gene expression levels. Earlier studies on cytokine
expression levels have suggested maximal expression times between 24 to 48 hours (13). For
our study, cells were incubated with or without LPS for 18 hours prior to mRNA isolation.
Previous studies have suggested that the optimal time of stimulation that induces maximal
release of NE was 25 minutes (95). Similarly, Aggarwal et al. reported a significant difference
between control and LPS stimulated cells after 5 hours (96), albeit at twice the LPS dose used in
our study. Finally, Gupta et al. demonstrated no difference in NE expression in sputum
supernatant 6 hours post inhalation of LPS (97). However, when we measured NE protein level
secreted into the culture media, CF patient cells showed significantly decreased amount of NE
when compared to healthy controls after LPS stimulation (Figure 3). Although previous papers
have observed increased levels of NE in CF BAL fluids, it is uncertain whether this increase
represents an adequate response to the chronic infectious stimulus in the lungs. In addition,
levels of NF-kB and IL-1B, CCL-2, IL-6, and IL-10, cytokines which are under the regulation of the
NF-kB pathway, were decreased as well. Lastly, we also observed decreased CF baseline protein
expression of CCL-2, which is responsible for recruitment of macrophages, monocytes, memory

T cells, and dendritic cells to the sites of inflammation (98, 99).
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Gene expression and protein levels in stable CF patients compared to CFPE

To test the hypothesis of whether disease status had any influence on cytokine
expression, samples were collected from patients that were clinically stable, and patients that
were experiencing a CFPE at time of blood draw. Although both groups had similar levels of NF-
KB expression at baseline, the CFPE group had a lower NF-kB expression level after stimulation
with LPS when compared to the clinically stable group (p = 0.0395, Figure 4f). There were no
differences in the other cytokine expression levels. It is also interesting to note that there were
no significant differences between the unstimulated and stimulated groups in the CFPE samples,

versus significant differences in NF-kB, IL-6, IL-10, and CCL-2 for stable CF patients. In addition,
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we also see differences from stimulation in IL-18, IL-6, IL-10, and CCL-2 in healthy samples. Part
of the reason why we did not see significance in some cytokines could be due to variations
between samples; we had a smaller sample size for CPFE due to limited numbers of
exacerbating patients able to be recruited for the study. It is possible that additional samples
would be required to detect any significance differences. However, as we do see differences in
several cytokines for stable CF patients, this suggests that immune cells during CFPE have an

increased dysfunction in protein expression when compared to their stable counterparts.
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Figure Four. Acute phase reactants gene expression between stable and CFPE patients.
Stimulated group: Stimulation with 10 ng/mL lipopolysaccharide. Gene expression was
determined as fold-change using AACT analysis from one healthy sample as baseline for
comparison. (a) IL-1B. (b) IL-6. (c) CCL-2. (d) IL-8. (e) IL-10. (f) NF-kB. (g) Neutrophil elastase.
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Microbiome Analyses

To test our hypothesis that the microbiome was associated with inflammation and
clinical status, sputum samples were sent for 16s rRNA sequencing and sputum cytokine protein
levels detected using ELISA kits as described. In addition to confirmation of species identified
via traditional culture methods, 16s rRNA sequencing also identified species that were not
usually associated with CF (Figure 5). Table four demonstrates the preliminary exploratory data
for three CF patients, one of which is experiencing a CFPE. Our preliminary data seems to
suggest that lower Shannon indexes (and therefore decreased species evenness and richness),
was associated with increased levels of sputum cytokines, in particular IL-1B and CCL-2.
Furthermore, there may be an association between lower Shannon indexes and predicted FEV,
and FVC. Figure 5 outlines the most prevalent bacterial species in each sample, along with
relative abundances. Two of the three samples were positive for Pseudomonas aeruginosa,
which is consistent with traditional culture results. It is interesting to note that although
present, Pseudomonas only represented a small fraction of the microbiome, most likely due to
the effectiveness of chronic suppressive antibiotic therapy. In addition, previous studies have
reported an association between facultative anaerobic species such as Gemella and Rothia to
CFPE in adults. Indeed, we do see both species isolated from our CFPE sample, suggest a pivotal
role of these species in the pathophysiology of CFPE, and that future studies aiming to eradicate
anaerobic species during CFPE are warranted.

Table Four: Correlation between Shannon Indexes to Pulmonary Function and Sputum Cytokine
Levels

Shannon o o FEV1 | FVC % * * "
ID | Gender | Age Index FEV1 (%) | FVC (%) ) ) IL-18 IL-6 CCL-2 TNF-a CFPE
a M 25 1.00 41 61.7 1.84 | 3.38 | 1.4132 | 0.0593 | 2.9711 | 0.1277 No
b F 26 3.38 92.6 105.2 291 | 3.85 N/A N/A N/A N/A Yes
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c M 37 4.21 46.4 66.4 1.79 | 3.12 | 0.1509 | 0.0203 | 0.1648 | 0.0018 No

* = Units are mean absorbance values for each sample

Species
Sample A Sample B Sample C
|

uncultured_Staphylococcus_sp
Streptococcus_salivarius
Streptococcus_unclassified
Staphylococcus_unclassified
Streptococcus_parasanguinis
Rothia_unclassified
Granulicatella_unclassified
Gemella_unclassified
Streptococcus_sp._oral_clone_
Veillonella_unclassified
Actinomyces_unclassified
Atopobium_unclassified
Stenotrophomonas_maltophilia
uncultured_Actinomyces_sp.
Pseudomonas_aeruginosa
uncultured_Neisseria_sp.
uncultured_Streptococcus_sp.
Oribacterium_unclassified
Prevotella_unclassified
Fusobacterium_unclassified
Others
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Figure Five. Relative abundance by species for each sample.

Murine Pulmonary Fibrosis Model

In order to develop a novel anti-fibrotic therapy for CF, a murine pulmonary fibrosis
model using bleomycin was developed. Our hypothesis is that Naclynamide™ will have
significant anti-fibrotic properties via its inhibition of the NLRP3 inflammasome. Bleomycin was
administered on day 0 via intratracheal injections. Naclynamide™ was administered every three
days starting either on day 0 or day 9. On day 21, pulmonary function tests were performed,
and lung tissue harvested for histology. Figure 6 shows the average daily mice weights
separated by each group. The average starting weight for each group was: 23.8 + 2.2 g for
saline, 23.5 £ 1.5 g for Bleomycin + saline, 23.5 + 0.9 g for Bleomycin + Naclynamide™, and 22.7
+ 2.8 g for Bleomycin + delayed Naclynamide™. Day 21 average weights for each group was:
243 + 19 g for saline, 23.1 + 2.1 g for Bleomycin + saline, 22.5 + 2.3 g for Bleomycin +

Naclynamide™, and 21.7 % 2.8 g for Bleomycin + delayed Naclynamide™. Saline group mice lost



weight on day one after the initial surgery and saline injection, but steadily gained weight since.
Conversely, groups that received Bleomycin on day 0 exhibited continuous weight lost until

approximately day 9, when weights slowly increased.
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Figure Six. Graphical representation of daily mice weights by groups. Error bars represents
means with standard error of the mean (SEM)

Differences in Pulmonary Function Parameters

Figure seven through figure thirteen outlines the results for different pulmonary
function parameters. There is a non-statistically significant reduction in average inspiratory
capacity (IC), average force vital capacity (FVC), forced expiratory reserve volume (FERV), and
total lung capacity (TLC) in mice that received Bleomycin injections. In addition, the FEV100/FVC
ratio is preserved (Figure 13). This is in concordance with what is expected, as pulmonary
fibrosis is a restrictive disease hallmarked by a reduction in FVC, with a FEV;/FVC ratio greater
than 80% in humans (100). A loss of lung elasticity due to replacement of healthy lung

parenchyma with fibrosis will lead to an inability of the lung to expand appropriately during
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inhalation, resulting in a decreased IC. Subsequently, decreased IC leads to decreased FVC,
FERV, and TLC. There were no appreciable trends in the other pulmonary function parameters.
Again, this is expected as pulmonary fibrosis is a restrictive disease. As such, expiratory volume
and flow would be expected to remain normal. There was also no discernible differences
between the Bleomycin + saline group versus the Bleomycin + Naclynamide™ groups. We would
have expected to see improved pulmonary function parameters in our Naclynamide™ groups
compared to the Bleomycin group; ideally, IC, FVC, FERV, and TLC in the Bleomycin +
Naclynamide™ groups should parallel the saline control group. Indeed, we see that the IC, FVC,
and FERV is improved in the Bleomycin + Naclynamide™ group when compared to the
Bleomycin + saline group. One of the reasons that we did not see a significant difference is that
there are variations in lung function between individual mice. As tracheostomy and insertion of
a cannula for PFT is invasive, each mice could not serve as its own control. Therefore, we would
need additional samples to decrease the amount of variation to enable detection of any

significant differences.
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Figure Seven. Average Inspiratory Capacity (IC). Error bars represents means with standard
error of the mean (SEM). Saline (n = 18), Bleomycin (n = 16), Bleomycin + Naclynamide™ (n = 7)
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Figure Eight. Average Forced Vital Capacity (FVC). Error bars represents means with standard
error of the mean (SEM). Saline (n = 18), Bleomycin (n = 16), Bleomycin + Naclynamide™ (n = 7)
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Figure Nine. Average Forced Expiratory Reserve Volume (FERV). Error bars represents means
with standard error of the mean (SEM). Saline (n = 18), Bleomycin (n = 16), Bleomycin +
Naclynamide™ (n =7)
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Figure Ten. Average Forced Expiratory Volume at 50 milliseconds (FEVso). Error bars represents
means with standard error of the mean (SEM). Saline (n = 18), Bleomycin (n = 16), Bleomycin +
Naclynamide™ (n = 7)
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Average Forced Residual Capacity (FRC)

