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Abstract: Airway obstruction with chronic inflammation and infection are major contributors to the
lung damage and mortality of cystic fibrosis (CF). A better understanding of the congested milieu
of CF airways will aid in improving therapeutic strategies. This article retrospectively reports our
observations, and discusses insights gained in the handling and analysis of CF sputa. CF and non-CF
mucus samples were surveyed for morphological features by electron microscopy and analyzed
for the macromolecular dry weight (MDW), total protein, lipid, carbohydrate, and DNA. Mucus
character was investigated with chemical solubilization time as a comparative tool. CF mucus
appeared distinctly thick, viscous, and heterogeneous, with neutrophils as the dominant immune
cell. CF sputum DNA content varied markedly for and between individuals (~1–10% MDW),
as did solubilization times (~1–20 h). CF Sputum DNA up to 7.1% MDW correlated positively
with solubilization time, whereas DNA >7.1% MDW correlated negatively. 3D analysis of CF sputa
DNA, GP, and solubilization times revealed a dynamic and predictive relationship. Reflecting on the
heterogeneous content and character of CF mucus, and the possible interplay in space and time in the
respiratory tract of polymeric DNA and mucous glycoproteins, we highlight it’s potential to affect
infection-related airway pathologies and the success of therapeutic interventions.
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1. Introduction

Cystic fibrosis (CF) is an exocrine and genetic disorder hallmarked by thick mucus in the
respiratory tract, bronchitis, and frequent and persistent infections [1–6]. Progressively chronic infection,
inflammation, and airway obstruction contribute to bronchiectasis, diminished lung function, and
shortened life spans [1–6]. Loss of function mutations in the DNA for the cystic fibrosis transmembrane
conductance regulator (CFTR) lead to imbalances in salts (including bicarbonate) and water transport
across the secretory systems throughout the body, and contribute to altered mucus rheology (viscosity
and elasticity), diminished mucociliary clearance (MCC), and declining pulmonary function [4,7–11].
Differences in CF and non-CF airways and how they manage infection have been recognized for decades
and investigated intensively with functional assays and chemical and microscopic analyses [1,12–18].
Structural elucidation studies of CF and non-CF tracheobronchial mucins have added insight into
the chemical changes associated with CF resulting from the CFTR mutations, the inflammation,
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the recurrent infections, or the constellation of these and other factors [7,15,19–26]. Countless animal,
cell, and organelle culture models have been, and continue to be, employed to give valuable guidance
on how to improve the health of patients with CF [1,8,27–33].

Therapeutics development for CF has provided many tools for better managing this disease, and
individuals with CF are now living much longer, higher-quality lives [5,6,34–36]. Much respiratory
research has been toward combating opportunistic pathogen colonization and improving MCC.
Strategies continue to evolve aimed at rehydrating the airway surface, (including the collapsed
periciliary and mucus layers); dissociating and mobilizing the abundant entangled dehydrated mucous
glycoproteins; and fragmenting the significant quantity of polymeric neutrophilic DNA arising from
persistent inflammation and reduced MCC [3,4,6,31,37–46]. Rigorous individually-tailored daily
treatment regimens now often include oral, intravenous, and/or aerosolized antibiotics and intense
chest physiotherapy with or without inhaled recombinant human DNase (rhDNase), mucolytics,
and/or osmotic agents [3,5,6,31,34,35,43–45]. Novel oral therapeutics targeting the basic defects are
ushering in a new era for CF [4,6,34]. Addressing the synthesis, trafficking, and function of the mutant
CFTR, “modulators” are proving successful at increasing functional CFTR activity, and in doing so, are
improving airway hydration, MCC, and pulmonary function [4–6,11,34]. Even so, chronic obstruction,
infection, inflammation, and resulting lung damage remain significant CF life challenges [4,5,33,47].
This is particularly so for individuals for whom either the lung pathology is already extensive [6] or
the new agents are not available, accessible, or effective [4–6,48].

