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1. Introduction

1.1. Cystic fibrosis

Cystic fibrosis (CF) is a life-limiting genetic disorder caused by mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene [1]. This gene encodes
the CFTR protein, an epithelial anion channel found throughout the body, especially in
the respiratory and gastrointestinal tracts. CFTR channel primarily transports chloride
(CI") and bicarbonate (HCO3") ions [2-4] and regulates sodium ion (Na") absorption via
the epithelial sodium channels (ENaCs) [5], which are very important for fluid balance

across the epithelial cell layers.

Mutations in the CFTR gene result in protein dysfunction, disrupting
transepithelial electrolyte and water movements in many organs. The most affected
organs are the lungs and pancreas. However, chronic lung disease and pulmonary

exacerbation due to bacterial infection are the leading cause of death in CF.

1.1.1. Epidemiology

CF is inherited primarily in the Caucasian population. It affects around one in
2,500 to 3,500 white newborns, whereas the incidence is very low for African American
and Asian American newborns, which are approximately one in 17,000 and 31,000
babies, respectively [6]. It is estimated that currently, there are approximately 100,000
people worldwide living with CF. In the US, there were 31,199 diagnosed with CF [7],
and there were 4,344 cases in Canada [8], 3,446 patients in Australia [9], and 5,417 in
Brazil [10]. According to the European Cystic Fibrosis Society (ECFS) report in 2018,
there were 49,886 CF patients in Europe, with approximately 498 cases in Hungary [11].
Burgel et al. predicted that by 2025 the percentage of CF patients in Europe and Hungary
would increase 50% and 60.5%, respectively, because of the overall improvement of the

healthcare system [12].

The CF registry records in Asian countries are limited. One reason could be
because the incidence of CF in Asia is very low. A recent report reveals that there might
be approximately 30 CF cases in Japan, 60 — 100 cases in South Korea, 60 cases in

Malaysia, 95 cases in Bangladesh, 40 cases in Thailand, 18 cases in Singapore, and 12
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cases in Taiwan [13]. However, these numbers are estimated by the healthcare workers in
the countries. The actual numbers are still unknown because a comprehensive data

collection is currently not available.

1.1.2. Life expectancy

Before the 20" century, CF was known as a mysterious disease that killed small
children in their early life [14]. In the 21 century, due to our better understanding of the
disease and improvement of the healthcare system, the overall trend of median age of
death and survival of CF patients have significantly increased, although data vary among

regions.

The median predicted survival age of CF babies born in 2019 was 48.4 years in
the US, while the median age at death was 32.4 years (Figure 1) [7]. In Australia, the
median age of deaths in 2019 was 32 years, while the median age of survival was 53 years
for people with CF born in 2015-2019 [9]. In Europe, the median age of the deaths and
survival have not been precisely identified. The 2018 European Cystic Fibrosis Society
(ECFS) report showed that the most frequent age range at death is 21-30 years [11]. In
Canada, the median age of death was 42.1, and the median age of survival was 54.3 years
[8], which were the highest numbers ever reported. These numbers represent our better
understanding of the disease and the improvement of healthcare management in the last

decades.

However, although the median age of death and survival have been continuously
increasing each year, the incidence of pulmonary exacerbation and respiratory failure
remains high [15, 16]. CFF reported that 41% of CF adults and 22% of children with CF
were hospitalized with intravenous (IV) antibiotics due to pulmonary exacerbation in
2019 [17]. This incidence does not seem to be much improved when compared to the older
records in 2016 (42% adults and 26% children) [18] and 2017 (43% adults and 24%
children) [19], even compared to the records since 2005 (Figure 2 A) [7]. In fact, the annual
records of CF patients receiving a lung transplant in the USA (1992 —2019) uncover that
the number of CF patients receiving the lung transplant has been incredibly increasing

(Figure 2 B) [7].
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This evidence implies that CF lung infection is a significant threat for CF patients.
A better understanding of CF-related infectious airway diseases would contribute to

developing new therapeutic approaches for the patients.
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Figure 1. Overall trend of CF survival age and mortality rate in the USA.

(A) Median predicted survival age of CF patients, 1988 — 2019. (B) Annual mortality rate of CF
patients, 1988 - 2019. The figure was reproduced with permissions from Cystic Fibrosis
Foundation Patient Registry: 2019 Annual Data Report, Bethesda, Maryland ©2020 Cystic

Fibrosis Foundation [7].



Individuals Treated with IV Antibiotics for a Pulmonary Exacerbation, 2005-2019

60
w \
©
3
o
>
T 30
£ —
-
= e ———
o 20
o
3]
c
g 10
]
a
0
05 06 07 08 09 10 1 12 13 14 15 16 17 18 19
s Undler 18 Years Year 18 Years and Older

B Number of Individuals Receiving a Lung Transplant, 1992-2019

250
W Adult W Pediatric II
1. I--Illllll
100
) I
0
04 09

92 93 94 95 9 97 98 01 02 03 05 06 07 08 10 11 12 13 14 15 16 17 18 19
Figure 2. Annual trend of pulmonary exacerbation and lung transplant.

S
IS]

Number of Individuals
o
o

< I
s I

Year

(A) Percentage of individuals treated with IV antibiotics for a pulmonary exacerbation, 2005 —
2019. (B) Annual numbers of CF patients in the USA, 1988 - 2019. The figure was reproduced
with permissions from Cystic Fibrosis Foundation Patient Registry: 2019 Annual Data Report,
Bethesda, Maryland ©2020 Cystic Fibrosis Foundation [7].
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1.1.3. Cystic fibrosis and the discovery of CFTR gene

In the 17" century, CF appeared to be an unknown disease described as premature
death in children with salty sweat [14]. Until 1938, CF was recognized as a distinct clinical
entity and observed by Dorothy H. Andersen [20]. However, the understanding of the

disease was very poor at that time.

Lap-Chee Tsui, John R. Riordan, and Francis Collins discovered and identified a
gene involved in CF pathology on a single locus of chromosome 7 in 1989. The gene was
named “cystic fibrosis transmembrane conductance regulator” or CFTR [1, 21].
Surprisingly, the most common CF mutation, a deletion of three base pairs, which results
in the loss of a phenylalanine residue at the position 508 (AF508), was also identified in

the same year [22].

Both discoveries represent milestones not only in CF research but in general
medical sciences as well. Since then, CF has been regarded as a model for genetic
diseases, pioneering our understanding of genetics, molecular and cellular mechanisms,
and pathogenesis [16]. These historical breakthroughs have also paved the way for the
development of therapeutic approaches in other rare genetic disorders and chronic

respiratory diseases such as asthma and COPD.
1.1.4. CFTR protein - structure, mechanism, and functions

CFTR is a membrane protein comprising of five domains: two transmembrane
domains (TMDs), two cytoplasmic nucleotide-binding domains (NBDs), and one
regulatory domain (RD) (Figure 3). The R domain contains phosphorylation sites,
responsible for the channel activation, and is structurally located between the two TMD-

NBD complexes, interacting with NBD{, TMD,, and NBD: structures.

When the R domain is dephosphorylated, it prevents the NBD dimerization, thus
blocking channel opening. In contrast, in the phosphorylated state, the R domain is
stabilized away from the NBD domains, allowing NDB dimerization and conformational

changes necessary for channel opening [23, 24].
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Figure 3. Schematic structure of CFTR.

CFTR consists of five domains: two transmembrane domains (TMD1 and TMD?2), two
nucleotide-binding domains (NBD1 and NBD2), and one regulatory domain (RD). The figure was
reprinted from “CFTR Modulators: Shedding Light on Precision Medicine for Cystic Fibrosis” by
M. Lopes-Pacheco, Front Pharmacol, (2016) [25].

CFTR is operated by several second messengers, including cyclic AMP (cAMP)
dependent protein kinase A (PKA), protein kinase C (PKC), and ATP. Therefore, it is
known to belong to the ATP-binding cassette (ABC) transporter superfamily. However,
most ABC transporters utilize the chemical energy of ATP hydrolysis to transport
substrates against their electrochemical gradient, but CFTR uniquely conducts anions

down their electrochemical gradient [26].

CFTR protein is located at the apical surface of epithelial cells. Its primary
function is to regulate the transport of anions across epithelial tissues. At the CFTR’s pore
region, negatively charged molecules such as Cl are attracted and accommodated by the
positively charged amino acid sidechains. Once the channel is activated, the channel
opens, resulting in a rapid movement of Cl” through the pore [27]. In addition to Cl, HCO3"
has also been reported to pass through the pore [3], and some other organic anions such
as thiocyanate ion (SCN") can also compete with CI™ [27].
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Furthermore, CFTR also regulates other transport proteins, including ENaC, K*
channels, ATP-release mechanisms, HCO3/Cl" exchangers, and aquaporin water
channels [28, 29]. These transporters are involved in ion transport regulating transepithelial

water movement and luminal pH.

1.1.5. CFTR mutations and protein dysfunction

CF is caused by mutations in the CFTR gene, which lead to either low membrane
expression, dysfunctional regulation, or impaired channel function [22]. Until now, more
than 2,000 CFTR mutations have been identified [6]. Obviously, different mutations cause
different defects. For example, some mutants can induce a reduction in protein
expression, whereas some mutants can decrease protein function and stability or combine
these malfunctions. These variations result in various clinical manifestations, from milder
to more severe symptoms [16]. Researchers have grouped CFTR mutations into seven
classes (Figure 4) based on pathological pathways and defects, which are very helpful for

developing corrective therapies targeting the specific cause [30, 31].

The most common CFTR mutation belongs to class Il mutations, the deletion of
phenylalanine in position 508 (AF508 or F508del). It accounts for two-thirds of CF cases
worldwide and around 90% of cases in the United States [31, 32]. This mutation causes
folding defects during protein synthesis. As a result, the protein is prematurely degraded
before it can reach the apical pole of the cell, resulting in deficient CFTR expression in

the plasma membrane [33, 34].

In many organs, loss of CFTR causes impaired transepithelial electrolyte and
water transport across the epithelial cells. The mucus-secreting organs are mainly
affected, including the lung, pancreas, liver, intestine, and vas deferens. The only
exception is the sweat ducts, which are not involved in mucus secretion. As mentioned
above, however, the lung is the most affected organ in CF. Thus, its protection and repair

represent the most challenging task for clinicians.
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Class| Class 1l Class Il Class IV ClassV Class VI Class Vil

Mo protein Mo traffic Impaired Decreased Less protein Less stable Mo mRNA
gating conductance

Glys42X, Phes08del, GlyS51Asp, Arg117His, Alad55Glu, . 120del23, dele2,3(21 kb),
Trp1282X Asn1303Lys, Ser549Arg, Arg334Trp, 3272-26A-G, rPheso8del 1717-1G—A
Alas616Glu Gly1349Asp Alags55Glu 384G+10 kg C—T

Rescue synthesis Rescue traffic Restore channel Restare channel Correct Promote Unrescuable
activity activity splicing stability

Read-through Correctors (yes) Potentiators Potentiators Antisense Stabilisers (na) Bypass
compounds (yes) (no) oligonucleatides, therapies (no)
(no) correctors,
potentiators?
(no)

Figure 4. Classes of gene mutations and
respective therapeutic strategies.

CFTR mutations are grouped into seven
functional classes, expecting that the same
modulators will apply to all the defects in

one class.

The figure was reprinted from “Progress in
therapies for cystic fibrosis” by K. De
Boeck and M.D. Amaral, Lancet Respir
Med, (2016) [30].



1.2. Cystic fibrosis lung
1.2.1. Cystic fibrosis lung pathogenesis

CFTR dysfunction causes a decrease in Cl- and HCOj secretion in the respiratory
tract, altering both the volume and composition of the airway surface liquid (ASL). Since
CFTR usually controls ENaC, CFTR dysfunction also interferes with ENaC activity,
resulting in hyperabsorption of Na*. As a result, the ASL becomes dehydrated and acidic
[35] (Figure 5).