0.9+
os{ T '
|
£
0.74
0.6
] & (8]
N S v
Q'b\ o(é xe
&° Q’\Qo

Figure Eleven. Average Forced Residual Capacity (FRC). Error bars represents means with
standard error of the mean (SEM). Saline (n = 18), Bleomycin (n = 16), Bleomycin +
Naclynamide™ (n = 7)
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Figure Twelve. Average Total Lung Capacity (TLC). Error bars represents means with standard

error of the mean (SEM). Saline (n = 18), Bleomycin (n = 16), Bleomycin + Naclynamide™ (n = 7)
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Figure Thirteen. Average FEV100/FVC. Error bars represents means with standard error of the
mean (SEM). Saline (n = 18), Bleomycin (n = 16), Bleomycin + Naclynamide™ (n = 7)

Histological Analyses and Ashcroft Scores
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Figure 14 demonstrates representative images from our four groups: 1) saline only, 2)
Bleomycin + saline, 3) Bleomycin + Naclynamide™, and 4) Bleomycin + delayed Naclynamide™.
The average Ashcroft score for each group was: 1.467, 2.2866, 2.0134, and 1.533 (Figure 15).
Bleomycin + saline group had the highest Ashcroft score, associated with the most severe
fibrosis. On average, approximately two-thirds of the lung lobes had minimal fibrosis in the
Bleomycin + saline group, with patches of intense fibrosis encompassing approximately the
remaining one-third of the lobe. Lobes from the saline group had little to no fibrosis throughout
the lung, with any signs of fibrosis appearing near the periphery, and likely scored above 0 due
to under-inflation of the lungs, making the alveoli near the periphery thicker than normal, rather
than fibrosis. Finally, lobes in the Bleomycin + Naclyamide™ had less patches of fibrosis

compared to the Bleomycin + saline group, averaging one-fourth of the lung.
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Figure Fo
c) Bleomycin + Naclynamide™, and d) delayed Bleomycin + Naclynamide™. The most intense

fibrotic response was seen in the Bleomycin + saline group as expected. Saline group had little
to no fibrosis, while Bleomycin + Naclyamide™ group had an intermediate fibrotic response.

Average Ashcroft Scores
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Figure Fifteen: Average Ashcroft scores for each group. Error bars represents means with
standard error of the mean (SEM). Saline (n = 18), Bleomycin (n = 16), Bleomycin +
Naclynamide™ (n = 7)
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DISCUSSION

The overall aim of this study was to determine if there was an immune dysfunction that
exists in peripheral leukocytes of CF patients, due to the CFTR mutation. Peripheral leukocytes
instead of BAL-derived cells were used to isolate the possible confounding effects of the
infectious environment of the lungs. Both gene and protein expression levels were analyzed to
confirm any differences that were detected. Furthermore, we hypothesized that there was an
association between the lung microbiome, clinical status, and cytokine expression, and that this
relationship may have prognostic implications in targeting antibiotic therapy and maintenance
of pulmonary function. Finally, current therapies for CF only aim to prevent further damage in
the lungs; there are currently no available therapies to reverse fibrosis and restore lung function
once damage has occurred. As such, anti-fibrotics are an attractive class of therapies that can
improve the quality of life and life expectancy of CF patients.

Gene expression of in-vitro CF peripheral leukocytes compared to healthy controls

This study is the first study to the authors’ knowledge that evaluates inflammatory
cytokine expression levels in circulating from blood leukocytes of stable CF patients, and CF
patients experiencing pulmonary exacerbations and control non-CF subjects. Previous studies
examining inflammatory cytokines have used samples collected from bronchoalveolar lavages
(BAL) or sputum. However, by evaluating cells isolated from an a chronically infective
environment, results can be confounding due to inability to distinguish effects between
potentially innate cell dysfunction and the unique chronic inflammatory environment of the CF
lungs secondary to chronic bacterial infection and colonization. Sputum samples also have
unclear sensitivity and specificity for lower airway tract infection due to inter- and intra-patient
variations in sputum expectoration. Furthermore, regional differences in disease severity exist

within the CF lung. Induced sputum likely comes from the proximal oropharynx, which may not
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be representative of the most diseased segment of the lung (39). This limits their applicability to
measure cytokine levels accurately. Blood samples are ideal since collections are standardized,
readily accessible, and can be obtained from subjects in any age range and disease severity. By
evaluating immune cells isolated directly from the peripheral blood, without exposure to the
chronically infected lung environment, this study is directly address the question of whether CF
immune cells have an innate dysfunction, or whether observations of abnormal cell functions
are caused by exposure to the CF lung microenvironment. This is a key question regarding the
pathophysiology of the chronic inflammatory response seen in CF. One hypothesis is that there
is an innate dysfunction of immune cells in CF and imbalance of pro-inflammatory versus anti-
inflammatory responses, leading to chronic and unrelenting inflammation independent of
infection. Conversely, other investigators have suggested although immune cells in CF function
normally, altered airway physiology and chronic microbial infection in the lungs result in
abnormal and sustained airway inflammation. This study aimed to utilize leukocytes isolated
from blood to distinguish whether or not there is an innate dysfunction of CF immune cells, or
whether this dysfunction is secondary to the chronic inflammatory and infectious environment
of the lungs.

This study demonstrated that leukocytes from CF patients have a higher baseline mRNA
expression of NF-kB compared to healthy controls. In addition, CF leukocytes also continued to
have an elevated NF-kB response after stimulation with LPS. It was previously thought that the
increased NF-kB expression seen in CF was secondary to bacterial response by immune cells;
bacterial LPS binding to toll-like receptors (TLR) and calcium accumulation in the endoplasmic
reticulum leading to NF-kB pathway activation (101, 102). However, we demonstrated elevated
NF-kB expression levels in cells in the peripheral circulation, confirming that NF-kB pathway

activation occurs systemically, and not just within the infective lung microenvironment. This is
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in accordance with previous studies, which suggests that localization of CFTR to lipid rafts are
critical for regulation of NF-kB mediated immune responses via responsive signaling complexes
to regulate cytokine expression (103). Wild type CFTR also binds to Tumor Necrosis Factor
Receptor Type 1-Associated Death Domain Protein (TRADD), a key adaptor molecule involved in
Tumor Necrosis Factor-alpha (TNF-a) signaling, which activates the NF-kB pathway downstream
(104). CFTR inhibition of TRADD requires a functional CFTR protein. Mutations in the CFTR
protein would thus lead to dysregulation and sustained activation of NF-kB. However, although
our study showed that NF-kB gene expression was elevated, this did not result in an increased
translational response. Inactive NF-kB binds with inhibitor IKB in the cytoplasm. After
activation, NF-kB dissociates from IKB and translocate into the nucleus, where it binds to
sequence specific promotor regions of its targeted genes to initiate transcription of pro-
inflammatory cytokines. In our study, we noted that mRNA gene expression and protein
translation do not necessarily correlate, as there are many regulatory pathways and
modifications that occur after transcription and translation. The actual amount of NF-kB protein
found active in the nucleus after LPS stimulation was significantly less when compared to
healthy controls. The discrepancy between NF-kB gene and protein expression could be a result
of decreased protein expression secondary to immune cell dysfunction, leading to loss of
inhibitory feedback and increased gene transcription to stimulate more protein expression. For
example, NF-kB activation results in transcription of inhibitors such as inhibitor of kB (IkBa) that
works in a negative feedback loop mechanism (105). Decreased NF-kB would result in a
decrease in inhibitors as well, leading to a sustained gene expression response. Furthermore,
we also detected a significant decrease in NE, IL-1B, CCL-2, IL-6, and IL-10 protein levels in CF
supernatant after LPS stimulation when compared to healthy control samples. IL-1B, CCL-2, IL-6,

and IL-10 are directly modulated by the NF-kB pathway (23, 106-108); therefore, decreased
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activation of the NF-kB pathway would result in decreased secretion of these cytokines. In
addition, NE release from neutrophils is dependent on both TNF-a and IL-8 (109), which are also
under the regulation of the NF-kB pathway. Looking at our IL.-8 mRNA data, we noticed a
significant variation in the healthy stimulated sample, which may be a reason why no
significance was detected. Due to this variation, there was also no significant differences
between the healthy unstimulated and stimulated groups. Further samples should be collected
to determine if there is also a decrease in IL-8 protein levels after stimulation. Taken together,
these findings suggest that the immune response observed in CF might not necessarily be due to
hyper-inflammation but rather to immune cell dysfunction and exposures to bacterial infections.
Specifically, there appears to be a reduced activation NF-kB as well as downstream
inflammatory proteins such as NE, IL-1B, CCL-2, IL-6, and IL-10, suggesting a suppressed immune
signaling and activation response. Previously studies have also suggested an impaired innate
response in CF. BAL-derived neutrophils and macrophages showed decreased phagocytic
activity, decreased antigen presenting capabilities, and decreased lymphocyte activation
compared to non-CF controls (110). This data suggests that these observations may be a result
of upstream defects in key inflammatory regulatory pathways.