With chronic airway obstruction as a central issue in CF, the character of the so-called “CF
mucus” is the focus of this research report. Normal airway mucus is innately protective and
cleansing. CF mucus is more adherent, viscous, dehydrated, and impairs normal mucociliary escalator
clearance [1,4,9,10,16,17,28,30,32,40,42,49–51]. Alterations in, and macromolecular complexity of, CF
secretions create physical and chemical barriers to the immune system, to regional ventilation, to
antibiotic and mucolytic agents, and to potential gene therapy vehicles [4,37,48,50,52–56]. CF mucus
is a rich mixture of plasma proteins, inflammatory cells, DNA, bacteria, and bacterial products,
with alveolar and tracheobronchial epithelial and submucosal gland secretions. CF mucus has both
organic and inorganic constituents in the ‘sol’ and ‘gel’ phases at the airway epithelial interface, and
shows abnormal acidification, reflecting the defective CFTR expression and chloride, sodium, and
bicarbonate transport activities [9,10,47,53]. CF airway mucus is typically purulent, i.e., DNA content
>0.025% of mucus dry weight, with the elevated DNA content affecting mucus viscosity, elasticity, and
transport [37–39,45,47,52]. CF airway mucous glycoproteins may also be hypersecreted, defectively
expanded, and/or hyperconcentrated, also impacting mucus character and MCC [4,17,18,28,31,36,40,
42,51,56].

Our laboratories endeavor to bring basic research findings to the clinical CF community to
contribute to increasing the understanding, and reducing the pathologies, of this disease. Emphasizing
CF respiratory tract health, infection, and related damage, we have focused on mucins, pathogens,
and drug interactions at epithelial cell interfaces. Investigations have included structural elucidation
of sulfated oligosaccharides liberated from tracheobronchial mucous glycoproteins [2,19–22,26],
characterizations of the heterogeneity of host-adapted Pseudomonas aeruginosa (a major opportunistic
pathogen in CF) [23,57,58], and in vitro studies of the effects of bacterial virulence factors on the human
host [59–61]. Recent reporter cell-based assays revealed cytotoxic synergies toward bronchial epithelial
cells of Pseudomonas phenazines with a polymyxin antibiotic used in CF, colistimethate [60]. This was
especially concerning considering the chronically obstructed, often Pseudomonas colonized, status of
adult CF airways and prompted us to prepare the current retrospective review of our data and insights
on CF mucus character.

Here we report and discuss observations about CF mucus from our extensive experience handling
CF and non-CF sputa. While these specimens were gathered for structural elucidation studies, for
which the structural data have been reported, the insights gleaned from the handling and analyses
of these samples have not previously been detailed, summarized, and formally discussed. Here we
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offer microscopic, compositional, and biochemical observations about the character and heterogeneity
of CF mucus, relative to non-CF mucus and with respect to individuals with CF over time. The data
highlights the variable amounts of DNA between and within individual patients, and the combined
effects of DNA with mucous glycoproteins on sputum chemical solubility, with solubility used as a
measurable and comparative research tool. The discussion includes insights into potential impacts of
this variable dynamic between DNA and mucous glycoproteins on CF airway infection and damage,
and suggests potential opportunities to more effectively therapeutically intervene.

2. Materials and Methods

2.1. Study Declarations

This research was performed as an exempt human subject research study, in accordance with the
National Health and Human Services (HSS) Regulations for the Protection of Human Subjects, 45 CFR
46, Exemption 4, following the rules of the Declaration of Helsinki of 1975. Protocols for obtaining
and handling the de-identified human specimens, and the data obtained from them, were reviewed
and approved by the University of Missouri Health Sciences Institutional Review Board (IRB) and the
University of Missouri Institutional Biosafety Committee. As per national regulations, this laboratory
research was an IRB-exempt human research investigation, no consent for participation was required,
and no patient identifier or other patient private health information was associated with these data.

This research was initially designed for the study and structural analyses of tracheobronchial
mucous glycoproteins from de-identified sputa as “unwanted materials” in IRB classification. As such,
patient demographic information, and related microbiological culture data of these sputa, were not
collected at the time.