Dehydration and acidification of ASL increase the amount and viscosity of mucus,
rendering the mucus more persistent and difficult to remove by the mucociliary clearance
(MCC), a cleansing mechanism operated by cilia of airway epithelia sweeping inhaled
particles and microbes out of the airways. Therefore, the sticky mucus accumulates and
obstructs small airways, leading to chronic airway infections, inflammation, and,

consequently, the lung parenchyma's destruction [30, 36].

Indeed, inhaled bacteria cannot be adequately removed from the airways and
remain entrapped in the thick mucus, which is the ideal habitat for bacterial growth and
colonization [37]. It is noteworthy that CF mucus/sputum is rich in nutrients, optimal
temperature, and a slightly acidic pH [35]. Furthermore, the activities of antimicrobial

peptides are also compromised due to the acidic airway pH [36, 38].

Due to these environmental changes in CF airways, bacterial colonization occurs
with increased risk, leading to chronic respiratory infections. Subsequently, the
accumulation of inflammatory mediators and immune cells triggers more aggressive
inflammation. This vicious cycle results in lung tissue destruction, remodeling, and scar
formation [30, 39], leading to respiratory insufficiency and eventually to the death of the

patients.
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@ Abnormal CI permeability
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Figure 5. Pathogenic cascade of CF lung
disease.

Mutations cause defective CFTR protein,
resulting in reduced Cl" secretion and an increase
in Na* absorption. The impaired ion secretions
lead to decreased water content in ASL, leading
to thick mucus that the MCC cannot eliminate.
Consequently, mucus obstruction occurs,
allowing a destructive cycle of bacterial infection,
inflammation,  bronchiectasis, and tissue
remodeling. This vicious cycle worsens lung
function over time, resulting in progressive lung

disease.

The figure was reprinted from “Progress in
therapies for cystic fibrosis” by K. De Boeck and
M.D. Amaral, Lancet Respir Med, (2016) [30].



1.2.2. Cystic fibrosis lung microbiome

Chronic airway infections are commonly polymicrobial. The most common
bacteria found in the CF mucus are Pseudomonas aeruginosa, Staphylococcus aureus,
Haemophilus influenzae, and Burkholderia cepacia [40, 41]. They are categorized as
opportunistic pathogens that are highly harmful to immunocompromised and CF patients.
In CF, chronic airway infections can occur at every stage of life. S. aureus and H.
influenzae are commonly detected from the sputum in early ages. On the contrary, P.

aeruginosa is often found later in the second or third decade of age [6, 41] (Figure 6).
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Figure 6. Prevalence of respiratory pathogens in patients with CF.

(A) Changing prevalence over time. (B) Prevalence by age. The figure was reproduced with
permissions from Cystic Fibrosis Foundation Patient Registry: 2019 Annual Data Report,
Bethesda, Maryland ©2020 Cystic Fibrosis Foundation [7].
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It is still unclear how bacteria displace into the lower airways. Fothergill et al.
suggest that the nasopharynx and upper airways are a silent reservoir of bacteria. Bacteria
living in these areas can persistently adapt and migrate to the lower airways [42].
However, some studies suggest that aspiration could be the primary cause that leads

pathogens from the nasopharynx to the lungs [43, 44].

Bacterial colonization in the lungs poses a significant threat for CF patients [45].
It is because CF bacteria can form biofilms, which persistently induce inflammation and
worsen lung function. Bacterial biofilms are a mucoid surface-attaching lifeform of
bacteria, consisting of communities of microorganisms in a self-produced polymeric
matrix of variable composition, such as polysaccharides, proteins, lipids, and extracellular
DNA. These materials provide structural stability, allowing bacteria to attach to the
epithelial surfaces and mucin in the dehydrated mucus. Biofilms also provide bacteria
protection from immune cells and antibiotics, making them resistant to host defense
mechanisms. Aggressive antibiotic treatments are required to penetrate biofilm

protection. However, this could also aggravate antibiotic resistance.

Notably, P. aeruginosa is well-known for its biofilm-production ability and is
highly antibiotic-resistant due to its hypermutability [46]. Hypermutable bacteria usually
produce different phenotype offspring that contain different genes. Some phenotypes are
susceptible to antibiotics, but some are not. Thus, bacteria with the resistant phenotype
may survive antibiotic exposure and subsequently dominate the communities. Moreover,
horizontal gene transmission allows bacteria, even between different species, to share
specific genetic information [47], especially resistance genes, making the whole biofilm

community more resistant [48, 49].

In addition to bacteria, viruses and fungi are also microbiological agents that could
be involved in developing lung diseases. Viral infection, for example, can trigger
pulmonary exacerbations [33], whereas fungal infections by Aspergillus fumigatus and
Scedosporium apiospermium are usually associated with allergic reactions (allergic

bronchopulmonary aspergillosis) in CF [33, 50].

Microbial detection in the CF sputum is an excellent approach to identifying the

bacterial species and determining the severity and management of the disease. Since P.
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aeruginosa is highly mutable and capable of forming biofilms and associated with

frequent hospitalizations and death [51], its detection is a truthful sign of the disease.

1.3. Role of bicarbonate in the airway surface physiology

Bicarbonate (HCO3") is the second most abundant anion in the human body. The
HCO;3/CO; buffering system is crucial in maintaining blood pH (pH~7.4), which is
required for most cell functions. HCOs is secreted in the duodenum to neutralize acidic
chyme from the stomach in the digestive system. Alongside its buffering function, in the
respiratory system, HCOj™ is also considered as a CO> carrier, carrying a product of
cellular respiration (CO2) from cells to the lung tissues and releasing it during the gas
exchange. Furthermore, HCO3™ also plays a pivotal role in the airways regulating the

airway surface epithelia and tertiary structure of the mucin molecules.

The airways are directly connected to the external environment and constantly
exposed to microbes and foreign particles. Unlike the skin, the airway surface is lined
with specialized ciliated epithelia covered with mucus keeping the surface clean. These
pristine airways result from coordinating protective mechanisms, including the normal
regulation of ASL, MCC, airway pH, mucus homeostasis, and lung immunity. All of these

mechanisms seem to be linked to the proper secretion of HCOs3™ in the airways.

1.3.1. Airway surface liquid and mucociliary clearance

Airway surface liquid (ASL) is a thin layer of fluid, approximately 10 pm thick,
covering the luminal side of the airway surface epithelia. It comprises two layers: (1) a
periciliary liquid (PCL) layer, consisting of 96% water, 1% salts, 1% lipids, 1% proteins,
and 1% mucus [52, 53], adjacent to the epithelium. This layer is impregnated with cilia
from the epithelium. (2) a mucus layer (MCL) is a mucin-rich layer sitting atop of the
PCL, exposed to the air in the lumen (Figure 7). The mucus layer consists of a
heterogeneous mixture of macromolecules, including mucins, proteins, lipids, and

cellular debris.
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Figure 7. Airway surface liquid.

(left) Schematic illustration of airway epithelium structure and ASL. (right) hematoxylin and
eosin histology of excised swine trachea. The figure was adapted with the permission of the
American Thoracic Society. Copyright © 2021 American Thoracic Society. All rights reserved.
Cite: Shei, R.J., Peabody, J.E., and Rowe, S.M. (2018). Functional Anatomic Imaging of the
Airway Surface. Ann Am Thorac Soc. 15, S177-s183 [54].

MCL contains a large amount of gel-forming mucins, making it more viscous than
the PCL. Since MCL sit on the top of the PCL, it can entrap inhaled microorganisms and
particles. In contrast, PCL has less gel-forming mucins and is impregnated with cilia.
Thus, PCL is more liquid and can be moved by the beating motion of cilia. This motion
can upwardly sweep entrapped microorganisms and particles in the MCL to the upper
airways to remove them from the lungs by the MCC [55, 56]. Moreover, membrane-bound
mucins can be found in the PCL abundantly. These mucins tethered to epithelial cells'
cilia and apical surface, forming a tight macromolecular mesh, preventing the penetration

of inhaled particles and microbes in the airway epithelial cells [55].

In addition, ASL fulfills other vital functions in the airways (Table 1), such as
humidification, buffering of the pH, lubrication, and it serves as a source of antimicrobial
peptides. Therefore, maintenance of ASL homeostasis is critical and must be tightly

regulated.
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Table 1. Functions of respiratory tract fluid

Physical barrier to inhaled airborne organisms, particles, and other irritants, and
aspirated foods and liquids

Entrapment of organisms, particles, and irritants

Formation of the vehicle on which irritants are transported by mucociliary action for
clearance from the airways

Provision of a waterproof layer over the epithelium to limit desiccation
Humidification of inspired gas

pH buffering capacity

Lubrication

Insulation

Neutralization of toxic gases

Selective macromolecular sieve

Source of immunoglobulins and provision of extracellular surface for their activity

Source of antibacterial and other protective enzymes and provision of extracellular
surface for their activity

This table was reprinted with permission from “Airway Surface Liquid: Concepts and
Measurements,” by John G. Widdicombe, in Rogers D.F., Lethem M.I. (eds) Airway Mucus:
Basic Mechanisms and Clinical Perspectives. Respiratory Pharmacology and Pharmacotherapy.

Birkhéuser, Basel. Copyright Springer Basel AG 1997 [57].

1.3.1.1. ASL composition and its regulation

In general, ASL consists of water, electrolytes, and macromolecules. Specifically,
the PCL contains mostly water and salts, whereas macromolecules, such as proteins,
glycoproteins, and cell debris, mainly accumulate in the MCL. The physiological
regulation of these constituents results in healthy mucus that supports normal lung

function.
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1.3.1.1.1. Water and electrolytes

Numerous electrolytes, including H, Na*, K*, CI', Ca?*, PO4* [57], and HCO3 [3],
are detected in the ASL. These ions are maintained by various active and passive transport
mechanisms, resulting in a certain level of inorganic strength. Studies suggest that the
osmolality of ASL may be greater than that of body interstitial fluid, with values as high
as 350 mOsmol/H20 kg [58, 59]. This relatively high osmolality can pull water molecules

into the epithelial cells and ASL via passive transport.

Water and electrolytes regulation occurs mainly in the PCL. It has been
demonstrated that the thickness of PCL is accurately regulated. However, the total
thickness of ASL (including the MCL) is varied among anatomical positions of the
conduction airways, e.g., trachea, bronchi, and bronchioles [57, 60]. The optimal thickness
of PCL is critical for the MCC efficacy, allowing cilia to reach the sheet of gel (MCL).
On the contrary, it also keeps a distance between the cilia and gel, preventing the mucus

gel from being pulled too tightly. Otherwise, the clearance might become ineffective.

Numerous ion and water channels are involved in transepithelial water and
electrolyte transport in the lung. One of the most prominent transport proteins is the
CFTR, which controls several transport mechanisms associated with electrolyte and fluid

movement and pH regulation.

CFTR conducts both CI" and HCO;3™ according to their electrochemical gradient.
Naturally, these anions have a relatively high hygroscopic property that can attract water
molecules, resulting in water secretion to the airways. CFTR also inhibits ENaC activity,
leading to decreased Na® reabsorption. Under physiologic conditions, Na* and CI

secretion is accompanied by fluid movement from the interstitial to the airways.

In addition to fluid movement, HCO3™ secretion by CFTR also plays a significant
role in regulating airway pH, which further influences mucus homeostasis, the property
of antimicrobial peptides. This role will be extensively described in the airway pH

regulation section.
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1.3.1.1.2. Macromolecules

Mucin is the most abundant macromolecule in the ASL. In the normal airways,
mucin serves as the chief substrate of mucus, covering and protecting the airway epithelia.
Cell-surface or membrane-bound mucins (e.g., MUC1 and MUC4) are the mucins that
tether to the surface of airway epithelial cells in the periciliary space to provide structural
supports to cilia and the extracellular matrix [61] and form a physical barrier to protect the
epithelium [62]. Gel-forming mucins (e.g., MUC5AC and MUCS5B) are the mucins that
form gelatinous substances, essential for protecting the epithelium and entrapping

microorganisms and noxious substances and being a water reservoir for the PCL [60].