In addition to an impaired innate response in CF, several studies have suggested
functional abnormalities in the immune system of CF patients, such as defective apoptosis of
immune cells (111-113). CF neutrophils demonstrate delayed apoptotic responses to the
normal early pro-apoptotic effects of TNF-a, yet remain fully responsive to the anti-apoptotic
effects of GM-CSF (111). This phenomenon can lead to the development of dysfunctional or
exhausted immune cells, similar to dysfunctional T cells that are characteristic of chronic viral
infections and cancer (114-117). Exhausted CD8 T-cells have been demonstrated to

progressively lose the ability to produce inflammatory cytokines such as IL-2, TNF, and IFN-y
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(114, 117-119). As such, CF leukocyte exhaustion could also lead to dysfunction in NF-kB
activation and cytokine secretion. CF leukocytes are especially prone to exhaustion due to
chronic exposure to stimuli secondary to chronic bacterial colonization, in addition to an
impaired apoptotic response, which prolongs the life of CF immune cells. In support of this, CF
CDA4* T-cells have also been shown to exhibit a markedly reduced IFN-y secretory response after
stimulation with anti-CD3, which normally induces a maximal IFN-y in healthy controls (13).
Furthermore, CF PBMC and BAL derived leukocytes also express significantly less IL-18, a NF-kB-
regulated pro-inflammatory cytokine that stimulates IFN-y production in T-helper type 1 cells,
which we speculate may also be due to immune cell exhaustion (120). Decreased neutrophil
apoptosis and functional exhaustion is also associated with a reduced respiratory burst, with a
higher proportion of apoptotic neutrophils associated with better lung function (121). In
addition, studies have indicated that the severity of CF lung disease is correlated with significant
heritability, independent of the CFTR genotype (122). A genome-wide single nucleotide
polymorphism scan revealed interferon-related development regulator-1 (IFRD1), a histone
deacetylase dependent transcriptional co-regulator expressed during terminal neutrophil
differentiation, as a modifier of CF lung disease severity (122). Subsequently, an IFRD1-/- mouse
model demonstrated a significant decrease in NF-kB nuclear translocation and activation in LPS-
stimulated neutrophils (123). Our study is in concordance with these studies, and suggests that
IFRD1 deficiency in CF may also lead to a decrease in NF-kB activation and secretion of pro-
inflammatory cytokines. Lastly, studies have proposed that lymphocyte CI" channels play a
pivotal role in regulation of Ca%" influx and subsequent cell activation and signal transduction
(124). Therefore, mutations in the CFTR gene leading to translation of a defective Cl- channel

may result in cytokine expression dysfunction secondary to chloride flux alternations. This
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presents as a potential target for development of new therapies aimed to increase cytokine
expression to control or ameliorate infection and prevent clinical deterioration.

Gene expression and protein levels in stable CF patients compared to CFPE

Interestingly, CF patients experiencing a CFPE have a further decrease in NF-kB gene
expression after LPS stimulation when compared to stable CF patients. This supports our
hypothesis that CFPE may be due to an immune dysfunction, and that this dysfunction may be
due to immune exhaustion. Although previous studies have demonstrated elevated levels of
acute phase reactants and pro-inflammatory cytokines such as C-reactive protein, IL-6, and NE in
BAL fluids during CFPE, it is currently unknown whether this elevation is an adequate response
to resolve CFPE. In addition, previous studies have also suggested decreased cytokine
expression in BAL samples from CFPE patients. Expression of TGF-f and IFN-y were drastically
reduced in CFPE patients; conversely, high levels of TGF-B and IFN-y were associated with mild
pulmonary disease and history of infrequently pulmonary exacerbations (42). These studies
suggest that immune cell function may be further compromised during CFPE, leading to an
inability to mount an effective response to resolve CFPE and the clinical symptoms that are the
hallmark of CFPE.

Microbiome Analyses

The microbiome and presence of specific species of bacteria may be important in the
pathophysiology of CFPE. It has been shown that decreased diversity with prevalence of a
pathogen-dominated airway is associated with an increase in inflammation and subsequent
structural lung damage (125). However, studies that aim to examine the correlation between
lung microbiota, airway inflammation, and clinical presentation are limited and lacking. As such,
our aim is to analyze the relationship between the lung microbiome, lung function, and cytokine

expression. Furthermore, as we will be measure cytokine expression in both sputum and blood,
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we will be able to determine whether blood cytokine levels correlate with sputum levels.
Although the study sample for microbiome analyses is small, our exploratory data suggests
several interesting findings that merit continuation of our analyses in a larger scale pilot study.
First, there appears to be an inverse relationship between the Shannon index , which accounts
for both species abundance and evenness in a community, with lower predicted pulmonary
functions and cytokine levels. To the author’s knowledge, this is the first study that examines
the correlation between Shannon indexes and sputum inflammatory cytokine levels. Previously
studies have demonstrated that decreased diversity is associated with decreasing lung function;
patients with end stage lung disease often demonstrate a marked constriction in community
diversity (44, 59, 126). Using 16s rRNA sequencing, a more accurate analysis of the microbiome
can be performed and tracked over time. Sequencing performed during clinical stability can
serve as a baseline to compare subsequent studies. Microbiome diversity and specific species
populations can be monitored over time to detect any shifts in evenness, which may indicate
the early onset of CFPE. This would provide an optimal opportunity to initiate treatment before
the clinical deterioration in pulmonary function that is the hallmark of CFPE.

Murine Pulmonary Fibrosis Model

A murine pulmonary fibrosis model was developed to test the anti-fibrotic properties of
the NLRP3 inhibitor Naclyamide™. Bleomycin was used to create pulmonary fibrosis, and this
was administered directly into the lungs via intratracheal injection. Our hypothesis is that
Naclynamide™ may be able to prevent fibrosis in the lungs, resulting in improvements in
pulmonary function and median survival rate. First, our study demonstrated that weight can be
a reliable surrogate for a successful intratracheal Bleomycin injection. The saline group lost
weight only on day 1, with subsequent recovery in weight soon after (Figure 4). This is most

likely due to the stress of the initial surgery on day 0. Conversely, mice that have received
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Bleomycin continued to lose weight until approximately day 9. After this time period, mice
begin to gain weight. This most likely represents a self-limiting response to the Bleomycin that
begins to resolve itself after this time period. Furthermore, the relatively short induction time
to fibrosis (2—4 weeks with intratracheal injection method) makes Bleomycin the most utilized
model (127).

Although our murine pulmonary fibrosis model did not demonstrate any statistical
differences in pulmonary function, several trends were noted on the PFTs that mirror PFTs in
patients with pulmonary fibrosis. In particular, we noticed a decrease in IC, FVC, and FERV, with
a preserved FEVi/FVC ratio, which is indicative of a restrictive pulmonary pattern that is
consistent with disease caused by pulmonary fibrosis (128). One explanation for the non-
statistical significance between PFTs is the difference in lung function between individual mice.
As demonstrated by the error bars in Figures 5-10, there are significant variations in pulmonary
functions between individuals in each group. Genome-wide association studies have identified
multiple loci that are related to pulmonary function, including loci that are associated with
clinical phenotypes of airflow obstruction, COPD, or asthma (129). Ideally, to circumvent this
issue, each mouse would serve as its own control. Unfortunately, insertion of a tracheostomy
tube for PFT measurements is highly traumatic, and there is a high mortality and morbidity
associated with this procedure. As such, each mouse is tracheostomized only once at the end of
the study, then euthanized once PFTs are completed. As such, we will continue to recruit
additional mice in both the saline control and Bleomycin + saline groups to establish a
difference. It is currently planned to have 30 samples in each group, as the sampling
distribution should approach a normal bell curve. Subsequently, we can test our drug to see if it
does have anti-fibrotic properties. By increasing the number of samples in each group, the

variation in pulmonary function should decrease, and we would expect to find significant
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differences in IC, FVC, FERV, and TLC. As we currently do not have significant differences
between our two control groups (saline only and Bleomycin + saline), we cannot determine if
Naclynamide™ has any effects on fibrosis. However, it does appear on histology that there were
less areas of fibrosis compared to the Bleomycin + saline group, along with a non-significant
decrease in Ashcroft scores. Further studies will need to be conducted to investigate this trend.
Finally, because we are administering Naclynamide™ using a retro-orbital injection technique,
we cannot be certain if the drug has reached the pulmonary parenchyma. Pharmacokinetic
studies will need to be performed and lung tissues analyzed to determine the optimal route,
dosage, and timing of administration.

Limitations and Future Directions

Several weaknesses exist in our study that warrant discussion. First, we only used one
stimulus to activate leukocytes, with LPS acting via the LPS receptor signal transduction
pathway. LPS was chosen due to the fact that it is the most common stimulus of immune cell
activation in CF, especially for leukocytes in the lungs where it is chronically exposed to bacterial
colonization. This will also allow us to compare how LPS-activated peripheral immune cells
behave in comparison to previous studies of BAL-derived immune cells. Other pathways of
activation that were not studied include: phorbol 12-myristate 13-acetate (PMA)—anti CD3
activation of T cells through ligation of the T-cell receptor, and PMA—ionomycin activation of T
cells through extracellular Ca%* influx (13). In reality, immune system activation is most likely
achieved through activation and feedback from multiple pathways working in synergy, and
study of one specific pathway represents an oversimplified approach to this mechanism.
However, it is interesting to note the reduction in inflammatory protein expression after LPS
stimulation found in this study, and thus further studies are needed to confirm these findings