Data generated or analyzed during this study are included in this published article and its
Supplementary Materials. No patient-derived specimens are available for acquisition from the authors;
patient-derived specimens reported on in these studies were either consumed in the research or
forwarded on to the parallel structural elucidation studies for which they were originally obtained,
and consumed in those analyses.

2.2. Collection and Chemical Analysis of Sputum Samples

Sputum samples from patients with cystic fibrosis were obtained by expectoration or via postural
drainage, and from chronic bronchitic patients by endotracheal aspiration during bronchoscopy or
by expectoration. With great care not to mix the samples, aliquots were taken for chemical analyses,
solubilization studies, and microscopy.

In a unique time-collection study of sputa DNA content within a hospital stay of duration, four
individual patient volunteers, coordinated with a research nurse, were able to donate sputum three
times a day for five consecutive days. Specimens, acquired in sufficient amounts at each time point,
were collected at approximately 08:00, 12:00, and 16:00. While no patient identifier, demographic or
microbiological culture data are available related to these de-identified specimens, the notes provided
indicate that during their clinical stay, these patients varied from each other in their antibiotic treatments
with tobramycin, carbenicillin, gentamicin, ticarcillin, and others, in addition to the use of Pancrease,
Bronchosol and Mucomyst.

Sputum aliquots for determining water content and dry weight were weighed, immediately frozen,
lyophilized, and dry masses recorded. The resulting dry mass was considered the macromolecular dry
weight, (MDW), and here referred to as synonymous with “dry weight”.

Sputum aliquots designated for total protein, lipid, carbohydrate, and DNA analysis were
immediately frozen after the addition of sodium azide to a final concentration of 0.02% and the samples
were stored at −25 ◦C until analyzed. For total lipid, frozen weighed samples were delipidated by
extraction three times each with ether:acetone (1:1, vol/vol) and ether:chloroform:methanol (1:2:1, v/v),
24 h each at 4 ◦C. The organic solvents were pooled for each sample, dried under nitrogen, and the
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lipids weighed. Sputum DNA was quantitated by both the colorimetric and fluorometric procedures
of Cerriotti [62] and Kissane and Robins [63], respectively. Protein was assayed by the procedure of
Lowry et al. [64], and phospholipids analyzed, after silica gel [65] and two-dimensional thin-layer
chromatography [66], by the procedure outlined by Lowry and Tinsley [67]. For carbohydrate analysis,
acid hydrolysis and gas-liquid chromatographic determination of neutral and amino sugars were
performed as described by Mawhinney et al. [68]. Sialic acid, liberated by hydrolysis in 0.05 M H2SO4

at 80 ◦C for 1.5 h and separated by ion exchange chromatography, was determined by the thiobarbituric
acid assay [69] and by gas-liquid chromatography [70].

For specimens designated for collection of mucous glycoproteins, delipidated sputum residue was
then dialyzed exhaustively against distilled water (Spectrophor III dialysis tubing, 3500 MW exclusion),
lyophilized, weighed, and resuspended in five volumes of 0.15 M NaCl. Large molecular weight
mucous glycoproteins (>1.5 MDa) were then isolated from reduced, carbamidomethylated, DNase
treated sputum by Bio-Gel A-5m, as previously described [13,19]. Aliquots were lyophilized, weighed,
and analyzed for protein and for carbohydrate. Carbohydrate profiles of crude sputa and isolated high
molecular weight glycoproteins were compared. Isolated high molecular weight glycoproteins with
carbohydrate profiles typical of tracheobronchial mucous glycoproteins, and notably free of mannose
(characteristic of membrane glycoproteins), were considered mucous glycoproteins (GP). Resulting
dry weights were used for calculation of GP % of sputum MDW. Such values were determined for the
87 CF sputum used in the solubilization studies, described below.