Gel-forming mucins are produced by goblet cells and submucosal glands of
airway epithelia (Figure 8). They are naturally negatively charged. However, when
packed and stored in the secretory granules (SGs), the negative charge is masked by
protons and Ca*". Many studies suggest that HCO3 operates mucus secretion by chelating
protons and Ca?*. Once pH increases or Ca*" is removed, the negative charges of mucin
molecules repel each other, resulting in the expansion of mucin molecules (Figure 9) [63,

64].

I ASL-mucus

Epithelium

Figure 8. Schematic illustration of ciliated epithelium with goblet cells and ASL.

ASL consists of PCL and MCL (ASL-mucus). Goblet cells secrete MUCS5AC (orange) and some
MUCSB (green). The figure was adapted with the permission of the American Thoracic Society.
Copyright © 2021 American Thoracic Society. All rights reserved. Cite: Ermund, A., Trillo-
Muyo, S., and Hansson, G.C. (2018). Assembly, release, and transport of airway mucins in pigs

and humans. Ann Am Thorac Soc. 15, S159-163. [64].
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Figure 9. Schematic illustration of the mucin expansion by HCO3".

Mucin granules masked by Ca?* are chelated by HCOs™ resulting in a completed mucin expansion,
whereas in CF (mucoviscidosis), HCOs™ secretion is limited, resulting in impaired mucin
expansion. The figure was reprinted with permission from “Cystic fibrosis: impaired bicarbonate
secretion and mucoviscidosis” by Quinton PM., Lancet, 2008. Copyright © 2008 Elsevier Limited
[63].

Nonetheless, the SGs can also be regulated by extracellular ligands, such as
inflammatory mediators, neurotransmitters, nucleotides, and nucleosides, all of which can
be induced by either physiological or pathological mechanisms [61]. Therefore, irritants,
changes in weather, seasonal allergies, or colds can induce mucus secretion in the upper

airways [39].

Proteins such as albumin, lactoferrin, lysozyme, defensins, and immunoglobulins,
as well as antimicrobial peptides, can be found in the ASL. They are primarily derived

from plasma exudation or tissues, such as plasma cells and the airway epithelial cells.
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The physiological regulation of these components results in healthy mucus
production, which is simply cleared by the MCC. In pathological conditions, unusual
materials linked to cellular damage and inflammation can be observed [57]. These
materials include dead cells, fragments and debris, DNA, neutrophils, particles, and dead
microbes. In fact, they are commonly found. However, their concentration is low. The
accumulation of these materials due to infection or inflammation dramatically increases
mucus viscosity, resulting in sticky mucus or sputum, which is hardly cleared by the

MCC. Detection of these substances can be used as a biomarker for lung pathology.
1.3.2. Airway pH

ASL pH varies along the respiratory tracts. Studies suggest that in the lower
airways, the ASL pH is approximately 7.0 + 0.1 [62, 65, 66], and it becomes more acidic
(5.6 — 6.7) in the upper airways. Tate et al. reported that the ASL pH of patients with
stable CF was 5.88 and could lower to 5.32 during infective exacerbation [35]. However,
the precise values of the airway pH are still debatable because the methods of pH

measurement are diverse, and many factors can affect the results.

There are two main methods for measuring ASL pH. The optical methods use pH-
dependent color changes of an organic dye (indicator) to measure the pH. On the other
hand, the potentiometric methods use electrodes to measure the electrical voltage on the
sample. Although the potentiometric methods seem to be more precise, many factors can
interfere with the results. These include the immersion depth and placement of the
electrodes, disturbance of epithelial layer, change in hygroscopicity, CO2 concentration,

temperature, and difference of cell type and experimental design [65].

ASL pH is buffered by a balance of acid-base reactions on the apical surface of
the airway epithelia. The concentration of HCO3™ and CO; are crucial that mainly
determine the buffer capacity [67]. H2COs is the central intermediate species of the acid-
base reaction (Figure 10). It is a weak acid generated by CO; and H»O dissolution.
However, this weak acid is unstable and constantly degraded to its deprotonated form,
HCOs and H', which can further react with hydroxide ion (OH"), resulting in H,O. These
reactions occur dynamically and bi-directionally, creating a self-sustained HCO3/H2CO3

buffering system that can tolerate minor pH interference.
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Figure 10. Bicarbonate/carbonic acid acid-base reaction.

The HCO3;/H2COs3 buffering system in the airway surfaces is maintained by
tightly controlled HCO3™ secretion. A recent theoretical model suggested that HCO3
secretion is regulated by CFTR, pendrin, and ANO1 and is aided by the coupling of CI°
secretion (Figure 11) [65]. The primary source of HCO3™ comes from the intracellular
dissolution of CO; driven by the carbonic anhydrase enzyme (CA). Concurrently, H, the
other product of CO> dissolution, is secreted by ATP-dependent active transporters onto

the apical surface.
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Figure 11. Distribution of the currently known transporters of airway epithelial cells.

HCOs" is secreted to the apical surface by CFTR, pendrin (Pdn), and ANO1, while H" is secreted
by active transporters. Carbonic anhydrase (CA) activity is the primary source of HCOs  and H".
Basolateral reabsorption and paracellular transport are also alternative sources of HCOs™. The
figure was reprinted from “Airway Surface Liquid pH Regulation in Airway Epithelium Current

Understandings and Gaps in Knowledge,” by M. Zajac, et al., Int J Mol Sci, (2021)[65].
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Additionally, HCO3™ can be taken up by Na'/HCOj3 cotransporter (NBCel) at the
basolateral side of the epithelial cells. This transporter functions synergistically with CI°
/HCO3™ exchanger (AE2) to recycle HCO3", which further enhances the driving force for
apical HCOs" secretion. Paracellular HCOs transport is also another pathway that helps
to support apical HCO3™ secretion when its concentration fluctuates. Moreover, other
constituents, such as PO4>, mucins, and some proteins also have a buffering property that

can help to strengthen the buffering capacity in the ASL.

1.3.3. Innate airway immunity

Innate airway immunity involves several defense strategies that airway epithelial
cells can use upon microbial challenges [68]. Recent studies suggest that HCO3™ plays a

vital role in these processes as well.

1.3.3.1. Protective mucus and the MCC

Airway epithelia are lined with ciliated cells. As previously described, these cells
secrete membrane-bound mucins, which act as a physical barrier to the cells and physical
support for cilia in the PCL of ASL. Gel-forming mucins secreted by globet cells and
submucosal glands contribute to the airway mucus, entrap inhaled particles and microbes,

and are further eliminated by the MCC [68].

HCO;s  facilitates mucus homeostasis by triggering mucin expansion. It raises pH
and chelates Ca?*, which masks the SGs of mucins, resulting in a disperse of unfolding
mucin molecules releasing to the mucus layer [63, 64]. Failure in HCOj3™ secretion has been
shown to hamper mucus homeostasis in a piglet model [69]. Since HCO3 has a
hygroscopic property that can raise the osmolality, HCOj3™ secretion also involves the fluid

movement in the PCL, improving MCC.

1.3.3.2. Antimicrobial proteins

Antimicrobial proteins (AMPs) are abundantly detected in the ASL. They are
secreted by airway epithelial cells and submucosal glands. The AMPs are effective
against bacteria, viruses, and fungi that are entrapped in the mucus. AMPs are divided

into two groups: small and large AMPs.
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Small AMPs are short peptides with a positive charge. There are hundreds of
them, but only two, defensins and cathelicidins, are found copiously in the ASL. These
AMPs can induce microbial permeabilization [70] and have chemotactic activities that
recruit the immune cells, such as mast cells, neutrophils, monocytes, macrophages, and

T cells.

The other group of AMPs is large AMPs, which include lysozyme, lactoferrin,
palate-lung-nasal-clone (PLUNC), and CCL20. Lysozyme was the first AMPs identified
in ASL. It can induce the lysis of Gram-positive bacteria. Lactoferrin is known for its
iron-sequestrating property, which reduces the concentration of free extracellular irons

required for microbial metabolisms [71].

Normal AMP activities are linked to an optimal pH, which emphasis again the
importance of HCOj™ secretion in defense against the microbes. It has been reported that
under acidic conditions, the bacterial killing capacity of AMPs is significantly decreased
[36]. However, when ASL was supplemented with NaHCO3, its bacterial killing capacity
was restored [72]. These findings agree with data reporting that carbonate ions, including

COs* and HCO5", enhance AMPs activities [73].

1.3.3.3. Antimicrobial property of bicarbonate

Over the last decade, accumulated evidence has hinted that HCO3™ has owned
antimicrobial properties. It has been shown that natural mineral water that contains HCO3"
can mitigate respiratory and skin infections [74]. In food and agricultural industries,
HCOs" is used as an adjunctive microbial disinfectant and food preservative [75, 76]. In
dentistry, HCO3"is added to dental care products, such as toothpaste and mouthwash, to
reduce microbial accumulation and biofilm formation [77]. These findings have supported
the antimicrobial property of HCO3™. However, it is still unclear whether this effect is due

to its capacity to increase the pH or the anion per se has antimicrobial effects.

Furthermore, it is noteworthy that HCO3™ concentration is precisely maintained in
the human body. Therefore, the presumptive antimicrobial property could contribute to

the general innate immunity of the human body.
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1.4. Microbiological approaches in CF research

Chronic infections caused by opportunistic bacteria lead to pulmonary failure, the
leading cause of death in CF. Therefore, researchers put significant effort into
microbiology research to better understand the relationship between CFTR deficiency
and bacterial colonization in the airways. Results of these investigations could contribute

to the development of new therapeutic approaches in CF.

Culture-based methods are generally used to examine bacteria for diagnostic
purposes or specific therapeutic agents or interventions. The culture-based methods are
tied to microbiological media. Many microbiological media are nutrient-rich solutions
that can favorably promote bacterial growth in a laboratory setting, yielding the best
bacterial culture ready for investigations [78]. Most conventional microbiological media
are non-selective. They are designed for universal use, and their composition is fixed so

that most bacteria can grow in them.

However, when applying to CF microbiology, the reliability of using conventional
microbiological media has been cast doubt since the composition of the CF lung secretion,
in which CF bacteria colonize, is different from the traditional media. Accumulated data
also support that CF bacteria behave distinctively in the lungs, suggesting the importance
of the unique environment. These notions led to the development of alternative culture

media that resemble the habitat in CF airways [79-82].
1.4.1. Artificial sputum medium

Artificial sputum medium (ASM) is a mucin-based medium resembling the CF
airway environment. Its first record appeared in 1997 by Ghani and Soothil, as they
intended to induce P. aeruginosa biofilm formation [79]. Since there has never been a
consensus for the core recipe, various versions and modifications have been proposed.
Sriramulu and colleagues pioneered the ASM study by investigating the effect of each
ASM component and proposing the most comprehensive formula, containing mucins,
free DNA, egg yolk emulsion, proteins, and electrolytes, as the main constituents [80].

Their finding later became the main guideline for creating ASM [83].
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In the last decade, ASM has been applied in a broad range of studies. Accumulated
evidence has proven its suitability in CF microbiology. CF pathogens grown in ASM tend
to show their typical characteristics, including specific gene expression, microcolony
(biofilm) formation, metabolite utilization, surface motility, evolutional diversity, and,
most importantly, rigorous antibiotic-resistant ability, similar to those pathogens found in
the CF lung [79, 80, 82, 84-90]. ASM has reduced the complexity of CF microbiology

making it easily accessible in a laboratory setting.

1.4.2. Bacterial growth determination

In medical microbiology, observation of microbial growth is a common strategy
to identify microbial infection or determine the efficiency of an intervention. Several

methods are used for microbial growth determination.
1.4.2.1. Light-absorbing method

The simplest approach is the light-absorbing method. Bacteria grown in a solution
are shed by the light of a specific wavelength generated by a spectrophotometer. A sensor
on the other side detects the light that penetrates through the solution presenting as an
optical density (OD) of the solution. The OD value varies depending on the turbidity of
the solution that absorbs a certain amount of light. The more turbid, the higher value of

OD, which directly links to the density or number of bacteria.