with other stimuli as well. Second, we only examined one time point after LPS stimulation. The
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time for maximal cytokine expression differs between different cytokines and stimulants, with
studies reporting times varying from 6 to 72 hours (130-133), depending if the cytokine is an
early, intermediate, or late response protein. In the future, running a time course to map
cytokine expression kinetics would be useful to determine if there are differences with different
time points. Third, the ability to collect adequate sputum samples decrease with age. Induced
sputum collection is very difficult in infants and children, and because of the invasive nature of
BAL they are not considered standard of care. Therefore, further research examining to
relationship between immune cell dysfunction and contribution of infection is warranted to
identify specific cell subsets or released proteins that can be targeted in a time- and
inflammation-specific manner in CF lung disease. Fourth, most of the CF patients are chronically
taking azithromycin, a macrolide antibiotic that has been shown to demonstrate anti-
inflammatory properties (134). Experiments using an LPS-induced lung neutrophilia mouse
model have demonstrated that azithromycin can inhibit production of GM-CSF and IL-1B by
macrophages (135). Furthermore, azithromycin has been shown to inhibit NF-kB nuclear
translocation, with a resultant reduction in pro-inflammatory cytokine levels such as TNF-a, G-
CSF, and CCL-2 in BALs (136). However, other cytokines regulated by NF-kB such as IL-1B and IL-
6, were not affected (136). As such, additional studies are warranted to investigate the
molecular mechanism of the anti-inflammatory properties of azithromycin, and to determine
whether this is contributing to the immune dysfunction that is inherent in CF immune cells.
Fifth, we were not able to finish all of the sample collections for our study. We were only able
to collect 3 sputum samples for 16s rRNA sequencing and microbiome analyses. Interestingly,
our preliminary data suggests that there is an inverse relationship between the Shannon index
with lower predicted pulmonary functions and cytokine levels. Additional samples are merited

to confirm these findings and assess their usefulness in clinical applications. Furthermore, our
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current study does not provide longitudinal data for individual patients. However, our current
preliminary data demonstrates that 16s rRNA sequencing is cost-effective and that microbiome
analyses may have clinical implications that can guide therapy. As such, longitudinal data would
ideally be collected as part of a future study. Finally, we did not establish significance in
pulmonary function in our murine pulmonary fibrosis model, most likely due to inadequate
sample sizes. However, our model was able to demonstrate important trends, such as
decreases in IC, FVC, FERV, and TLC that correspond to a restrictive lung disease, such as
pulmonary fibrosis. Additional samples will be needed to establish significance and to

determine if Naclynamide™ has anti-fibrotic properties and is able to prevent or reverse fibrosis.
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CONCLUSION

This study is the most extensive study to date that examines cytokine and inflammatory
protein expression in peripheral blood cells of CF patients. In addition, this is the only study to
the author’s knowledge that examines the relationships between cytokine expression,
pulmonary exacerbations, microbiome constituents, and lung function. The origin of
inflammation in CF is controversial; and out study was designed to evaluate whether
inflammatory changes in CF precedes and occurs independently of infection, and may be
secondary to a basal defect in CF leukocytes. Our study demonstrated that CF leukocytes do in
fact demonstrate impaired cytokine regulation and expression, reflecting a systemic effect that
is independent of exposure of immune cells to the chronic infectious environment of the lungs.
Specifically, although there was increased NF-kB mRNA transcription, there was a decrease in
protein expression of downstream regulatory cytokines, such as NE, IL-1f3, CCL-2, IL-6, and IL-10.
These findings may have widespread clinical applications that could alter therapy options for
treatment of CF. Currently, a mainstay of therapy in CFPE is anti-inflammatory drugs, such as
NSAIDs and corticosteroids. If a dysfunction inflammatory protein response is associated with
the pathophysiology of CFPE, then anti-inflammatory drugs may further exaggerate this
dysfunction and result in a detrimental response. Conversely, agents that can increase immune
cell responses should be studied. One of our speculation is that immune dysfunction could be
due to decreased apoptosis in immune cells, leading to cell exhaustion. Therapies that can
increase apoptosis may be able to restore immune cell function and prevent CFPE.
Furthermore, how the pulmonary microbiome contributes to inflammation and its correlation to
clinical status is currently unknown. Restoration of homeostasis and diversity within the

microbiome may be a key to prevention and treatment of CFPE.
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Lastly, Naclyamide™ is a novel approach and potentially important adjunct to treatment
for CF. There are currently no agents that can restore lung function once damage has occurred.
It is well recognized that inflammation is an inciting event that leads eventually to fibrosis,
through secretion of cytokines such as TGF-B, IL-4, I1L-13, among others (137). Therefore,
Naclyamide™ as an inhibitor of NLRP3, may represent a new class of medication that can be

effective in restoring pulmonary function in CF.

45



REFERENCES

1. Childers M, Eckel G, Himmel A, Caldwell J. A new model of cystic fibrosis pathology: lack
of transport of glutathione and its thiocyanate conjugates. Medical hypotheses. 2007;68(1):101-
12.

2. Ng HP, Valentine VG, Wang G. CFTR targeting during activation of human neutrophils.
Journal of leukocyte biology. 2016;100(6):1413-24.
3. Gaggar A, Li Y, Weathington N, Winkler M, Kong M, Jackson P, et al. Matrix

metalloprotease-9 dysregulation in lower airway secretions of cystic fibrosis patients. American
journal of physiology Lung cellular and molecular physiology. 2007;293(1):0L96-L104.

4, Yoshimura K, Nakamura H, Trapnell BC, Chu CS, Dalemans W, Pavirani A, et al.
Expression of the cystic fibrosis transmembrane conductance regulator gene in cells of non-
epithelial origin. Nucleic acids research. 1991;19(19):5417-23.

5. Morris MR, Doull lJ, Dewitt S, Hallett MB. Reduced iC3b-mediated phagocytotic capacity
of pulmonary neutrophils in cystic fibrosis. Clinical and experimental immunology.
2005;142(1):68-75.

6. Painter RG, Valentine VG, Lanson NA, Jr., Leidal K, Zhang Q, Lombard G, et al. CFTR
Expression in human neutrophils and the phagolysosomal chlorination defect in cystic fibrosis.
Biochemistry. 2006;45(34):10260-9.

7. Pohl K, Hayes E, Keenan J, Henry M, Meleady P, Molloy K, et al. A neutrophil intrinsic
impairment affecting Rab27a and degranulation in cystic fibrosis is corrected by CFTR
potentiator therapy. Blood. 2014;124(7):999-1009.

8. Di A, Brown ME, Deriy LV, Li C, Szeto FL, Chen Y, et al. CFTR regulates phagosome
acidification in macrophages and alters bactericidal activity. Nature cell biology. 2006;8(9):933-
44,

9. Zaman MM, Gelrud A, Junaidi O, Regan MM, Warny M, Shea JC, et al. Interleukin 8
secretion from monocytes of subjects heterozygous for the deltaF508 cystic fibrosis
transmembrane conductance regulator gene mutation is altered. Clinical and diagnostic
laboratory immunology. 2004;11(5):819-24.

10. Andersson C, Zaman MM, Jones AB, Freedman SD. Alterations in immune response and
PPAR/LXR regulation in cystic fibrosis macrophages. Journal of cystic fibrosis : official journal of
the European Cystic Fibrosis Society. 2008;7(1):68-78.

11. Bruscia EM, Zhang PX, Ferreira E, Caputo C, Emerson JW, Tuck D, et al. Macrophages
directly contribute to the exaggerated inflammatory response in cystic fibrosis transmembrane
conductance regulator-/- mice. American journal of respiratory cell and molecular biology.
2009;40(3):295-304.

12. Xu'Y, Krause A, Hamai H, Harvey BG, Worgall TS, Worgall S. Proinflammatory phenotype
and increased caveolin-1 in alveolar macrophages with silenced CFTR mRNA. PloS one.
2010;5(6):e11004.

13. Moss RB, Hsu YP, Olds L. Cytokine dysregulation in activated cystic fibrosis (CF)
peripheral lymphocytes. Clinical and experimental immunology. 2000;120(3):518-25.

14. Hubeau C, Le Naour R, Abely M, Hinnrasky J, Guenounou M, Gaillard D, et al.
Dysregulation of IL-2 and IL-8 production in circulating T lymphocytes from young cystic fibrosis
patients. Clinical and experimental immunology. 2004;135(3):528-34.

15. Mueller C, Braag SA, Keeler A, Hodges C, Drumm M, Flotte TR. Lack of cystic fibrosis
transmembrane conductance regulator in CD3+ lymphocytes leads to aberrant cytokine
secretion and hyperinflammatory adaptive immune responses. American journal of respiratory
cell and molecular biology. 2011;44(6):922-9.

46



16. XuY, Tertilt C, Krause A, Quadri LE, Crystal RG, Worgall S. Influence of the cystic fibrosis
transmembrane conductance regulator on expression of lipid metabolism-related genes in
dendritic cells. Respiratory research. 2009;10:26.

17. Sloane AJ, Lindner RA, Prasad SS, Sebastian LT, Pedersen SK, Robinson M, et al.
Proteomic analysis of sputum from adults and children with cystic fibrosis and from control
subjects. American journal of respiratory and critical care medicine. 2005;172(11):1416-26.

18. Muhlebach MS, Stewart PW, Leigh MW, Noah TL. Quantitation of inflammatory
responses to bacteria in young cystic fibrosis and control patients. American journal of
respiratory and critical care medicine. 1999;160(1):186-91.

19. Tabary O, Zahm JM, Hinnrasky J, Couetil JP, Cornillet P, Guenounou M, et al. Selective
up-regulation of chemokine IL-8 expression in cystic fibrosis bronchial gland cells in vivo and in
vitro. The American journal of pathology. 1998;153(3):921-30.

20. Nichols D, Chmiel J, Berger M. Chronic inflammation in the cystic fibrosis lung:
alterations in inter- and intracellular signaling. Clinical reviews in allergy & immunology.
2008;34(2):146-62.

21. Verhaeghe C, Delbecque K, de Leval L, Oury C, Bours V. Early inflammation in the
airways of a cystic fibrosis foetus. Journal of cystic fibrosis : official journal of the European
Cystic Fibrosis Society. 2007;6(4):304-8.

22. Khan TZ, Wagener JS, Bost T, Martinez J, Accurso FJ, Riches DW. Early pulmonary
inflammation in infants with cystic fibrosis. American journal of respiratory and critical care
medicine. 1995;151(4):1075-82.