Sputum compositional survey data were initially expressed as mg/mL sputum basis for comparison.
Sputum components were then additionally compared by class as a percent of macromolecular dry
weight, i.e., protein % MDW, lipid % MDW, carbohydrate % MDW, and DNA % MDW. The differences
in the combined values of the protein, lipid, carbohydrate, and DNA contents and the total lyophilized
mass MDW represent the components not chemically analyzed, such as salts and semi-volatile
components, and are referred to as “undetermined”.

As no comprehensive sputum culture reports were available associated with these CF specimens,
quick in-house laboratory screens at the time (i.e., growth on MacConkey and cetrimide agars) were
used to check for the presence of Pseudomonas aeruginosa.

2.3. Assessment of Variation in DNA Content within Individual Sputum Samples

To study the variability of DNA content within individual sputum samples, sputum aliquots of
sufficient volume (>5.0 mL) were immediately frozen and kept at −70 ◦C to minimize any mixing.
Five such purulent non-CF specimens and twelve such CF specimens were assigned to this analysis.
Without thawing, the samples were then individually lyophilized to a dry firm residue. From each
lyophilized sample, twelve 1.0 mg aliquots were randomly taken, and each individually assayed for
DNA content. The remaining residue was rehydrated with 3–4 mL distilled water and assayed for
total DNA, protein, lipid, and carbohydrate, as described above.

2.4. Sputum Solubilization Studies

Sputum solubilization investigations arose from in-laboratory observations that noted variations
between, and appearances of, sputum gels as they were processed for mucous glycoprotein isolation.
In an attempt to better understand these differences further, and in addition to ongoing chemical studies,
a dissociation approach was developed that employed a consistent, gentle, and low-temperature
chemical solubilization protocol. Sputum samples designated for solubilization studies were weighed
immediately after collection. Aliquots were then taken for DNA and carbohydrate determination.
Samples were then placed in 25 volumes (wt/vol) of 5 mM phosphate buffer, pH 8.0, containing 5 M
guanidinium hydrochloride, 1% β-mercaptoethanol, 0.01% disodium ethylenediaminetetraacetate
(EDTA), and stirred at a constant rate at 4 ◦C. After 30 min, solution aliquots were then constantly
monitored by passage through a Waters Associates Differential Refractometer. Solubilization was
considered complete when a stable baseline with less than a 3% deviation was achieved, a gelatinous
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pellet was not noted following centrifugation at 20,000× g for 30 min at 5 ◦C, and greater than 98%
of the sputum amino sugars could be found in the supernatant following centrifugation. In several
experiments, β-mercaptoethanol and/or EDTA were eliminated from the solubilization solution.
Typically, data were plotted as hours for complete solubilization vs. DNA % of macromolecular dry
weight (MDW), also referred to as “% dry weight”. Similarly, data were plotted for solubilization
time vs. glycoprotein % MDW. Sputum GP content was calculated from the masses of aliquots of
chromatographically isolated pure mucous glycoprotein preparations, as described above. 2D plots and
trend lines were generated with Microsoft Excel and SigmaPlot (Systat) software, while 3D graphical
analysis was performed using SigmaPlot. Where original plotted historical data existed only as hard
copies, digital data points for replotting were assigned with the digitization program PlotDigitizer
(published by Free Software Foundation, http://plotdigitizer.sourceforge.net).

2.5. Collection, Chemical Analysis, and Solubilization of Bronchiolar Plugs

Bronchiolar plugs were collected at autopsy within 1 to 2 h post-mortem from CF patients.
Aliquots of 77 random plugs were then assayed for DNA, mucous glycoproteins, and the time required
to solubilize in chaotropic solution, as described above.