This method allows continuous monitoring of bacterial growth for days without
interruption. However, it is noteworthy that bacterial culture is a mixture of live and dead
cells and some other extracellular products that this method cannot distinguish. Therefore,
the OD value may not represent the actual number of live bacteria. Moreover, the
composition of the growth medium can also affect the OD value. For example, the
medium's turbidity, color, or heterogenicity can increase the OD, which may mislead the

results [86].
1.4.2.2. Viable cell count

The colony-forming unit (CFU) assay is the gold-standard method for viable
bacterial cell count. Following treatment, the bacterial culture is diluted serially up to 10
- 12 sequential dilutions. Each bacterial solution is plated on an agar Petri dish and

incubated overnight. The Petri dishes with countable colonies (approximately 25 to 250
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colonies per Petri dish) are selected and counted for a total number of colonies. The
number of colonies is calculated by multiplying with the dilution factor, giving the actual

number of bacteria in the solution.

Since all bacteria in a colony originate from the same parental cell, they are
considered an individual unit. Moreover, only intact bacteria can undergo cell division.
Therefore, the number of bacteria/colonies obtained in this assay represents the number

of living bacteria in the solution [91].

1.4.2.3. Flow cytometry

Flow cytometry is a technique that uses a laser beam shotting to the flow of cells
or particles and detects the light scattering, revealing the cell’s physical and chemical
characteristics. With fluorescent labeling, this method enables cellular identification and

detection of some specific material in the solution.

In microbiology, flow cytometry combined with nucleic acid double-staining
(NADS) allows researchers to simultaneously distinguish and quantify living and dead
cells [92, 93]. Bacterial cells are stained with a mixture of two different nucleic acid dyes;
one is cell membrane-permeant, whereas the other cannot enter healthy cells. Cell-
permeant dyes, such as Sybr Green and SYTO9, promptly penetrate the cell membranes
and attach to the genetic materials. In contrast, cell-impermeant dyes, such as propidium
iodide (PI), enter only cells with damaged membranes. Inside the cells, PI quenches Sybr

Green or SYTOO fluorescence.

This method is fast and provides reliable information about bacterial membrane
integrity. However, it requires experienced technicians to monitor the measurement and
analyze the data. Moreover, the quality of the results dramatically relies on the machine,
analyzing software, and chemical reagents, which are costly. Biological factors, such as
the cell membrane of the Gram-negative bacteria and bacterial growth stage, can also

interfere with the results [94].

1.4.3. Biofilm formation quantification

The studies of biofilm formation have started in the 1980s when researchers found

that most aquatic bacteria predominately attach to surfaces [95]. In medicine, biofilm
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formation is usually associated with infections on the surface of medical implants or
opportunistic infections in patients with immunocompromised immune or long-term
hospitalization, as well as CF patients. Many methods have been developed to detect and

quantify biofilm formation.

1.4.3.1. Biofilm crystal violet assay

Biofilm crystal violet assay is a simple, reliable, and quick method that allows in
vitro quantification of bacterial biofilms. Bacteria are grown for at least 24 h allowing
biofilm formation. The bacteria are subsequently removed, and the leftover attaches

(biofilms) are stained with crystal violet (CV).

CV staining is nonspecific. It stains all biomass, both living and dead cells, as well
as the matrix composed of extracellular polymeric substances [96]. Therefore, this method
helps assess the overall biofilm response. However, it may not be appropriate to identify

biofilms with living bacteria since it does not distinguish the living and dead cells.
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2. Objectives

Although the antimicrobial property of HCOs3™ has been previously suggested, its
direct effect on bacteria remains largely unknown. Thus, we have designed a series of
experiments to investigate the antimicrobial effect of HCO3 per se. The experiments were

performed both in conventional microbiological media and artificial sputum medium.
The main goals were:

1. To determine the most suitable preparation procedure and composition of

ASM for these experiments.

2. To study the effects of HCO3™ on the growth of Staphylococcus aureus

and Pseudomonas aeruginosa.

3. To investigate the effects of HCO3™ on biofilm formation of Pseudomonas

aeruginosa.
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3. Methods

3.1. Growth conditions for bacteria

3.1.1. Brain-heart infusion broth

Brain-heart infusion (BHI) medium (Mast Group Ltd., Merseyside, UK) (37 g/L)
was prepared following the manufacturer’s instructions. The pH was set to a pH of 7.4
with NaOH solution. The medium was subsequently aliquoted into four portions (Table
2 BHI). One portion was kept unchanged for the control sample. For the other three, either
100 mM NaCl or NaHCO3 were added to make the designed conditions. All four media
were autoclaved at 121°C for 30 min. NaHCO3-containing BHI was always equilibrated

with 5% or 20% CO; for at least 16 h at 37°C before use.

3.1.2. Bouillon medium

Bouillon medium was prepared according to the following recipe: 0.3% meat
extract, 0.2% yeast extract, 1% peptone, and 0.5% NaCl. The pH was adjusted to 7.5 with
NaOH solution. The medium was divided into five portions (Table 2 Bouillon). One
portion was kept unchanged for the control sample. Glucose (11 mM) [97] was added to
the other four, then either 100 mM NaCl or NaHCO3 were added to the medium according

to the experimental design.

3.1.3. Artificial sputum medium

ASM used in our experiments was developed based on published literature (Table
3). ASM was prepared with four different conditions (Table 2 ASMi). NaHCOs-free
ASM was used as control media, whereas NaHCO3-containing ASM was assigned as the

experimental media.
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Table 2. Culture media and conditions

Media Conditions pH NaCl NaHCOs Atmospheric Glucose DNA  Test
(mM) (mM) conditions

BHI (1) Control BHI 7.4 - - Ambient air - - OD
(2) 100 mM NacCl 7.4 100 - Ambient air - -
(3) 100 mM NaHCO; 8.5 - 100 5% CO, - -
(4) 100 mM NaHCO; 7.4 - 100 20% CO2 - -
Bouillon (1) Control bouillon 7.5 - - Ambient air x - CVA
(2) Glucose bouillon 7.5 - - Ambient air 4 -
(3) 100 mM NacCl 7.5 100 - Ambient air v -
(4) 50 mM NaHCO; 7.5 - 50 10% CO, v -
(5) 100 mM NaHCOs 7.5 - 100 20% CO2 v -
ASMi (1) NaHCOs-free 7.4 100 - Ambient air v v CFU
(2) NaHCOs-free 8.0 100 - Ambient air v v Cf;A
(3) 25 mM NaHCO; 7.4 75 25 5% CO, v v
(4) 100 mM NaHCOs 8.0 - 100 5% CO» v 4
ASM: (1) NaHCOs-free 7.4 100 - Ambient air v x FC
(2) NaHCOs-free 8.0 100 - Ambient air v x
(3) 25 mM NaHCO;3 7.4 75 25 5% CO» 4 x
(4) 100 mM NaHCOs3; 8.0 - 100 5% CO, v x

Ambient air = 0.04% CO»
OD = optical density; CFU = colony-forming unit assay; CVA = crystal violet assay; FC = flow cytometry.
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Table 3. Artificial sputum medium recipe developed from published literature.

Author Ghani & Sriramulu Palmer Fung Kirchner Yeung Wright Behrends Quinn Comstock Davies Jaikumpun Reference
Soothill et al. et al. et al. et al. et al. et al. et al. et al. et al. et al. et al.
Year 1997 2005 2007 2010 2012 2012 2013 2013 2015 2017 2017 2020
mucin 0.5% 0.5% - 1% 0.5% 1% 0.5% 0.5% 2% 2% 0.5% 2% [88, 98]
DNA 4 g/L 4 g/ - 1.4 g/L 4 g/l 1.4 g/L 4 g/L 4 g/L 1.4 g/L 1.4 g/L 4 g/L 1.4 g/L [82, 85, 88, 98]
NaCl 90 mM Na* | 85 mM 50 mM 85 mM 85 mM 50 mM 85 mM 85 mM 85 mM 100 mM 85 mM 100 mM [98]
+
KCl1 :;8 Eﬁ é_ 30 mM 15 mM 30 mM 30 mM 15 mM 30 mM 30 mM 30 mM 30 mM 30 mM 30 mM [83, 84, 88, 98]
Ferritin - - - - - - - 3 uL/mL 3 uL/mL - 3pL/mL | [88,98-101]
DTPA 5.9 mg/L 59 pg/mL | - 5.9 pg/mL 59 pg/mL | - 59 pg/mL | 59 pg/mL | - - 5.9 pg/mL - [88, 98]
Egg yolk SmL/L 5 pL/mL - 5 uL/mL 5 pL/mL - 5 uL/mL 5 pL/mL 0.01% 5 uL/mL 5 uL/mL 5 pL/mL [83, 84, 98]
lecithin

Essential 5¢g/L 19 mM 5¢g/L 2.5g/L 1gL 2.5¢gL 5g/L 7.225x 7.225x 2.5¢g/L Sg/L [83]
amino acids
Non-essential 14.45x 7.225x
amino acids
Glucose - - 3 mM - - - - - - - - 11 mM [102]
Buffer Tris Tris PO & Tris Tris PO4> Tris Tris PO Tris HEPES & | -

MOPS NaHCOs3
Other - 9.3 mM 10 mg/mL - 2mM - - - Indicators - NaHCOs3 [102]
modifications L-lactate, BSA MgSOs4,

2.3 mM 10 uM

NH4Cl FeSO4
Sterilization - Autoclave - Antibiotics Filtration 70°C 24h | Filtration | Filtration Autoclave Autoclave Filtration Multiple -

techniques




3.1.3.1. Preparation of ASM-ingredient stock solutions

A stock solution of each ingredient was prepared in advance in a large volume,

then aliquoted into small portions, and stored in the refrigerator (4°C) (except for the

DNA stock solution kept at -20°C). The concentration and sterilization technique of each

ingredient stock solution are shown in Table 4.

Table 4. ASM components and their final concentration

Name Stock Final Sterilization
Concentration Concentration technique
Mucin from porcine 5% (w/v) 2 % (w/v) Autoclaving
stomach
DNA sodium salt from 14 mg/mL 1.4 mg/mL Dissolving in sterile

salmon testes

Casein hydrolysate 20 mg/mL 5 mg/mL
Egg yolk emulsion Ix 0.005x
Ferritin 1 mg/mL 0.003 mg/mL
NaCl* 2M 100, 75 or 0 mM
NaHCO;* 1M 0, 25 or 100 mM
KCl 2M 30 mM
Glucose 2M 11 mM
HEPES acid M

50 mM*
HEPES sodium salt 1M

deionized water
Filtration
Instant sterile

Dissolving in sterile
deionized water

Filtration
Filtration
Filtration
Filtration
Filtration

Filtration

* Concentration of NaCl and NaHCOs are varied depending on the ASM conditions (Table 2).
# Appropriate volumes of HEPES acid and HEPES sodium salt are mixed to obtain the specific pH

value (Table 5).
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3.1.3.2. ASM preparation
3.1.3.2.1. NaHCO:s-free ASM (control ASM)

NaHCOs-free ASM (pH 7.4 and 8.0) were prepared by mixing an appropriate
volume of each ingredient-stock solution. The final concentration of each constituent is
shown in Table 4. The pH of the NaHCOs3-free ASM was adjusted by adding HEPES acid
and Na-HEPES stock solutions (Table 5). Sterile deionized water was added in the last

step to bring up the final volume to 20 mL.

Table 5. buffering system and pH adjustment

pH HEPES acid HEPES sodium-salt Total concentration

7.4 27 mM 23 mM 50 mM

8.0 12 mM 38 mM 50 mM
3.1.3.2.2. NaHCOs-containing ASM

All ingredients, except NaCl, were mixed in the same method as the NaHCOs-
free ASM. To make 25 or 100 mM NaHCO3 ASM, an appropriate volume of 1 M
NaHCO:s stock solution was added to the solution. Since the effect of ionic strength was
concerned, we reduced NaCl concentration to 75 mM in the ASM containing 25 mM
NaHCOs3 and to zero in the ASM containing 100 mM NaHCOs3 (Table 2 ASM;) to
maintain the osmolality (approximately 300 mOsm in total). Moreover, these NaHCO3-
containing ASM were incubated in 5% CO», according to Henderson—Hasselbalch

equation, resulting in pH 7.4 and 8.0, respectively.