23. Muselet-Charlier C, Roque T, Boncoeur E, Chadelat K, Clement A, Jacquot J, et al.
Enhanced IL-1beta-induced IL-8 production in cystic fibrosis lung epithelial cells is dependent of
both mitogen-activated protein kinases and NF-kappaB signaling. Biochemical and biophysical
research communications. 2007;357(2):402-7.

24. Khoury O, Barrios C, Ortega V, Atala A, Murphy SV. Immunomodulatory Cell Therapy to
Target Cystic Fibrosis Inflammation. American journal of respiratory cell and molecular biology.
2018;58(1):12-20.

25. Lawrence RH, Sorrelli TC. Decreased polymorphonuclear leucocyte chemotactic
response to leukotriene B4 in cystic fibrosis. Clinical and experimental immunology.
1992;89(2):321-4.

26. Russell KJ, McRedmond J, Mukheriji N, Costello C, Keatings V, Linnane S, et al. Neutrophil
adhesion molecule surface expression and responsiveness in cystic fibrosis. American journal of
respiratory and critical care medicine. 1998;157(3 Pt 1):756-61.

27. Konstan MW, Berger M. Current understanding of the inflammatory process in cystic
fibrosis: onset and etiology. Pediatric pulmonology. 1997;24(2):137-42; discussion 59-61.

28. Sagel SD, Kapsner R, Osberg |, Sontag MK, Accurso FJ. Airway inflammation in children
with cystic fibrosis and healthy children assessed by sputum induction. American journal of
respiratory and critical care medicine. 2001;164(8 Pt 1):1425-31.

29. Robinson KM, Alcorn JF. T-cell immunotherapy in cystic fibrosis: weighing the
risk/reward. American journal of respiratory and critical care medicine. 2013;187(6):564-6.
30. Nichols DP, Chmiel JF. Inflammation and its genesis in cystic fibrosis. Pediatric

pulmonology. 2015;50 Suppl 40:539-56.

31. Chmiel JF, Davis PB. State of the art: why do the lungs of patients with cystic fibrosis
become infected and why can't they clear the infection? Respiratory research. 2003;4:8.

32. Goss CH, Burns JL. Exacerbations in cystic fibrosis. 1: Epidemiology and pathogenesis.
Thorax. 2007;62(4):360-7.

47



33. Liou TG, Adler FR, Fitzsimmons SC, Cahill BC, Hibbs JR, Marshall BC. Predictive 5-year
survivorship model of cystic fibrosis. American journal of epidemiology. 2001;153(4):345-52.
34. Shoki AH, Mayer-Hamblett N, Wilcox PG, Sin DD, Quon BS. Systematic review of blood
biomarkers in cystic fibrosis pulmonary exacerbations. Chest. 2013;144(5):1659-70.

35. Zeitlin PL, Diener-West M, Callahan KA, Lee S, Talbot CC, Jr., Pollard B, et al. Digitoxin for
Airway Inflammation in Cystic Fibrosis: Preliminary Assessment of Safety, Pharmacokinetics, and
Dose Finding. Annals of the American Thoracic Society. 2017;14(2):220-9.

36. Konstan MW, Walenga RW, Hilliard KA, Hilliard JB. Leukotriene B4 markedly elevated in
the epithelial lining fluid of patients with cystic fibrosis. The American review of respiratory
disease. 1993;148(4 Pt 1):896-901.

37. Konstan MW, Hilliard KA, Norvell TM, Berger M. Bronchoalveolar lavage findings in
cystic fibrosis patients with stable, clinically mild lung disease suggest ongoing infection and
inflammation. American journal of respiratory and critical care medicine. 1994;150(2):448-54.
38. Bonfield TL, Panuska JR, Konstan MW, Hilliard KA, Hilliard JB, Ghnaim H, et al.
Inflammatory cytokines in cystic fibrosis lungs. American journal of respiratory and critical care
medicine. 1995;152(6 Pt 1):2111-8.

39. Ordonez CL, Henig NR, Mayer-Hamblett N, Accurso FJ, Burns JL, Chmiel JF, et al.
Inflammatory and microbiologic markers in induced sputum after intravenous antibiotics in
cystic fibrosis. American journal of respiratory and critical care medicine. 2003;168(12):1471-5.
40. Colombo C, Costantini D, Rocchi A, Cariani L, Garlaschi ML, Tirelli S, et al. Cytokine levels
in sputum of cystic fibrosis patients before and after antibiotic therapy. Pediatric pulmonology.
2005;40(1):15-21.

41. Aaron SD, Ramotar K, Ferris W, Vandemheen K, Saginur R, Tullis E, et al. Adult cystic
fibrosis exacerbations and new strains of Pseudomonas aeruginosa. American journal of
respiratory and critical care medicine. 2004;169(7):811-5.

42. Wojnarowski C, Frischer T, Hofbauer E, Grabner C, Mosgoeller W, Eichler |, et al.
Cytokine expression in bronchial biopsies of cystic fibrosis patients with and without acute
exacerbation. The European respiratory journal. 1999;14(5):1136-44.

43, Zemanick ET, Wagner BD, Robertson CE, Ahrens RC, Chmiel JF, Clancy JP, et al. Airway
microbiota across age and disease spectrum in cystic fibrosis. The European respiratory journal.
2017;50(5).

44, Caverly LJ, Zhao J, LiPuma JJ. Cystic fibrosis lung microbiome: opportunities to
reconsider management of airway infection. Pediatric pulmonology. 2015;50 Suppl 40:531-8.
45, Shannon CE. The mathematical theory of communication. 1963. MD computing :
computers in medical practice. 1997;14(4):306-17.

46. Madan JC, Koestler DC, Stanton BA, Davidson L, Moulton LA, Housman ML, et al. Serial
analysis of the gut and respiratory microbiome in cystic fibrosis in infancy: interaction between
intestinal and respiratory tracts and impact of nutritional exposures. mBio. 2012;3(4).

47. Fodor AA, Klem ER, Gilpin DF, Elborn JS, Boucher RC, Tunney MM, et al. The adult cystic
fibrosis airway microbiota is stable over time and infection type, and highly resilient to antibiotic
treatment of exacerbations. PloS one. 2012;7(9):e45001.

48, Worlitzsch D, Rintelen C, Bohm K, Wollschlager B, Merkel N, Borneff-Lipp M, et al.
Antibiotic-resistant obligate anaerobes during exacerbations of cystic fibrosis patients. Clinical
microbiology and infection : the official publication of the European Society of Clinical
Microbiology and Infectious Diseases. 2009;15(5):454-60.

49, Quinn RA, Lim YW, Maughan H, Conrad D, Rohwer F, Whiteson KL. Biogeochemical
forces shape the composition and physiology of polymicrobial communities in the cystic fibrosis
lung. mBio. 2014;5(2):e00956-13.

48



50. Zemanick ET, Harris JK, Wagner BD, Robertson CE, Sagel SD, Stevens MJ, et al.
Inflammation and airway microbiota during cystic fibrosis pulmonary exacerbations. PloS one.
2013;8(4):e62917.

51. Carmody LA, Zhao J, Schloss PD, Petrosino JF, Murray S, Young VB, et al. Changes in
cystic fibrosis airway microbiota at pulmonary exacerbation. Annals of the American Thoracic
Society. 2013;10(3):179-87.

52. Lim YW, Evangelista JS, 3rd, Schmieder R, Bailey B, Haynes M, Furlan M, et al. Clinical
insights from metagenomic analysis of sputum samples from patients with cystic fibrosis.
Journal of clinical microbiology. 2014;52(2):425-37.

53. Sibley CD, Parkins MD, Rabin HR, Duan K, Norgaard JC, Surette MG. A polymicrobial
perspective of pulmonary infections exposes an enigmatic pathogen in cystic fibrosis patients.
Proceedings of the National Academy of Sciences of the United States of America.
2008;105(39):15070-5.

54, Cox MJ, Allgaier M, Taylor B, Baek MS, Huang YJ, Daly RA, et al. Airway microbiota and
pathogen abundance in age-stratified cystic fibrosis patients. PloS one. 2010;5(6):e11044.

55. Zhao J, Schloss PD, Kalikin LM, Carmody LA, Foster BK, Petrosino JF, et al. Decade-long
bacterial community dynamics in cystic fibrosis airways. Proceedings of the National Academy of
Sciences of the United States of America. 2012;109(15):5809-14.

56. Stokell JR, Gharaibeh RZ, Hamp TJ, Zapata MJ, Fodor AA, Steck TR. Analysis of changes in
diversity and abundance of the microbial community in a cystic fibrosis patient over a multiyear
period. Journal of clinical microbiology. 2015;53(1):237-47.

57. Stressmann FA, Rogers GB, van der Gast CJ, Marsh P, Vermeer LS, Carroll MP, et al.
Long-term cultivation-independent microbial diversity analysis demonstrates that bacterial
communities infecting the adult cystic fibrosis lung show stability and resilience. Thorax.
2012;67(10):867-73.

58. Coburn B, Wang PW, Diaz Caballero J, Clark ST, Brahma V, Donaldson S, et al. Lung
microbiota across age and disease stage in cystic fibrosis. Scientific reports. 2015;5:10241.

59. Rudkjobing VB, Thomsen TR, Alhede M, Kragh KN, Nielsen PH, Johansen UR, et al. The
microorganisms in chronically infected end-stage and non-end-stage cystic fibrosis patients.
FEMS immunology and medical microbiology. 2012;65(2):236-44.

60. Delhaes L, Monchy S, Frealle E, Hubans C, Salleron J, Leroy S, et al. The airway
microbiota in cystic fibrosis: a complex fungal and bacterial community--implications for
therapeutic management. PloS one. 2012;7(4):e36313.