2.6. Electron Microscopy

CF and non-CF samples for electron microscopy (EM) were collected in sputum tubes and covered
with an equal volume of 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, at 4 ◦C. Within
24–48 h samples were removed from the tubes, minced into 1–2 mm cubes, placed into fresh 2.5%
glutaraldehyde for an additional 2 h, and rinsed in 0.1 M cacodylate buffer containing 7.5% sucrose.
Post-fixation was carried out at room temperature for 1 h in 1.0% osmium tetroxide in Millonig’s
phosphate buffer, pH 7.2 [71]. Dehydration was accomplished through a graded series of ethanol,
which was then exchanged for propylene oxide, and finally, specimens were embedded in Epon 812 [72].
One-micron sections were cut on a Sorvall MT-2 ultramicrotome. For light microscopy, sections were
stained with 1.0% toluidine blue in 1.0% sodium borate. For EM, silver-gold sections were stained
with uranyl acetate (saturated in 50% ethanol) and Reynold’s lead citrate [73]. Grids were examined
on a Hitachi HS-8 Electron Microscope. Micrographs were adjusted for appropriate contrast with
Adobe Photoshop.

3. Results

3.1. Morphological Observations of CF and Non-CF Sputa, and CF Bronchial Plugs

Morphological studies of CF sputa, as shown in Figure 1a, demonstrated many consistent
features. In general, there were extensive numbers of neutrophils clumped together, often in a
linear fashion within a mucous matrix, or in amorphous clumps consisting of cell fragments and
cytoplasm organelles. The neutrophil population tended to be synchronous in its development, stage
of activity and degeneration, and be increased with increased sputum DNA content. The presence of
disintegrating nuclei was so characteristic of the CF sputa that specimens could be identified as CF
based on this finding.

Microscopic analysis of non-purulent and purulent bronchitic sputa in this study included patients
with bacterial pneumonias, chronic asthma, chronic lung disease with bronchiectasis, and infection
secondary to lung cancer. In general, mucoid non-purulent sputa showed predominant areas of mucous
glycoprotein-like sheets with small areas of cell debris, very few inflammatory cells, an occasional
macrophage, and some particulate matter. As illustrated with Figure 1b, purulent non-CF sputa
typically displayed an abundance of mucous material with scattered inflammatory cells, very little
cellular debris, with the neutrophil as the predominant inflammatory cell associated with pulmonary
bacterial infections.

http://plotdigitizer.sourceforge.net
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Figure 1. Visualizing cystic fibrosis (CF) and non-CF sputum and the bronchial epithelium-mucus 

interface. (a) Electron micrograph of an epoxy embedded section of sputum from a CF patient 

showing a synchronous population of degenerating neutrophils with swollen nuclei. The background 

consists of cytoplasmic components from neutrophils and amorphous dead cells. Stain: uranyl acetate 
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of purulent control sputum from a non-CF patient showing predominantly intact mature neutrophils 

and bacteria in a mucous stroma. The non-cellular background appears primarily as an amorphous 

material forming a bridging mucoid lattice, with only small amounts of cellular components, debris, 

or membranous material. Stain: uranyl acetate and lead citrate. Original magnification 950×; (c) Light 

micrograph of a bronchus in a patient with CF who died of respiratory failure showing the lumen 

filled with degenerating neutrophils (N) adjacent to bronchial epithelial cells (B) with intact cilia (C). 

The bronchial wall is surrounded by a mononuclear cell infiltrate (M). Stain: 1.0% toluidine blue in 

1.0% sodium borate. Original magnification 200×; (d) Photographic example of material harvested 

from the bronchial tree of a CF patient within 2 h post-mortem. This very thick “sludge-like”, with 

almost tar-like, feel and appearance was not uncommon to see for late-stage CF sputa and post-
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neutrophils and free DNA. Notably, DNA was determined to make up 9.6% and 9.1% of the plug 
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with the lumen filled with degenerating neutrophils and the bronchial wall remarkably intact, with 

preservation of epithelial cilia and very little detectable mucous glycoprotein being observed. 