It is noteworthy that NaHCO3 was naturally sensitive to heat and atmospheric
conditions. Therefore, we prepared our ASM freshly, and NaHCO3 was constantly added

to ASM immediately before bacterial incubation.

For the flow cytometry experiment, DNA-free ASM was created because free
DNA in ASM can interfere with the nucleic acid staining (Table 2 ASM>). Thus, the DNA

component was omitted and replaced by an equal volume of sterile deionized water.
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3.2. Bacterial strains

Bacterial strains used in the experiments were Staphylococcus aureus (ATCC®
29213™) and Pseudomonas aeruginosa (ATCC® 27853™). The spectrophotometry and
CFU were also carried out with two further isolates of the same species: S. aureus (SA-
113) and P. aeruginosa (PA-17808). For the biofilm crystal violet assay, only P.
aeruginosa clinical isolate (PA-17808) was tested because our pilot studies revealed that
only this strain produced a detectable amount of biofilm. The list of all bacteria and the
tests are shown in Table 6. The PA-17808 strain was obtained from the Central
Bacteriological Diagnostic Laboratory of Semmelweis University, Budapest, while the
SA-113 strain was originally isolated from an asymptomatic carrier by the workgroup of

the Institute of Medical Microbiology, Semmelweis University, Budapest.

Table 6. List of Bacteria

Bacteria Strains Spectro- Colony-forming Flow Biofilm
photometry unit assay cytometry crystal
(CFU) violet assay
S. aureus ATCC® 29213™ v v v
S. aureus SA-113 v v
P. aeruginosa ATCC® 27853™ v v v
P. aeruginosa PA-17808 v v v

SA-113 and PA-17808 are clinical isolates

3.2.1.1. Preparation of bacterial suspensions

The pre-culture of each bacterium was prepared for each individual experiment
from the same stock culture stored at -80°C. Bacteria were plated onto simple agar plates
and incubated overnight. Single colonies were then picked to inoculate into a 15-mL test
tube containing 5 mL of Brain-Heart Infusion (BHI) broth (Mast Group Ltd., Merseyside,
UK) and cultured overnight at 37°C. The density of the cultures was adjusted to the
desired value with a VITEK Densichek apparatus (Biomérieux, Marcy 1’ Etoile, France)

directly before using them for the experiments.
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3.3. Growth experiments

In this project, we used three different methods to determine bacterial growth

under the presence and absence of NaHCO:s.

3.3.1. Light-absorbing method (Spectrophotometry)
3.3.1.1. Bacterial inoculation

Overnight culture of each bacterium was inoculated to each BHI condition to the
density of 0.5 McFarland (approximately 1.0 x 10® cells/mL). The bacterial suspensions
were mixed gently. 200 pL aliquots of each suspension were dispensed into 96-well plates
in duplicate and incubated at 37°C in ambient air (for NaHCOs;-free BHI), or in 5% or
20% COz (for NaHCOs3-containing BHI) as designated.

3.3.1.2. Spectrophotometry measurement

The growth of bacteria was followed by measuring the optical density (OD) at
595 nm using a PR2100 microplate reader (Bio-Rad Laboratories, Hercules, Canada) 60
min after inoculating and subsequently every 15 min for 5.5 h. A negative control sample

(without bacteria) was also prepared at the same time.

3.3.1.3. Data management

Values of OD from each condition were subtracted from the OD value of the
negative control. The results of the parallel measurements of duplicate samples were
averaged and normalized to the control media. Data in averaged OD values were plotted
in a graph (OD vs. time). The growth rates were determined by calculating the area under

the curve (AUC) [103] using Microsoft Excel, based on the summation of small trapezoids.

3.3.2. Colony-forming unit assay
3.3.2.1. Bacterial inoculation and cultures

Overnight cultures of each bacterium were adjusted to 3.0 McFarland
(approximately 9.0 x 10® cells/mL) and inoculated at a 1:50 dilution into ASM and mixed
gently. 200 pL aliquots of each suspension were dispensed into 96-well plates in triplicate
and incubated at 37°C in ambient air (ASM without NaHCO3) or 5% CO2 (ASM with
NaHCO:s3). After 6 or 17 hours of incubation, 30 pL of the bacterial culture was taken and
serially diluted over a range of dilution factors from 107! to 10”°. After that, 10 pL aliquots
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of each dilution were plated onto simple agar plates. The plates were incubated at 37°C

overnight.

3.3.2.2. Bacterial enumeration

The colonies on each plate were counted by using Imagel software (NIH, USA).
Only plates that showed approximately 25 to 250 colonies were selected and subsequently
calculated to CFU per milliliter (CFU/mL) with the following equation:

(Number of counts on the plate)
(0.01 x Dilution factor)

CFU/mL =

Results in CFU/mL were then converted to a logarithmic scale (log CFU/mL). In
each condition, three independent experiments were carried out (n = 3). All data were
pooled (totaling 9 replicates per treatment group, except for S. aureus ATCC at 6 h having
only 3 replicates). The mean values of log CFU/mL in each condition were compared as

designated.

3.3.3. Flow cytometry experiment
3.3.3.1. Bacterial cultures

Bacterial samples used in this experiment were prepared similar to the CFU assay.
Briefly, overnight cultures were adjusted to 3.0 McFarland and subcultured at a 1:50
dilution into different DNA-free ASM conditions. 200 uL aliquots of each suspension
were dispensed into sterile 1.5-mL tubes in triplicate and subsequently incubated for 17

h at 37°C in ambient air or 5% COs.

3.3.3.2. Bacterial preparation and staining

After incubation, a 0.85% NaCl solution (1 mL) was added to each tube and
centrifuged at 12,000 rpm for 2 min at room temperature (RT). The pellet was
resuspended in 1 mL 0.85% NacCl solution and incubated for 10 min at RT. This step was
repeated twice to remove excess ASM. Each bacterial suspension was then adjusted with
0.85% NaCl solution to 0.5 McFarland (approximately 1.5 x 10® cells/mL). In
experiments with P. aeruginosa, EDTA (5 mM) was added to the saline solution to

disrupt the bacteria's outer membrane and facilitate penetration of the dye [104].
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Bacterial suspensions were stained with the LIVE/DEAD BacLight Bacteria
Viability Kit (L7007, Invitrogen, Waltham, MA, USA). The BacLight consists of
SYTQOY, amembrane-permeant dye penetrating all cells, and PI, which is cell-impermeant
and only enters damaged or dead cells. The staining reagent was prepared according to
the manufacturer’s instructions. Briefly, component A (1.67 mM SYTO9/1.67 mM PI)
and component B (1.67 mM SYTO09/18.3 mM PI) were mixed 1:1 in a microtube. Five
microliters of the mixture was added to 1 mL of each bacterial suspension (5 pL/mL final
concentration). The suspensions were subsequently mixed thoroughly and incubated in
the dark for 25 min before the measurement at RT. Microbeads (100 pL) (Invitrogen,

USA) were added to the suspensions for cell quantification.

Samples containing ASM without bacteria were prepared and stained to determine
background noise. The autofluorescence of the bacteria was assessed using unstained
cells. The positive controls were generated by pre-treating the cells with propanol (70%
(v/v)) to cause membrane damage and maximize PI penetration. Therefore, the

membrane-damaged or dead cells were simply detected with the high intensity of PL.

3.3.3.3. Flow cytometric measurement

Flow cytometry was carried out using BD FACSCalibur system (Becton
Dickinson, San Jose, CA, USA) equipped with a 635-nm Red diode laser and a 15-mW
488-nm air-cooled argon solid-state laser. Forward (FSC) and side scatter (SSC) were
collected from 488 nm excitation. SSC was set as a discriminator to reduce electronic

background noise during the analysis.

The instrument settings were defined by the Megamix-Plus SSC beads (Biocytex,
Marseille, France) and optimized with 1 pm Silica Beads Fluo-Green Green (Kisker
Biotech GmbH & Co., Steinfurt, Germany). Stained bacteria were excited by the 488-nm
laser, and the fluorescence was collected through a 530/30-nm bandpass filter (SYTO9)
and a 670-nm long-pass filter (PI).

All signals were amplified logarithmically (four decades). The sampling rate was
adjusted to less than 1,000 particles/s. Each measurement lasted 1 minute. Sterile PBS

was applied as a sheath fluid. Data were acquired with BD CellQuest Pro software
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(Becton Dickinson, San Jose, CA, USA). Stained cell suspensions were analyzed

immediately after dye incubation.

3.3.3.4. Flow cytometry data analysis

Data gating and analysis were performed using Flowing software version 2.5.1
(Turku Centre for Biotechnology, Turku, Finland, released 4.11.2013). Dot plots of
detected signals from each sample were analyzed based on the FSC, SSC, green (FL1),

and red (FL3) fluorescence intensities (Figure 12).

A standardized bacterial gate (R-0) was set on the FSC-SSC dot plot, based on the
Megamix-SSC boundary, to select the bacterial population (Figure 12 A, purple). This
bacterial R-0 gate was then saved and applied to other samples. Next, the unstained,
propanol-treated, and untreated (NaHCO3-free) samples were analyzed to determine the
regions of autofluorescence, dead, and living cells, respectively (Figure 12 B-D). Briefly,
signals detected from the unstained sample were identified first and attributed to
autofluorescence and background noise. They were subsequently gated in R-1 (Figure 12
B, grey signals) to discriminate them from bacterial signals. Next, the positive control
and untreated samples were analyzed. Signals with high intensities in FL1 and FL3
(SYTO9- and PI-positive signals, respectively) were selected and attributed to bacterial
cells (Figure 12 C&D).
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Figure 12. Gating strategy for the flow cytometric measurement.

Viability was determined by membrane integrity analysis using the LIVE/DEAD BacLight
Bacteria Viability Kit. We defined a standardized bacterial gate (R-0) (A) on the FSC-SSC dot
plot on the basis of the Megamix-SSC boundary. The bacterial signals inside the R-0 gate of the
unstained (B), propanol-treated (C), and untreated (NaHCO3-free) samples (D) were analyzed
based on the FL1 vs. FL3 fluorescence. Autofluorescence signals were gated in R-1. Signals with

high FL3 intensity were gated in R-2. Signals with high FL1 intensity were gated in R-3.

To determine bacterial viability, manually set gates were applied based on the
positive control and untreated samples. Since the positive control samples were treated
70% propanol to kill the bacteria, the signals detected from this sample, exhibiting a high
intensity in FL3, were attributed to membrane-damaged or dead cells and gated in the R-
2 region (Figure 12 C, red signals). This R-2 gate was next applied to the untreated
samples, where signals outside the R-2 gate, which exhibited a high intensity in FL1, were
gated in the R-3 region (Figure 12 D, green signals) and attributed to membrane-intact or
healthy cells. The presets of these R-regions were saved as a template and then applied to

the other samples using the automated folder runner function to obtain the data from each

sample.
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Frequencies of the signals inside the R-2 and R-3 gates from each condition were
quantified using the statistic function of the software and presented as percentages of the
total population in R-0. Three (P. aeruginosa) and four (S. aureus) independent
experiments were performed. All data were pooled (totaling 9—12 replicates per treatment
group). Means of the percentages of SYTO9- and Pl-positive signals and the ratio of
SYTO9- to PI-positive signals were compared in ASM with and without NaHCO3.

3.4. Biofilm experiments
3.4.1. Crystal violet assays

Bacterial suspensions of P. aeruginosa (PA-17808) were prepared with the same
methods as the other measurements. For the experiments with conventional culture media
(bouillon), 100 pL aliquots of each suspension were dispensed into 96-well plates in
eight-duplicate and incubated at 37°C in ambient air (NaHCOs3-free condition), or in 5%
or 20% CO; (NaHCOs3-containing condition) for 48 h.