61. Willger SD, Grim SL, Dolben EL, Shipunova A, Hampton TH, Morrison HG, et al.
Characterization and quantification of the fungal microbiome in serial samples from individuals
with cystic fibrosis. Microbiome. 2014;2:40.

62. Smith DJ, Badrick AC, Zakrzewski M, Krause L, Bell SC, Anderson GJ, et al.
Pyrosequencing reveals transient cystic fibrosis lung microbiome changes with intravenous
antibiotics. The European respiratory journal. 2014;44(4):922-30.

63. Tunney MM, Klem ER, Fodor AA, Gilpin DF, Moriarty TF, McGrath SJ, et al. Use of culture
and molecular analysis to determine the effect of antibiotic treatment on microbial community
diversity and abundance during exacerbation in patients with cystic fibrosis. Thorax.
2011;66(7):579-84.

64. Deschaght P, Schelstraete P, Van Simaey L, Vanderkercken M, Raman A, Mahieu L, et al.
Is the improvement of CF patients, hospitalized for pulmonary exacerbation, correlated to a
decrease in bacterial load? PloS one. 2013;8(11):e79010.

49



65. Klepac-Ceraj V, Lemon KP, Martin TR, Allgaier M, Kembel SW, Knapp AA, et al.
Relationship between cystic fibrosis respiratory tract bacterial communities and age, genotype,
antibiotics and Pseudomonas aeruginosa. Environmental microbiology. 2010;12(5):1293-303.
66. Hoppe JE, Zemanick ET. Lessons from the lower airway microbiome in early CF. Thorax.
2017;72(12):1063-4.

67. Dodge JA, Lewis PA, Stanton M, Wilsher J. Cystic fibrosis mortality and survival in the UK:
1947-2003. The European respiratory journal. 2007;29(3):522-6.

68. Paranjape SM, Mogayzel PJ. Cystic Fibrosis. Pediatrics in Review. 2014;35(5):194-205.
69. Stephenson AL, Sykes J, Berthiaume Y, Singer LG, Aaron SD, Whitmore GA, et al. Clinical
and demographic factors associated with post-lung transplantation survival in individuals with
cystic fibrosis. The Journal of heart and lung transplantation : the official publication of the
International Society for Heart Transplantation. 2015;34(9):1139-45.

70. Flume PA. Pulmonary complications of cystic fibrosis. Respiratory care. 2009;54(5):618-
27.

71. Overley-Adamson B, Artlett CM, Stephens C, Sassi-Gaha S, Weis RD, Thacker JD.
Targeting the unfolded protein response, XBP1, and the NLRP3 inflammasome in fibrosis and
cancer. Cancer biology & therapy. 2014;15(4):452-62.

72. De Nardo D, De Nardo CM, Latz E. New insights into mechanisms controlling the NLRP3
inflammasome and its role in lung disease. The American journal of pathology. 2014;184(1):42-
54.

73. Postlethwaite AE, Raghow R, Stricklin GP, Poppleton H, Seyer JM, Kang AH. Modulation
of fibroblast functions by interleukin 1: increased steady-state accumulation of type |
procollagen messenger RNAs and stimulation of other functions but not chemotaxis by human
recombinant interleukin 1 alpha and beta. The Journal of cell biology. 1988;106(2):311-8.

74. Artlett CM. The Role of the NLRP3 Inflammasome in Fibrosis. The open rheumatology
journal. 2012;6:80-6.

75. Oglesby IK, Vencken SF, Agrawal R, Gaughan K, Molloy K, Higgins G, et al. miR-17
overexpression in cystic fibrosis airway epithelial cells decreases interleukin-8 production. The
European respiratory journal. 2015;46(5):1350-60.

76. Umebashi K, Tokito A, Yamamoto M, Jougasaki M. Interleukin-33 induces interleukin-8
expression via JNK/c-Jun/AP-1 pathway in human umbilical vein endothelial cells. PloS one.
2018;13(1):e0191659.

77. Adib-Conquy M, Pedron T, Petit-Bertron AF, Tabary O, Corvol H, Jacquot J, et al.
Neutrophils in cystic fibrosis display a distinct gene expression pattern. Molecular medicine.
2008;14(1-2):36-44.

78. lannitti RG, Napolioni V, Oikonomou V, De Luca A, Galosi C, Pariano M, et al. IL-1
receptor antagonist ameliorates inflammasome-dependent inflammation in murine and human
cystic fibrosis. Nature communications. 2016;7:10791.

79. Cantin AM, Hartl D, Konstan MW, Chmiel JF. Inflammation in cystic fibrosis lung disease:
Pathogenesis and therapy. Journal of cystic fibrosis : official journal of the European Cystic
Fibrosis Society. 2015;14(4):419-30.

80. Manzanares D, Krick S, Baumlin N, Dennis JS, Tyrrell J, Tarran R, et al. Airway Surface
Dehydration by Transforming Growth Factor beta (TGF-beta) in Cystic Fibrosis Is Due to
Decreased Function of a Voltage-dependent Potassium Channel and Can Be Rescued by the Drug
Pirfenidone. The Journal of biological chemistry. 2015;290(42):25710-6.

81. Yonker LM, Cigana C, Hurley BP, Bragonzi A. Host-pathogen interplay in the respiratory
environment of cystic fibrosis. Journal of cystic fibrosis : official journal of the European Cystic
Fibrosis Society. 2015;14(4):431-9.

50



82. Bruscia EM, Bonfield TL. Innate and Adaptive Immunity in Cystic Fibrosis. Clinics in chest
medicine. 2016;37(1):17-29.

83. Greally P, Hussain MJ, Vergani D, Price JF. Serum interleukin-1 alpha and soluble
interleukin-2 receptor concentrations in cystic fibrosis. Archives of disease in childhood.
1993;68(6):785-7.

84. Kim RJ, Park L, Wood AJ, Yin T, Jain R, Douglas RG. Chronic rhinosinusitis and cystic
fibrosis: the interaction between sinus bacteria and mucosal immunity. International forum of
allergy & rhinology. 2015;5(5):380-5.

85. Hartl D, Gaggar A, Bruscia E, Hector A, Marcos V, Jung A, et al. Innate immunity in cystic
fibrosis lung disease. Journal of cystic fibrosis : official journal of the European Cystic Fibrosis
Society. 2012;11(5):363-82.

86. Tirouvanziam R, Gernez Y, Conrad CK, Moss RB, Schrijver |, Dunn CE, et al. Profound
functional and signaling changes in viable inflammatory neutrophils homing to cystic fibrosis
airways. Proceedings of the National Academy of Sciences of the United States of America.
2008;105(11):4335-9.

87. Downey D, Elborn JS. Nitric oxide, iNOS, and inflammation in cystic fibrosis. The Journal
of pathology. 2000;190(2):115-6.

88. Chauvet S, Traboulsi W, Thevenon L, Kouadri A, Feige JJ, Camara B, et al. EG-VEGF, BVS,
and their receptor expression in human bronchi and their modification in cystic fibrosis: Impact
of CFTR mutation (delF508). American journal of physiology Lung cellular and molecular
physiology. 2015;309(3):L314-22.

89. Wright AK, Rao S, Range S, Eder C, Hofer TP, Frankenberger M, et al. Pivotal Advance:
Expansion of small sputum macrophages in CF: failure to express MARCO and mannose
receptors. Journal of leukocyte biology. 2009;86(3):479-89.

90. Laval J, Ralhan A, Hartl D. Neutrophils in cystic fibrosis. Biological chemistry.
2016;397(6):485-96.
91. Mishra A. New insights of P2X7 receptor signaling pathway in alveolar functions. Journal

of biomedical science. 2013;20:26.

92. Ashcroft T, Simpson JM, Timbrell V. Simple method of estimating severity of pulmonary
fibrosis on a numerical scale. Journal of clinical pathology. 1988;41(4):467-70.

93. Natarajan M, Nayak BK, Galindo C, Mathur SP, Roldan FN, Meltz ML. Nuclear
translocation and DNA-binding activity of NFKB (NF-kappaB) after exposure of human
monocytes to pulsed ultra-wideband electromagnetic fields (1 kV/cm) fails to transactivate
kappaB-dependent gene expression. Radiation research. 2006;165(6):645-54.

94, Wagner CJ, Schultz C, Mall MA. Neutrophil elastase and matrix metalloproteinase 12 in
cystic fibrosis lung disease. Molecular and cellular pediatrics. 2016;3(1):25.

95. Schorr K, Rott A, Da Costa F, Merfort I. Optimisation of a human neutrophil elastase
assay and investigation of the effect of sesquiterpene lactones. Biologicals : journal of the
International Association of Biological Standardization. 2005;33(3):175-84.

96. Aggarwal N, Korenbaum E, Mahadeva R, Immenschuh S, Grau V, Dinarello CA, et al.
alpha-Linoleic acid enhances the capacity of alpha-1 antitrypsin to inhibit lipopolysaccharide-
induced IL-1beta in human blood neutrophils. Molecular medicine. 2016;22.

97. Gupta V, Banyard A, Mullan A, Sriskantharajah S, Southworth T, Singh D.
Characterization of the inflammatory response to inhaled lipopolysaccharide in mild to
moderate chronic obstructive pulmonary disease. British journal of clinical pharmacology.
2015;79(5):767-76.

51



98. Carr MW, Roth SJ, Luther E, Rose SS, Springer TA. Monocyte chemoattractant protein 1
acts as a T-lymphocyte chemoattractant. Proceedings of the National Academy of Sciences of
the United States of America. 1994;91(9):3652-6.