Figure 1. Visualizing cystic fibrosis (CF) and non-CF sputum and the bronchial epithelium-mucus
interface. (a) Electron micrograph of an epoxy embedded section of sputum from a CF patient showing
a synchronous population of degenerating neutrophils with swollen nuclei. The background consists
of cytoplasmic components from neutrophils and amorphous dead cells. Stain: uranyl acetate and
lead citrate. Original magnification 950×; (b) Electron micrograph of an epoxy embedded section of
purulent control sputum from a non-CF patient showing predominantly intact mature neutrophils
and bacteria in a mucous stroma. The non-cellular background appears primarily as an amorphous
material forming a bridging mucoid lattice, with only small amounts of cellular components, debris, or
membranous material. Stain: uranyl acetate and lead citrate. Original magnification 950×; (c) Light
micrograph of a bronchus in a patient with CF who died of respiratory failure showing the lumen
filled with degenerating neutrophils (N) adjacent to bronchial epithelial cells (B) with intact cilia (C).
The bronchial wall is surrounded by a mononuclear cell infiltrate (M). Stain: 1.0% toluidine blue in
1.0% sodium borate. Original magnification 200×; (d) Photographic example of material harvested
from the bronchial tree of a CF patient within 2 h post-mortem. This very thick “sludge-like”, with
almost tar-like, feel and appearance was not uncommon to see for late-stage CF sputa and post-mortem
specimens; (e) Visual depiction of the heterogeneity of mucus character of three sputum specimens
undergoing solubilization in guanidinium hydrochloride. The left two more dense specimens are
examples from two CF patients, and the right more expanded looking material is sputum from a
non-CF volunteer.

Examination of histological sections from the lungs of two patients with CF who died of respiratory
failure showed ~80% of the small bronchi containing primary plugs of degenerating neutrophils and
free DNA. Notably, DNA was determined to make up 9.6% and 9.1% of the plug specimens’ dry
weights. Figure 1c is characteristic of the histology observed for CF bronchial plugs, with the lumen
filled with degenerating neutrophils and the bronchial wall remarkably intact, with preservation of
epithelial cilia and very little detectable mucous glycoprotein being observed.
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Mucus materials collected from the CF bronchial tree post-mortem often presented as very thick,
tar-like material, as depicted in Figure 1d, quite in contrast to what is observed for normal airway
mucus. From healthier CF patients, sputa could, at times, resemble normal or non-CF purulent sputa
visually. However, when these samples are subjected to chaotropic agent solubilization analysis, CF
sputa most often tended to be denser and expand less readily than normal airway secretions, as seen in
Figure 1e.

3.2. Chemical Results

The chemical compositions of non-purulent, purulent non-CF, and CF sputa (n = 1003 total
specimens) are presented in Table 1, and with more detail in Supplementary Table S1. A selection
of this data is included in a recently published abstract [74]. Purulence was based on the percent
DNA composition of the total sputum macromolecular dry weight (MDW), with the non-purulent
classification assigned to sputa with DNA of less than 0.025% MDW, and purulent for all specimens
with DNA >0.25% MDW. The water content of surveyed sputa from CF patients was significantly
lower than that observed for both purulent and non-purulent non-CF sputa. Concomitantly, the MDW,
protein, and lipid content of CF sputa were markedly elevated when compared to values from non-CF
sputa. Notably, of the lipids, phosphatidylcholine (primarily as dipalmitoylphosphatidylcholine)
represented ~50% of the total lipids in CF sputa, a significantly higher percentage than for other sputa.
The total carbohydrate content of CF sputum, though increased on a mg/mL of sputum basis, actually
comprised a smaller percentage of the dry weight of sputum when compared with non-CF sputum
samples. The compositional analysis, as shown in Supplementary Table S2, of chromatographically
isolated tracheobronchial mucous glycoproteins (TBGs) revealed carbohydrate constituents typical of
TBGs for both non-CF and CF sputa [2,7,13,15,16,19,24]. Elevated sulfate and sialic acid content were
found for CF specimen glycoproteins, consistent with previous reports on sputa of severely infected
individuals with chronic bronchitis or CF [1,2,7,13,15,24,25]. Unfortunately, for the specimens of this
retrospective biochemical study, no correlative data on patient disease severity, pulmonary function, or
infection type and load are available. While the CF sputa used in the solubilization assay (n = 87) did
screen positive in the laboratory for Pseudomonas aeruginosa, no quantitation data is available.