For the ASM, 200 pL aliquots of each suspension were dispensed into 96-well
plates in five parallel. Bacteria were incubated in ambient air (ASM without NaHCO3) or

5% CO2 (ASM with either 25 or 100 mM NaHCO3) for 48 h at 37 °C.

3.4.1.1. Crystal violet staining and data collection

After incubation, unattached bacteria were removed by rigorous washing with 200
pL of 1x PBS three times. Bacteria attached to the wells were air-dried and stained with
125 pL crystal violet solution (0.1%) for 10 min. Excess crystal violet was removed by
rinsing the plates several times in tap water. The plates were then air-dried. Crystal violet
stain was solubilized in 30% acetic acid (200 puL/well) for 10 min. From each well, 125

uL of this solution was taken and transferred to a new flat-bottom 96-well plate.

Optical density (OD) was measured at 595 nm in a PR2100 microplate reader.
The average OD from the control wells without bacteria was subtracted from the ODs
measured in wells with bacteria. Three independent experiments were performed. All data
were pooled. Means of OD in each condition were compared in the media with and

without NaHCO3 as designated.
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3.5. Statistical analysis

Data from the experiments performed in the conventional media (BHI and
bouillon) were analyzed using Statistica for Windows 7.0 (Statsoft). Data presented are
means + SD. The values were compared using ANOVA followed by an LSD post hoc

comparison test. Changes were considered statistically significant at p < 0.05.

For the ASM, the statistical analysis was performed on the pooled data of each
experimental group, except for S. aureus ATCC 29213 CFU assay at 6 h, by using
GraphPad Prism version 8.0.0 (GraphPad Software, Inc., San Diego, CA, USA). Pooled
data were normally distributed (Shapiro—Wilk test) and presented as means + SD. The
means were compared using one-way ANOVA, followed by Tukey’s post-hoc multiple
comparison test. The un-pooled data were analyzed by using Kruskal-Wallis test,
followed by Dunn’s post-hoc multiple comparison test. Changes were considered

statistically significant if p < 0.05.

48



4. Results

4.1. Effects of bicarbonate on the growth of bacteria prevalent in CF
4.1.1. Bicarbonate inhibits the growth of S. aureus and P. aeruginosa in BHI

The growth rate of both S. aureus and P. aeruginosa was significantly reduced in
BHI broth supplemented with 100 mM NaHCOj equilibrated with 20% CO> (pH 7.4)
compared to NaHCOs-free BHI at the same pH value (Figure 13).
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100 mM NaHCO3, 20% CO, (pH 7.4)

Figure 13. Bacterial growth rate in BHI medium with different conditions.

Growth of S. aureus (A) and P. aeruginosa (B) in BHI medium supplemented with NaHCO3
compared to control conditions measured by the spectrophotometry technique. Each curve shows
the average of two parallel experiments. Standard Deviations were generally less than 1% of the

mean and are not shown.

Since the supplementation of 100 mM NaHCOs increased ionic strength, which
may contribute to the growth reduction, we used BHI supplemented with 100 mM NaCl
(pH 7.4) as control and incubated the bacteria for 6 h. Interestingly, the growth rate of
both species was not affected in the NaCl-containing BHI, suggesting that the inhibitory
effect of NaHCO3 was not due to increased osmolality or ionic strength (Figure 13, black

triangle).
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However, the growth inhibition was also observed in the alkaline BHI (pH 8.5)
supplemented with 100 mM NaHCOj equilibrated with 5% CO», prompting the query if
the alkalinity of NaHCO3 could affect the bacterial growth. Therefore, NaHCO3-free BHI
(pH 8.5) was also tested. We found that the growth capacity was not affected in NaHCOs-
free BHI (pH 8.5) (Figure 13, white dot vs. white square). Additionally, the inhibitory
effect in NaHCOs-containing BHI (pH 8.5) was similar to that observed in NaHCOs-
containing BHI pH 7.4 (Figure 13, black & white squares), indicating that the inhibitory

effect was not due to alkaline pH.

The area under the curve (AUC) was calculated to compare the growth rates of
bacteria in each condition quantitatively. For both species, the NaHCO3-enriched medium
resulted in approximately 25 to 50% AUC reduction compared to the medium without
NaHCO;s; (Table 7).

Table 7. Calculated AUC values based on growth curves in Figure 13.

100 mM 100 mM 100 mM
Bacterium ( 11311-‘171 4) ( l;{l—;l 5) NaCl NaHCOs3 NaHCOs3
p ) P ) (pH 7.4) (pH 7.4) (pH 8.5)
S. aureus 2.48 2.41 2.93 1.92 1.76
P. aeruginosa 2.05 1.92 1.82 1.01 1.06

4.1.2. Bicarbonate decreases the CFU of S. aureus and P. aeruginosa in ASM

Artificial sputum medium mimics the CF airway environment. Thus, we
investigated the growth of both S. aureus and P. aeruginosa in ASM. Our data show that
the viable cell counts for both bacteria were significantly reduced in the ASM containing
100 mM NaHCOs (pH 8.0) compared to NaHCOs-free ASM (pH 8.0) following 6 h
incubation (Figure 14 A-D). In ASM supplemented with 25 mM NaHCOj3 (pH 7.4), only
P. aeruginosa ATCC 27853 cell counts were significantly reduced (Figure 14 C).
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Figure 14. CFU assay of cystic fibrosis bacteria.
S. aureus ATCC 29213 (A&E), S. aureus SA-113 (B&F), P. aeruginosa ATCC 27853 (C&G),
and P. aeruginosa PA-17808 (D&H) grown in different ASM conditions for 6 (A-D) and 17 h
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(E-H) in ambient air or 5% CO,. Values are presented as means of log CFU/ml + SD. The
experiment was repeated three times. All data were pooled, totaling 9 replicates per treatment
group, except for S. aureus ATCC at 6 h having only 3 replicates (A). Statistical analysis: one-
way ANOVA followed by Tukey’s post-hoc multiple comparison test (B-H) or Kruskal-Wallis
test followed by Dunn’s post-hoc multiple comparison test (A). * = p < 0.05, ** = p <0.01, ***
= p <0.001 when comparing ASM with and without NaHCOj3 at the same pH (same-colored
columns); ## = p < 0.01, ## = p < 0.001 when comparing the two NaHCO3 concentrations (25
vs. 100 mM) (shaded columns); $ = p <0.05, $$ = p <0.01 when comparing NaHCO3-free ASM
at pH 7.4 and 8.0 (clear columns).

After a 17 h incubation, similar inhibitory effects of NaHCO3 were observed
(Figure 14 E-H). The viable cell counts for both S. aureus and P. aeruginosa were
significantly decreased in the ASM containing 100 mM NaHCOs (pH 8.0). However, in
ASM containing 25 mM NaHCOs3 (pH 7.4), only viable cell counts for P. aeruginosa
(both the ATCC strain and the clinical isolate) were significantly reduced (Figure 14
G&H).

Comparing the two NaHCOz3-containing ASM (25 vs. 100 mM NaHCO3), the
viable cell count reduction caused by 100 mM NaHCOs3 was significantly greater than
that caused by 25 mM NaHCOs3 at 6 h incubation (with the single exception of the S.
aureus ATCC strain). These results suggest a concentration-dependent inhibitory effect
of HCO3™ on bacterial growth (Figure 14 B-D). However, after the more prolonged
incubation (17 h), no significant difference between the inhibitory effects of 25 and 100
mM NaHCOs3 was detected in either species (Figure 14 E-H).

Next, we asked whether the differences in pH of the NaHCO3-containing media
could influence the inhibitory effects of sodium bicarbonate. Therefore, we compared the
bacterial counts in NaHCOs-free ASM (pH 7.4 vs. pH 8.0). In the absence of NaHCO3,
the more alkaline (pH 8.0) medium did not decrease the S. aureus cell counts compared
to the pH 7.4 (Figure 14 A,B,E). Interestingly, the counts were actually increased at pH
8.0 in the S. aureus clinical isolate following the 17 h incubation (Figure 14 F). On the
other hand, the more alkaline pH slightly reduced the P. aeruginosa ATCC cell count
after the 6 h incubation (Figure 14 C), but there was no significant difference following

17 h incubation (Figure 14 G). For P. aeruginosa clinical isolate, there was no significant
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difference in the viable cell counts between NaHCOs-free ASM pH 7.4 and 8.0,
regardless of incubation time (Figure 14 D&H).

Taken together, our CFU data suggest that NaHCO3; has a concentration-
dependent inhibitory effect on bacterial growth, which is not due to changes in external
pH.

4.1.3. Bicarbonate decreases the number of viable cells and increases membrane-
damaged cells detected by the flow cytometry

We used the flow cytometry and LIVE/DEAD BacLight Bacteria Viability Kit to
assess the effect of NaHCO3 on the membrane integrity of the S. aureus and P. aeruginosa
ATCC strains grown in different ASM conditions. BacLight is a combination of two
nucleic acid stains (SYTO9 and Propidium iodide (PI)). These two dyes enter bacterial
cells differently depending on the integrity of the cell membranes. SYTO9 can penetrate
the intact cell membrane emitting green fluorescence (530 nm). In contrast, PI can only
enter cells with damaged membranes. Once PI enters the cells, it quenches the SYTO9
fluorescence resulting in strong red fluorescence (670 nm). Therefore, cells with high
intensity of green fluorescence (SYTO9) are considered healthy or viable, while red

fluorescence indicates damaged or dead cells.

4.1.3.1. Flow cytometric dot plot

As apositive control, we used propanol to treat the bacteria. Indeed, when bacteria
were treated with propanol (70% (v/v)), the strong red signal was detected (R-2) while
the green signal (R-3) was absent (Figure 15 A&F), indicating that membrane damage

leads to an increase in PI and decrease of SYTOO9 signals.

Importantly, NaHCO3 induced significant changes in density and shape of the
clusters of SYTO9 and Pl-positive cells (Figure 15 BC, DE, GH, 1J). Both 25 and 100
mM NaHCOs increased the intensity of the PI signals and decreased the intensity of the
SYTO9 signals, which indicates that NaHCOs; increased the bacterial membrane

permeability.
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Figure 15. Flow cytometric dot plot of viability staining.
S. aureus (SA) and P. aeruginosa (PA) were cultured in ASM and treated with 70% propanol for
membrane permeabilization (A&F), in NaHCOs-free ASM (pH 7.4) (B&G), in ASM containing
25 mM NaHCO;j; (pH 7.4) (C&H), in NaHCO;-free ASM (pH 8.0) (D&I), and in ASM containing
100 mM NaHCO:;s (pH 8.0) (E&J). Bacterial signals from each condition are plotted as dot plots

gated in R-3, R-2, and R-1, respectively.
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4.1.3.2. Quantification of SYTO9 and PI-positive cells

Next, we quantified the SYTO9 and Pl-positive cells and calculated the
percentage of each cluster relative to the whole population. The percentage of SYTO9
and Pl-positive cells in ASM with and without NaHCO3; were compared at different pH
values (Figure 16).
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Figure 16. Percentage of SYTO9- and PI-positive signals.

Values are calculated from SYTO9- and Pl-positive clusters of S. aureus ATCC 29213 (A&B)
and P. aeruginosa ATCC 27853 (C&D) grown in different ASM after 17 h of incubation, and
presented as a mean percentage = SD. The experiment was repeated three (P. aeruginosa) or four
times (S. aureus), totaling 9 - 12 replicates per treatment group). Statistical analysis: one-way
ANOVA followed by Tukey’s post-hoc multiple comparison test. ** =p <0.01, *** = p < 0.001
when comparing ASM with and without NaHCO3 at the same pH (same-colored columns); # =

p <0.05 when comparing the two NaHCOj3 concentrations (25 vs. 100 mM) (shaded columns).