99. Xu LL, Warren MK, Rose WL, Gong W, Wang JM. Human recombinant monocyte
chemotactic protein and other C-C chemokines bind and induce directional migration of
dendritic cells in vitro. Journal of leukocyte biology. 1996;60(3):365-71.

100. Ranu H, Wilde M, Madden B. Pulmonary function tests. The Ulster medical journal.
2011;80(2):84-90.

101. Bodas M, Vij N. The NF-kappaB signaling in cystic fibrosis lung disease: pathophysiology
and therapeutic potential. Discovery medicine. 2010;9(47):346-56.

102. Tabary O, Boncoeur E, de Martin R, Pepperkok R, Clement A, Schultz C, et al. Calcium-
dependent regulation of NF-(kappa)B activation in cystic fibrosis airway epithelial cells. Cellular
signalling. 2006;18(5):652-60.

103.  Vij N, Mazur S, Zeitlin PL. CFTR is a negative regulator of NFkappaB mediated innate
immune response. PloS one. 2009;4(2):e4664.

104. WangH, Cebotaru L, Lee HW, Yang Q, Pollard BS, Pollard HB, et al. CFTR Controls the
Activity of NF-kappaB by Enhancing the Degradation of TRADD. Cellular physiology and
biochemistry : international journal of experimental cellular physiology, biochemistry, and
pharmacology. 2016;40(5):1063-78.

105. Renner F, Schmitz ML. Autoregulatory feedback loops terminating the NF-kappaB
response. Trends in biochemical sciences. 2009;34(3):128-35.

106. Thompson WL, Van Eldik LJ. Inflammatory cytokines stimulate the chemokines
CCL2/MCP-1 and CCL7/MCP-3 through NFkB and MAPK dependent pathways in rat astrocytes
[corrected]. Brain research. 2009;1287:47-57.

107. Libermann TA, Baltimore D. Activation of interleukin-6 gene expression through the NF-
kappa B transcription factor. Molecular and cellular biology. 1990;10(5):2327-34.

108. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nature
reviews Immunology. 2010;10(3):170-81.

109. Taggart C, Coakley RJ, Greally P, Canny G, O'Neill SJ, McElvaney NG. Increased elastase
release by CF neutrophils is mediated by tumor necrosis factor-alpha and interleukin-8.
American journal of physiology Lung cellular and molecular physiology. 2000;278(1):L33-41.
110.  Alexis NE, Muhlebach MS, Peden DB, Noah TL. Attenuation of host defense function of
lung phagocytes in young cystic fibrosis patients. Journal of cystic fibrosis : official journal of the
European Cystic Fibrosis Society. 2006;5(1):17-25.

111. Downey DG, Bell SC, Elborn JS. Neutrophils in cystic fibrosis. Thorax. 2009;64(1):81-8.
112. Moriceau S, Kantari C, Mocek J, Davezac N, Gabillet J, Guerrera IC, et al. Coronin-1 is
associated with neutrophil survival and is cleaved during apoptosis: potential implication in
neutrophils from cystic fibrosis patients. Journal of immunology. 2009;182(11):7254-63.

113.  Moriceau S, Lenoir G, Witko-Sarsat V. In cystic fibrosis homozygotes and heterozygotes,
neutrophil apoptosis is delayed and modulated by diamide or roscovitine: evidence for an innate
neutrophil disturbance. Journal of innate immunity. 2010;2(3):260-6.

114.  Angelosanto JM, Blackburn SD, Crawford A, Wherry EJ. Progressive loss of memory T cell
potential and commitment to exhaustion during chronic viral infection. Journal of virology.
2012;86(15):8161-70.

115.  Fuller MJ, Zajac AJ. Ablation of CD8 and CD4 T cell responses by high viral loads. Journal
of immunology. 2003;170(1):477-86.

52



116.  Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Viral persistence
alters CD8 T-cell immmunodominance and tissue distribution and results in distinct stages of
functional impairment. Journal of virology. 2003;77(8):4911-27.

117.  lJiangy, LiY, Zhu B. T-cell exhaustion in the tumor microenvironment. Cell death &
disease. 2015;6:e1792.

118. Dowlatshahi M, Huang V, Gehad AE, Jiang Y, Calarese A, Teague JE, et al. Tumor-specific
T cells in human Merkel cell carcinomas: a possible role for Tregs and T-cell exhaustion in
reducing T-cell responses. The Journal of investigative dermatology. 2013;133(7):1879-89.

119. LiulJ, ZhangS, HuY, Yang Z, Li J, Liu X, et al. Targeting PD-1 and Tim-3 Pathways to
Reverse CD8 T-Cell Exhaustion and Enhance Ex Vivo T-Cell Responses to Autologous
Dendritic/Tumor Vaccines. Journal of immunotherapy. 2016;39(4):171-80.

120. Hauber HP, Beyer IS, Meyer A, Pforte A. Decreased interleukin-18 expression in BAL cells
and peripheral blood mononuclear cells in adult cystic fibrosis patients. Journal of cystic fibrosis
: official journal of the European Cystic Fibrosis Society. 2004;3(2):129-31.

121. Houston N, Stewart N, Smith DS, Bell SC, Champion AC, Reid DW. Sputum neutrophils in
cystic fibrosis patients display a reduced respiratory burst. Journal of cystic fibrosis : official
journal of the European Cystic Fibrosis Society. 2013;12(4):352-62.

122.  Vanscoy LL, Blackman SM, Collaco JM, Bowers A, Lai T, Naughton K, et al. Heritability of
lung disease severity in cystic fibrosis. American journal of respiratory and critical care medicine.
2007;175(10):1036-43.

123.  GuY, Harley IT, Henderson LB, Aronow BJ, Vietor |, Huber LA, et al. Identification of
IFRD1 as a modifier gene for cystic fibrosis lung disease. Nature. 2009;458(7241):1039-42.

124.  Cahalan MD, Lewis RS. Chapter 5 Regulation of Chloride Channels in Lymphocytes. In:
Guggino WB, editor. Current Topics in Membranes. 42: Academic Press; 1994. p. 103-29.

125.  Muhlebach MS, Zorn BT, Esther CR, Hatch JE, Murray CP, Turkovic L, et al. Initial
acquisition and succession of the cystic fibrosis lung microbiome is associated with disease
progression in infants and preschool children. PLoS pathogens. 2018;14(1):e1006798.

126. Goddard AF, Staudinger BJ, Dowd SE, Joshi-Datar A, Wolcott RD, Aitken ML, et al. Direct
sampling of cystic fibrosis lungs indicates that DNA-based analyses of upper-airway specimens
can misrepresent lung microbiota. Proceedings of the National Academy of Sciences of the
United States of America. 2012;109(34):13769-74.

127. Moore BB, Hogaboam CM. Murine models of pulmonary fibrosis. American journal of
physiology Lung cellular and molecular physiology. 2008;294(2):L152-60.

128. Vanoirbeek JA, Rinaldi M, De Vooght V, Haenen S, Bobic S, Gayan-Ramirez G, et al.
Noninvasive and invasive pulmonary function in mouse models of obstructive and restrictive
respiratory diseases. American journal of respiratory cell and molecular biology. 2010;42(1):96-
104.

129. House JS, Li H, DeGraff LM, Flake G, Zeldin DC, London SJ. Genetic variation in HTR4 and
lung function: GWAS follow-up in mouse. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology. 2015;29(1):323-35.

130. Arva E, Andersson B. Kinetics of cytokine release and expression of lymphocyte cell-
surface activation markers after in vitro stimulation of human peripheral blood mononuclear
cells with Streptococcus pneumoniae. Scandinavian journal of immunology. 1999;49(3):237-43.
131. Breen EC, McDonald M, Fan J, Boscardin J, Fahey JL. Cytokine gene expression occurs
more rapidly in stimulated peripheral blood mononuclear cells from human immunodeficiency
virus-infected persons. Clinical and diagnostic laboratory immunology. 2000;7(5):769-73.

53



132. Abdalla AO, Kiaii S, Hansson L, Rossmann ED, Jeddi-Tehrani M, Shokri F, et al. Kinetics of
cytokine gene expression in human CD4+ and CD8+ T-lymphocyte subsets using quantitative
real-time PCR. Scandinavian journal of immunology. 2003;58(6):601-6.

133.  FanJ, Nishanian P, Breen EC, McDonald M, Fahey JL. Cytokine gene expression in normal
human lymphocytes in response to stimulation. Clinical and diagnostic laboratory immunology.
1998;5(3):335-40.

134. Banjanac M, Munic Kos V, Nujic K, Vrancic M, Belamaric D, Crnkovic S, et al. Anti-
inflammatory mechanism of action of azithromycin in LPS-stimulated J774A.1 cells.
Pharmacological research. 2012;66(4):357-62.

135.  Bosnar M, Bosnjak B, Cuzic S, Hrvacic B, Marjanovic N, Glojnaric |, et al. Azithromycin
and clarithromycin inhibit lipopolysaccharide-induced murine pulmonary neutrophilia mainly
through effects on macrophage-derived granulocyte-macrophage colony-stimulating factor and
interleukin-1beta. The Journal of pharmacology and experimental therapeutics.
2009;331(1):104-13.

136.  Stellari FF, Sala A, Donofrio G, Ruscitti F, Caruso P, Topini TM, et al. Azithromycin inhibits
nuclear factor-kappaB activation during lung inflammation: an in vivo imaging study.
Pharmacology research & perspectives. 2014;2(5):e00058.

137.  Borthwick LA, Wynn TA, Fisher AJ. Cytokine mediated tissue fibrosis. Biochimica et
biophysica acta. 2013;1832(7):1049-60.

54



CURRICULUM VITAE

STEVEN T. LEUNG, M.B.B.S.

WORK ADDRESS

Medical Center Blvd.
Winston-Salem, NC 27157
(626) 991-9820
sleung@wakehealth.edu

HOME ADDRESS

126 Brookstown Ave., Apt#586
Winston-Salem, NC 27101
(626) 991-9820
dr.steventleung@gmail.com

EDUCATION

Wake Forest University Graduate School of Arts and Sciences
Winston-Salem, NC

Masters of Science Candidate

Molecular Medicine & Translational Science

University of Queensland/Ochsner Clinical School
Brisbane, Australia/New Orleans, LA
Bachelor of Medicine, Bachelor of Surgery

University of California, San Diego

La Jolla, CA

Bachelor of Science, Cum Laude, Human Biology

GPA: 3.76/4.0

Honors: UCSD Provost’s Honors (Fall 2007 — Spring 2009)

Mount San Antonio College

Walnut, CA

General Studies

GPA: 3.23/4.0

Honors: Dean’s List (Fall 2006-Spring 2007)

POST-GRADUATE EDUCATION AND TRAINING

University of Florida School of Medicine
Department of General Surgery
Gainesville, FL

General Surgery Residency

Mayo Clinic School of Graduate Medical Education
Department of General Surgery

Rochester, MN

General Surgery Internship

55

August 2016—Present

Jan. 2010-Dec. 2013

July 2007—June 2009

July 2005-May 2007

July 2015—-June 2016

July 2014—June 2015



CERTIFICATIONS

Advanced Cardiovascular Life Support, American Heart Association
Issued: 2017. Status: Active

Advanced Trauma Life Support, ACS Committee on Trauma
Issued: 2014. Status: Active

Basic Life Support, American Heart Association
Issued: 2017. Status: Active

MEDICAL LICENSURE

Physician License, Medical Board of California
#A153154. Issued: December 2017. Status: Active

PROFESSIONAL AND SOCIETY MEMBERSHIPS

National Postdoctoral Association, Affiliate Member

American Association for the Advancement of Science, Member
American College of Surgeons, Resident Member

The Society of Thoracic Surgeons, Pre-Candidate Member
Minnesota Medical Association, Resident Member

Zumbro Valley Medical Society, Resident Member

American Medical Association, Student Member

American College of Physicians, Student Member

Alpha Epsilon Delta Pre-Medical Honor Society, UCSD Chapter

HONORS AND AWARDS

3" Place, Wake Forest Institute of Regenerative Medicine 2018 Retreat
Poster Competition

2" Runner-Up, Committee on Trauma and Acute Care Surgery
Resident Paper Competition, American College of Surgeons NC/SC
Chapter Meeting

Best Poster Award, The Future of Regenerative Medicine Congress
UCSD Provost’s Honor

Mount San Antonio College Dean’s List

GRANT SUPPORT

Christopher L. Moseley Foundation Grant for Stem Cell Research
Cystic Fibrosis Foundation Research Grant

T32 Ruth L. Kirschstein National Research Service Award (NRSA)
Research Training Grant

56

2017—Present
2017—Present
2012—Present
2012—Present
2014-2015
2014-2015
2010-2013
20102013
2007-2009

January 2018

July 2017

May 2017
2007-2009
2006-2007

2017—Present
20162017
20162018



PROFESSIONAL ACTIVITIES

e Journal Reviewer for: Nature Medicine 2018—Present
e Journal Reviewer for: Stem Cells Translational Medicine 2016—Present
e Journal Reviewer for: Bioprinting 2016—Present

RESEARCH PROJECTS

Wake Forest Institute of Regenerative Medicine 2016—Present
Winston-Salem, NC

Mentors: Sean V. Murphy, PhD, Antony Atala, MD. Investigated the role of
inflammation and etiology of pulmonary exacerbations in patients with cystic fibrosis.
Performed assays such as PCR, RNA extraction, ELISA, and flow cytometry.

Wake Forest Institute of Regenerative Medicine 2016—Present
Winston-Salem, NC

Mentors: Sean V. Murphy, PhD, Cara Clouse, DVM, Antony Atala, MD. Established
cystic fibrosis model in ferrets and tested stem cells as therapy to decrease pulmonary
inflammation.

Wake Forest Institute of Regenerative Medicine 2016—Present
Winston-Salem, NC

Mentors: Sean V. Murphy, PhD, John Jackson, PhD, Cara Clouse, DVM, Antony
Atala, MD. Established lung fibrosis model in mice and tested drugs aimed to
reverse/improve lung fibrosis and inflammation.

Wake Forest Baptist Health, Department of Surgery 2016—Present
Winston-Salem, NC

Mentors: Daniel Couture, MD, J. Jason Hoth, MD/PhD. Retrospective study on
variables that predict worsening repeat head CT after mild traumatic brain injury, and
the need to consult neurosurgery.

Wake Forest Baptist Health, Department of Surgery 2016—Present
Winston-Salem, NC

Mentors: Jason Halvorson, J. Jason Hoth, MD/PhD. Retrospective study on efficacy
and outcome of orthopedic trauma residents responding to all traumas.

Mayo Clinic College of Medicine, Department of Cardiac Surgery 2014-2015
Rochester, MN

Mentor: Joseph Dearani, MD. Analyzed the pearls and pitfalls of congenital
cardiovascular operations for genetic syndromes.

Ochsner Clinical School, Department of Cardiothoracic Surgery 2013-2017
New Orleans, LA

Mentor: Patrick E. Parrino, MD. Retrospective analysis of concomitant mitral and
tricuspid valve operations.

57



Ochsner Clinical School, Department of Cardiology 2013-2016
New Orleans, LA

Mentor: Sangeeta Shah, MD. Established exercise and diet guidelines for patients that
underwent congenital heart surgery.

Ochsner Clinical School, Department of OB/GYN 2012-2012
New Orleans, LA

Mentor: Robert C. Moore, MD. Retrospective study on variables that predict latency in
patients with preterm premature rupture of membranes

University of California, San Diego, Department of Biology 2008-2009
La Jolla, CA
Mentor: Dmitri Nusinow, PhD. Analyzed genes that control circadian rhythm in plants.

PUBLICATIONS
PEER-REVIEWED PUBLICATIONS

1.

Leung ST, Khoury O, Barrios C, Ortega VE, Murphy SV. Immune Exhaustion and
Cytokine Dysfunction in Cystic Fibrosis. The Journal of Cystic Fibrosis. Submitted.
Leung ST, Luo TD, Parrino PE. Comparison between Mitral Valve and Concomitant
Mitral with Tricuspid Valve Operations: A Retrospective Analysis. Wake Forest
Journal of Science and Medicine. Volume 3: Issue 1, Fall 2017, ISSN 2380-3991.
Rosenthal TM, Leung ST, Ahmad R, Young T, Lavie CJ, Moodie DS, et al. Lifestyle
Modification for the Prevention of Morbidity and Mortality in Adult Congenital Heart
Disease. Congenital heart disease. 2016;11(2):189-98.

BOOK CHAPTERS

1.

Leung ST, Overschmidt O, Allickson J, Cetrulo K, Taghizadeh RR, Couto PS, Atala
A, Murphy SV. Review of Processing Technology and Techniques for Perinatal Stem
Cells Banking and Clinical Applications. Perinatal Stem Cells: John Wiley & Sons,
Inc.; 2017. In Revision.

ABSTRACTS

1.

Leung ST, Luo TD, Parrino PE. Reduced Aortic Cross-clamp Time May Reduce
Morbidity during Concomitant Valvular Operations. Case Reports in Surgery and
Invasive Procedures. Volume 1: Issue 3, October 2017.

Leung ST, Khoury O, Murphy SE. Immune Dysregulation during Cystic Fibrosis
Pulmonary Exacerbations. Poster Session Abstracts. Pediatric Pulmonology.
2017;52(S47):S214-S516.

POSTERS AND ORAL PRESENTATIONS

58



e The Wake Forest Repeat Head CT Rule for Mild TBI with Intracranial
Hemorrhages. Poster at American Association of Neurosurgical Surgeons. New
Orleans, LA. April 2018.

e Reprogramming Cell Therapy for Pulmonary Fibrosis. Poster at the 2018 Wake
Forest Institute for Regenerative Medicine Retreat. Pinehurst, NC. January 2018

e Perinatal Stem Cells for the Treatment of Inflammatory Lung Diseases. Oral
presentation at the World Stem Cell Summit. Miami, FL. January 2018.

e Immune Dysfunction during Cystic Fibrosis Pulmonary Exacerbations. Poster at
North American Cystic Fibrosis Conference. Indianapolis, IN. November 2017.

e Comparison between Mitral Valve and Concomitant Mitral with Tricuspid Valve
Operations: A Retrospective Analysis. Poster at International Surgery Conference.
Toronto, CA. October, 2017.

e Variables that Predict Radiographic Progression after Mild Traumatic Brain Injury.
Oral presentation at American College of Surgeons, NC/SC Chapter Meeting.
Pinehurst, NC. July 2017.

e Perinatal Cell Therapy for the Treatment of Inflammatory Lung Disease. Poster at
the Future of Regenerative Medicine Congress. Teaneck, NJ. May 2017.

e Necessity of Repeat Head CT after Head Injury with ICH. Wake Forest University
Surgical Research Day. Winston-Salem, NC. October 2016.

EXTRACURRICULAR
Wake Forest Graduate School 2017—Present
Student Representative, Molecular Medicine and Translational Sciences
Executive Committee

Wake Forest Graduate School Association 2016—Present
Secretary
Ochsner Health System Institutional Review Board 20122014

Permanent Member

University of California, San Diego 2008-2009
Teaching Assistant, Department of Biology

PERSONAL
Fluent in Cantonese Chinese. Interests include badminton, tennis, hiking, fishing,
cooking, and attending music and food festivals.

59