We found a significant reduction in the percentage of SYTO9-positive cells for

both S. aureus and P. aeruginosa in the ASM containing 100 mM NaHCOs; (pH 8.0)
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when compared to NaHCO;-free ASM at the same pH (pH 8.0) (Figure 16 A&C). In
contrast, the percentage of Pl-positive cells was significantly increased in the ASM
containing 100 mM NaHCOs for both species as well, when compared to NaHCO;-free
ASM at the same pH (pH 8.0) (Figure 16 B&D). Interestingly, in P. aeruginosa, a
significant increase in the percentage of Pl-positive cells in ASM containing 25 mM
NaHCO; (pH 7.4) was also detected when compared to NaHCOs-free ASM at the same
pH (pH 7.4) (Figure 16 D).

In addition, we observed a concentration-dependent decrease in the percentage of
SYTOY positive S. aureus cells when compared the effects of 25 mM NaHCOs3 (pH 7.4)
and 100 mM NaHCO; (pH 8.0) (Figure 16 A). In fact, this concentration-dependent
pattern could be detected for the percentage of SYTO9 positive P. aeruginosa cells and
the percentage of PI-positive of both bacteria species. However, differences did not reach
the level of statistical significance. Furthermore, the ratios of SYTOO to PI-positive cells
of both bacteria species remain unchanged in NaHCOs-free ASM regardless of pH (pH
7.4 vs. 8.0) (Figure 17). These results suggest that the effects of NaHCO3 were not due to

the alkalinization of the medium.
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Figure 17. Ratios of SYTQ9- to PI-positive signals.
S. aureus ATCC 29213 (n=4) (A) and P. aeruginosa ATCC 27853 (n = 3) (B) in different ASM

media. Values are presented as means £ SD.
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4.2. Effects of bicarbonate on P. aeruginosa biofilm formation
4.2.1. Bicarbonate inhibits biofilm formation in conventional medium

Robust biofilm formation was observed in the NaHCOj3-free bouillon following
48 h of incubation, whereas biofilm formation was almost completely inhibited in
bouillon containing either 50 or 100 mM NaHCOs (Figure 18). Moreover, to investigate
whether the increase in osmolality could inhibit biofilm formation, we tested the effects
of 100 mM NaCl (pH 7.5). Surprisingly, the NaCl-containing medium drastically
increased biofilm formation compared to that observed in NaHCOs-containing bouillon
media, suggesting that the inhibition of biofilm formation was due to the effect of HCO3"

per se.
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Figure 18. Biofilm formation capacity of P. aeruginosa in glucose-containing bouillon in the
presence of NaCl or two different concentrations of NaHCOs.

Please note that, in the absence of glucose, no biofilm formation was observed. *** p < 0.001.
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4.2.2. Bicarbonate inhibits biofilm formation in ASM

We observed that NaHCOj inhibited P. aeruginosa biofilm formation in ASM.
We detected a massive P. aeruginous biofilm formation in NaHCOs-free ASM following
48 h incubation. In contrast, biofilm formation was significantly inhibited in NaHCO3-
containing ASM (both 25 and 100 mM) (Figure 19). Interestingly, the alkaline NaHCO:-
free ASM (pH 8.0) increased biofilm formation (Figure 19 B, clear columns). This

evidence reinforces the assumption that the high pH does not inhibit biofilm formation.
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Figure 19. Biofilm formation capacity of P. aeruginosa grown in different ASM.

(A) crystal violet staining after 48 h of incubation. (B) statistical analysis of biofilm formation.
Values are presented as means of optical density (OD) = SD. The experiment was repeated three
times (n = 3, 15 replicates per treatment group). Statistical analysis: one-way ANOVA followed
by Tukey’s post-hoc multiple comparison test. *** = p < 0.00/ when comparing ASM with and
without NaHCOs at the same pH (same-colored columns); $ = p < 0.05 when comparing the

NaHCOs-free ASM at pH 7.4 and 8.0 (clear columns).
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5. Discussion

In these studies, we investigated the effects of HCO3™ on the growth and biofilm
formation of prevalent CF bacteria both in conventional microbiological and artificial
sputum medium. We found that HCOj™ inhibits the growth of S. aureus and P. aeruginosa
in both media. Furthermore, HCO3™ reduces P. aeruginosa biofilm formation. Our results
suggest that these antimicrobial effects are independent of pH changes and could be due

to bacterial membrane damage caused by HCO3™ per se.

5.1. Antimicrobial property of bicarbonate

CFTR dysfunction leads to impaired HCO3" transport which compromises lung
functions [36]. HCO; plays a pivotal role in regulating the volume and composition of the
airway surface liquid [63, 64, 105]. In addition, the antimicrobial properties of HCO3; have
been discussed for several decades [74-77]. However, it is still unclear whether these

antimicrobial effects of HCOs3™ are due to alterations in pH or ionic strength.

We first tested the effects of HCO3™ on prevalent CF bacteria (S. aureus and P.
aeruginosa) in different BHI media (Figure 13). The results showed that 100 mM HCO3"
significantly reduced the growth rates of both S. aureus and P. aeruginosa. This
confirmed the antimicrobial effects of HCO3". In addition, the antimicrobial effects seem
to be independent of pH and osmolality because the growth rates were not affected in

BHI controls (with an equal amount of NaCl supplementation at the same pH).

Defective HCO3™ secretion in the CF lungs contributes to the production of
pathological mucus (sputum) [63], which is ideal for bacterial colonization [37, 40]. It has
been demonstrated that CF mucus can induce the expression of the genes associated with
biofilm formation, which is very different from those found in the traditional media [80].
Therefore, we used a special medium (ASM) mimicking the composition of CF sputum
[79, 80]. Previous data showed that ASM is suitable for CF microbiological studies [79, 80,
82, 84-90]. However, none of the existing ASM recipes included HCO3™ in the composition.
Therefore, in order for us to observe the effects of HCO3", we had to modify the ASM

composition explicitly for our experiment slightly.
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The preparation of ASM containing NaHCOs is very challenging. HCO3™ is
naturally unstable and possesses a proton buffering capability, which can strongly
alkalinize pH. On the other hand, changes in pH and/or atmospheric CO> concentration
can also dissipate HCOj3™ content. In fact, HCO3", pH, and CO; levels are interconnected,
forming a chemically inseparable triad relationship, in which one of the parameters
cannot be modified without changing the other two. Thus, reliable control of these
parameters becomes a classic obstacle for researchers dealing with HCO3™ [106]. Besides,
it is noteworthy that HCO3™ can be easily destroyed by other chemicals during the
preparation or pH adjustment. In addition, at low COz levels, HCO3™ can sharply increase

the pH to a deadly range for the cells.

We solved this problem by applying three different strategies. First, we worked at
5% COxz regardless of HCO3™ concentrations of the ASM. According to the Henderson-
Hasselbalch equation, using 25 or 100 mM HCOs™ at 5% COz results in a pH of ~7.4 or
~8.0, respectively. Second, to strengthen the HCO37/CO; buffer system, we added HEPES
buffer for an additional buffering system in NaHCOs-containing ASM. We also used
HEPES buffer for the control media (HCO3™-free ASM pH 7.4 or 8.0). Third, to avoid
HCOs3 degeneration, all ASM were always freshly prepared, and HCO3™ was added into
the ASM immediately before bacterial inoculation. Using these approaches, we could
have four different and comparable ASM conditions (Table 2 ASM). Therefore, we
investigated the effects of HCO3™ on CF bacteria under conditions more resembling the

CF airway environment.

We first assessed the bacterial growth in ASM by using spectrophotometry,
similar to our prior experiments with the BHI medium. However, the first attempt was
not successful because ASM was naturally turbid. In addition, ASM contained a high
amount of macromolecules, such as mucins and DNA, which tend to precipitate over
time. Since the spectrophotometer estimates the number of bacteria by detecting the light
intensity at a given wavelength, turbidity of the ASM and precipitation significantly
interfered and misled the results [86]. Therefore, we used the colony-forming unit (CFU)
assay and flow cytometry to investigate the bacterial growth in ASM. The results obtained
by these two different methods were similar, confirming our previous observations in the

BHI medium using spectrophotometry.
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The viable cell count assay is the gold-standard method to quantify the number of
bacteria. We used this approach by incubating the bacteria in ASM with and without
HCOs3" for 6 and 17 h. Our results show that 100 mM HCOs3" significantly decreased the
viable cell counts of S. aureus and P. aeruginosa in ASM in both 6 and 17 h (Figure 14),
indicating that the bacterial growth in the exponential and stationary phases was inhibited.
These findings confirmed our previous results suggesting the antibacterial property of
HCOs". Notably, similar observations have also been reported in food sciences. The
growth rate of food-contaminating bacteria, such as E. coli, L. plantarum, and S. aureus,
as well as P. aeruginosa, can be significantly reduced by 120 mM NaHCOs. This effect
is even more pronounced on yeasts [76]. Another study suggests that NaHCOs3 can exert

antimicrobial effects when its concentration reaches or exceeds 25 mM [107].

Moreover, we investigated the effects of HCO3™ at two different concentrations
(25 mM and 100 mM). As expected, the higher concentration of HCO3™ exerted a more
potent effect (Figure 14 B-D). However, these dose-dependent inhibitory effects seem to
be present only during the exponential growth phase. After 17 h incubation, both
concentrations were equally effective (figure 14 E-H). The explanation of these
phenomena is unclear. We hypothesize that this may be due to the natural features of
HCOs". First, HCOs  is bacteriostatic, and extended incubation time with
spectrophotometry revealed that bacterial growth fully recovered after 24 h [102]. Second,
as mentioned earlier, HCOs" is also unstable by nature. Environmental factors, such as
changes in pH (H" concentration) or CO2, can change its concentration. Third, all
variables and parameters, including HCOs", were only set initially, then we let the
experiments run with no interruption. Therefore, taken together, prolonged incubation
could result in a significant loss of HCOz3", which allows an increase in the bacterial

growth rate.

However, these scenarios are entirely different from the normal airways, where
the physiological concentration of HCOs3" is steadily maintained. Although the estimated
physiological concentration is relatively low (10 - 20 mM) [62], persistent HCOj3
secretion in the normal airways could sustain this concentration, resulting in ever

available antimicrobial effects against microbial challenges in the lungs.

61



In parallel with the CFU assay, a more advanced technique, the flow cytometry
combined with nucleic acid double-staining (NADS), was used to assess bacterial
viability [92, 93]. In ASM containing 100 mM NaHCOj3, the percentage of damaged cells
(PI-positive) increased, while the intact cells (SYTO9-positive) decreased for both S.
aureus and P. aeruginosa (Figure 16). These findings are in agreement with data obtained
in CFU assay and spectrophotometry, supporting the antimicrobial effects of HCO3".
However, initial experiments with P. aeruginosa (a Gram-negative bacterium) were
unsuccessful. We observed that SYTO9 was unable to penetrate through the membrane
of P. aeruginosa. This phenomenon has been previously reported by other studies
suggesting that the outer membrane of Gram-negative bacteria constitutes a barrier
preventing SYTO9 permeation [94, 104, 108]. Nevertheless, this problem can be solved by
an appropriate dose of UVA light, glutaraldehyde, or EDTA [104, 109]. We used 5 mM
EDTA to facilitate the SYTO9 entry to P. aeruginosa cells.

Data obtained by flow cytometry uncovered a possible mechanism of action of
HCOs3". Our results showed that HCO3™ could alter the percentage of PI- and SYTQO9-
positive cells, suggesting that HCO3™ may cause bacterial membrane damage. A recent
study suggests that HCO3™ may dissipate the proton gradient on the bacterial membrane,
resulting in membrane instability, reducing viability [106]. Another explanation is that
HCOs™ may chelate divalent cations (e.g., Ca®" and Mg”"), necessary for bacterial

membrane stability [110, 111].

As mentioned previously, EDTA enhanced SYTO9 penetration into P.
aeruginosa. Some studies suggest that EDTA could have antimicrobial effects [112-114].

Thus, we speculate that these effects also result from the chelation of cations [115].

5.2. Biofilm-suppressing effects of bicarbonate

In the CF airways, where HCO3™ secretion is impaired, pathogenic bacteria tend
to form biofilms representing a significant threat for CF patients. We first investigated
the effects of HCO3™ on P. aeruginosa biofilm formation in Bouillon (conventional)
medium supplemented with 2% glucose. We found that 100 mM HCOj3" inhibited the
biofilm formation while equimolar NaCl (100 mM) had no effect (figure 18). Our findings

are in line with data published by Gawende and colleagues reporting that P. aeruginosa
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biofilms were suppressed by NaHCO3; combined with sodium metaperiodate and sodium
dodecyl sulfate [116]. Pratten and colleagues also reported that NaHCOj3 could disrupt oral

biofilm in vitro [117].

Since the composition of the medium could influence bacterial behavior and
biofilm formation capacity [79, 80], we repeated these experiments in ASM. ASM
containing 25 and 100 mM NaHCOs; significantly inhibited P. aeruginosa biofilm
formation (figure 19). These results strengthen the clinical relevance of our previous

observations, indicating that HCOj3™ suppresses bacterial conversion to biofilm lifestyle.

Interestingly, a significant increase in P. aeruginosa biofilm formation was
detected in alkaline NaHCO3-free ASM (pH 8.0). This finding agrees with the other
studies demonstrating increased biofilm formation in alkaline pH [118, 119]. Nevertheless,
considering that alkaline pH significantly stimulates biofilm formation, we speculate that

HCOj suppresses biofilm production independent of its alkalinizing effects on pH.

5.3. Bicarbonate as a therapeutic agent

Since CF is a genetic disease, it is understandable that most attention and
resources have been devoted to developing CFTR protein correctors and modulators.
Nowadays, numerous CFTR modulators exist. However, they can be used only for certain

CFTR defects (Figure 4). For example, ivacaftor is developed for class III mutations.

Although the overall outcomes of protein-modulator/corrector treatments are
promising [120], the disease progression cannot be stopped. Pulmonary exacerbations and
other complications can still occur [16, 30]. Pulmonary exacerbation and other
complications still remain at nearly the same rate as they have historically [7]. Moreover,
all CFTR defects are still not covered since more than 2,000 mutations exist, and several
more are still unidentified. Therefore, conventional symptomatic therapies are still

required.

For CF lung disease, the symptomatic therapies are based on three key aspects;
restoration of ASL and MCC, reduction of lung inflammation, and efficient control of
chronic lung infections [30]. Thus, several drugs explicitly targeting different symptoms

have been introduced to improve CF treatments. For example, Dornase alfa, a DNAse
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mucolytic agent, is used to increase mucociliary clearance. Non-steroid anti-
inflammatory drugs (NSAIDs) are used to mitigate inflammation. Antibiotics, indeed, are
prescribed for both prevention and alleviating bacterial infection. Therefore, CF patients
have to take a combination of drugs for their entire life. This is a considerable burden,

and possibly other complications can develop, such as antibiotic resistance [121].

Inhalation of NaHCO3 containing aerosols has caught attention since recent
evidence has revealed the link between HCOs™ deficiency and CF lung disease's
pathogenesis. Restoration of HCO3™ levels in CF airways may be a pivotal factor to
improve CF morbidity and mortality. Many in vitro and in vivo studies support this idea.
It has been shown that HCO3" can increase airway pH [122], improve airway viscosity and
MCC [69, 105, 123, 124], and restore airway bacterial killing capacity [72]. Our data
demonstrate concentration-dependent antimicrobial effects of HCO3™ inhibiting bacterial

growth and biofilm formation.

Moreover, a recent clinical study evaluating the safety, tolerability, and effects of
inhaled aerosolized NaHCOj3 solution (4.2% and 8.4%, which is equivalent to 50 and 100
mM) in CF volunteers suggests that both HCO3™ concentrations are safe, significantly
increase airway pH, and can reduce the sputum viscosity [125]. An in vitro study
conducted by our team also supports that 100 mM NaHCO3 was well-tolerated by both
wild-type (WT-CFTR CFBE) and CF bronchial epithelial (AF508-CFTR CFBE) cells
(Figure 20) [126].
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Figure 20. Airway epithelial cell tolerability testing after sodium bicarbonate treatment.

Impedance kinetics measurements of the WT-CFTR CFBE (A) and AF508-CFTR CFBE (B) cells
after sodium bicarbonate treatment at different concentrations (50, 100, 200 mM). (C)
Morphology of CFBE cells after sodium bicarbonate treatment at different concentrations for 24
h. Green color: immunostaining for junctional proteins. Cyan color: cell nuclei. Red color: nuclei
of damaged cells. Bar: 40 um. The figure was reprinted from “The effect of sodium bicarbonate,
a beneficial adjuvant molecule in cystic fibrosis, on bronchial epithelial cells expressing a wild-

type or mutant CFTR channel” by Grof, 1. et al., Int J Mol Sci. (2020) [126].

This evidence suggests the safety of using HCOs3™ (up to 100 mM), which supports
that HCOs3™ could be a therapeutic tool for CF lung disease. However, we speculate that
combination therapy (HCO3™ treatment, CFTR modulators, and symptomatic therapies)

may be the best approach to treat CF patients.
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6. Conclusions

In this study, we successfully developed a suitable preparation procedure to
prepare a unique medium (ASM) that resembles the CF airway environment to study the

effects of HCO3™ per se on CF bacteria.

HCOs3™ inhibits the growth of S. aureus and P. aeruginosa, the most prevalent CF
bacteria. HCO;3™ also suppresses P. aeruginosa biofilm formation. Importantly, we
detected these inhibitory effects in both conventional medium and ASM. The composition
of the latter medium resembles the CF airway mucus, suggesting that the inhibitory
effects of HCO3™ might also exist in CF lung. We demonstrated that these effects are
independent of changes in pH and osmolality, suggesting that the inhibitory effects are
merely induced by HCO3™ per se. We also showed that HCO3" effects were concentration-

dependent.

Taken together, we demonstrated that HCOs3 ™ has antimicrobial effects.
Furthermore, HCO3" restores airway pH, mucus secretion, and bacterial killing capacity.
Since recent evidence has also suggested that HCO3™ is safe on bronchial epithelial cells,
inhalation of aerosolized HCO3™ could be a potential symptomatic therapy for CF lung
disease and other airway diseases (e.g., COPD) associated with mucus accumulation and

bacterial infection.
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7. Summary

Cystic fibrosis (CF) is a genetic disease caused by mutations in the gene encoding
the CFTR channel. In CF, the mutations cause Cl" and HCOj3™ hyposecretion, leading to
airway dehydration, acidification, and viscous mucus production. This mucus is ideal for
colonization by pathogenic bacteria. P. aeruginosa and S. aureus are the most common
bacteria detected in the CF airways. These bacteria are frequently associated with biofilm-
induced infections and progressive lung function decline due to repeated infections,
inflammations, and tissue remodeling. This vicious cycle eventually leads to death due to
pulmonary failure. HCO3™ has shown its clinical importance in airway physiology. Not
only does taking part in the extracellular fluid movement, but it also influences the airway
pH buffering system, mucus homeostasis, and innate immune system. The antimicrobial
effects of HCO3™ have also been discussed. However, because of limited data, it is still
unclear whether these effects are induced by HCO3™ per se, its alkalinizing effects, or
increased ionic strength. Here we demonstrate that the antimicrobial effects of HCO3

exist, and it is not due to an increase in pH or osmolality.

We tested the effects of 100 mM HCOj3™ on the growth of P. aeruginosa and S.
aureus in brain-heart infusion (BHI) medium supplemented with 20% CO.. The results
showed that 100 mM HCOs™ inhibited the growth of both bacteria. Since CF mucus is
ideal for bacterial colonization, we also used an artificial sputum medium (ASM), a
unique medium whose composition resembles CF mucus, to mimic the CF mucus. We
developed a unique ASM that includes 25 or 100 mM NaHCOs to test its effects on
bacterial growth and biofilm formation. The colony-forming unit assay and flow

cytometry were used to count viable P. aeruginosa and S. aureus cells.

The data show that HCO3" significantly decreased viable cell counts and biofilm
formation in a dose-dependent manner. These effects were due neither to extracellular
alkalinization nor to altered osmolality. Our findings demonstrate that HCO3™ exerts direct
antibacterial and antibiofilm effects on prevalent CF bacteria. NaHCO3 inhalation may

be a practical therapeutic approach for CF and other infectious diseases in the airway.
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8. Osszefoglalas

A cisztas fibrozis (CF) egy 6roklodé megbetegedés, amely a CFTR ioncsatornat
kodold génben Iétrejott mutacio miatt alakul ki. Cisztas fibrozisban a Cl™ és HCOj3™ ionok
hiposzekrécidja kovetkezik be, ami a 1égutakban 1év6 folyadékfilm volumenének és pH-
janak csokkenéséhez, illetve stiri nyakképzOodéshez vezet. Ez utdbbi idedlis
koriilményeket teremt a patogén baktériumok kolonizacidjahoz. A két leggyakoribb CF-
ben szerepet jatszo korokozd a P. aeruginosa és a S. aureus. Ezek a baktériumok
jellemzoéen biofilm képzdk, és az altaluk okozott sokszor visszatérd fertdzések és
gyulladas progressziv tiidofunkcio romlashoz vezet. Ez az 6rdogi kor végiil a tiido teljes
tonkremeneteléhez, kovetkezésképpen halalhoz vezethet. A HCO3™ kiemelkedd klinikai
jelentéséggel bir a légutak élettanaban. Egyfeldl szerepe van az elektrolit és folyadék
kivalasztasban, masfelél befolyasolja a léghti pH-t, a mucus homeosztazist, s6t még a
velesziiletett immunrendszer miikodését is. Tobben folvetették a HCO;™ antimikrobas
hatasat is. Azonban kevés adat all rendelkezésre ezzel kapcsolatban, és nem vilagos, hogy
maga a HCOz3", vagy esetleg az altala okozott erds ligosodas és ionerdsség all-e a hatas
hatterében. Jelen dolgozat eredményei igazoltak, hogy a HCO3™ valdban rendelkezik

antibakterialis hatassal és ez nem a pH vagy az ozmolalitas novekedésével fiigg Gssze.

Munkénk soran teszteltiik a 100 mM HCOs™ hatasat a P. aeruginosa és a S. aureus
novekedésére 20% COx—vel equilibraltatott brain-heart infusion (BHI) taplevesben.
Eredményeink vildgosan mutatjdk a 100 mM HCOs3 baktérium-ndvekedést gatld hatasat.
Miutan a CF-ben képzddo siirt nyak idealis kozeg a bakterialis kolonizaciohoz, egy tn.
mesterséges kopetet (artificial sputum medium, ASM) is alkalmaztunk a kisérletekben,
amely 0sszetételében és tulajdonsagaiban nagymértékben hasonlit a CF-ben keletkezett
nyakra. Az eredeti ASM receptet tovabbfejlesztettik ugy, hogy 25 vagy 100 mM
NaHCO:s tartalmu legyen, hogy ebben vizsgalhassuk a bikarbonat hatasat a baktériumok
novekedésre illetve a biofilm képzésre. Az €16 P. aeruginosa és S. aureus sejtek

mennyiségi meghatarozasara cfu mérést €s aramlasi citometriat hasznaltunk.

Eredményeink azt mutattdk, hogy a HCO3 koncentraciéfiiggd modon
csokkentette az ¢l0 baktériumszamot, valamint a biofilmképzést. Kizartuk az
extracellularis lugosodas, vagy a megvaltozott ozmolalitas hatasat. Kimondhatjuk tehat,

hogy a HCOs3 maga kozvetlen antibakterialis és anti-biofilm hatassal bir a két
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legfontosabb CF korokozo esetében. A NaHCOs3 inhaldcionak ezért komoly terapias

szerepe lehet CF-ben, vagy egyéb fertdzéses eredetli 1éghiti megbetegedésben.
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