Total DNA content in CF sputum was significantly increased when compared to all non-CF
sputum values, whether based on mg/mL of sputum or % MDW. As reported in Table 1, sputa mean
DNA contents were: 2.94% MDW for CF sputa vs. estimated ~0.014% MDW for non-purulent sputa
and 1.44 DNA % MDW for purulent non-CF sputa.

Of note, upon examination of compiled chemical data of the wide variety of specimens, it was
statistically apparent, via both content and related standard deviations, that there was considerable
heterogeneity in specimens. This was more apparent for purulent non-CF and CF sputa. Based on
combined average determinations of protein, lipid, carbohydrate, and DNA for specimens, as indicated
in the figure within Table 1, there was similarly a sizable % of the dry weight (% MDW), which is
not chemically defined. In non-purulent sputa, for example, with the expectation that measured
components would approximate 100% of MDW, and that the unmeasured NaCl of these sputa would
average about 20% of the MDW (i.e., saline at 9 mg/mL, physiologically), this would account for much
of the remainder of the significant “undetermined” category displayed (23%). For the compiled data
determined for CF sputa, a much lower “undetermined” % was seen (~5%, representing ~5 mg/mL
sputa). This lower value likely reflects the marked heterogeneity of the collected CF sputa in terms of
both its content and density. Furthermore, mass per volume differences are likely due to the character
of the lipid and protein content, as well as the expansion and gelling of DNA and mucous glycoproteins
within the sputa. As data on the demographics and disease states of the individuals from whom the
sputa were attained are unfortunately not available, we cannot retrospectively test the hypothesis of
specific compositional differences based on age, disease severity, or CFTR genotypes.
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Table 1. Chemical composition of non-purulent, purulent, and cystic fibrosis sputum a,b,c.

Constituent Non-Purulent a

(n = 213)
Purulent
(n = 322)

Cystic Fibrosis
(n = 468)

Water (mg/mL) 959 ± 15 939 ± 17 862 ± 35 d

Macromolecular dry weight (MDW, mg/mL)
43 ± 2.4 61 ± 7.6 d 98 ± 13.4 d

Protein, mg/mL 13.6 ± 1.2 19.1 ± 4.9 d 42.2 ± 19.4 d

Lipid, mg/mL 10.9 ± 0.6 19.0 ± 1.5 d 33.5 ± 4.1 d

Carbohydrate, mg/mL 8.8 ± 1.1 12.4 ± 1.6 d 14.6 ± 2.5
DNA, mg/mL 0.006 ± 0.003 0.88 ± 0.26 d 2.88 ± 1.36 d

Protein % MDW 31.6% 31.3% 43.1%
Lipid % MDW 25.3% 31.1% 34.2%
CHO % MDW 20.5% 20.3% 14.9%
DNA % MDW <0.025% 1.44% 2.94%

(0.014% estimate)
Survey Sputa Compositional Data as Component Average % MDW e
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DNA % MDW
+/−S.D. DNA % MDW range

Purulent non-CF (n = 5) 1.4 +/−0.6 0.54–2.15
Cystic Fibrosis (n = 12 3.9 +/−2.5 0.95–8.7

DNA and Mucous Glycoprotein % MDW of CF Sputa Evaluated for Effects on Sputum Solubility g

CF Sputa (n = 87) % MDW +/−S.D. % MDW range

DNA % MDW 6.7 +/−2.2 2.9–9.8
GP % MDW 4.6 +/−1.4 2.2–8.3

DNA + GP % MDW 11.3 +/−1.7 6.1–14.2
a Sputa are classified as non-purulent if DNA content is <0.025% MDW; purulent, if DNA is >0.25% MDW. b Data
expressed as mg/mL sputum ± S.D., unless otherwise indicated. (See additional detail in Supplementary Material
Tables S1 and S2). c Number of samples assayed (n), four separate samples assayed per CF patient, 1–2 samples
for all others. d Significance of p < 0.005, Student’s t-test, compared with non-purulent and purulent values.
e Undetermined % MDW, the difference between lyophilized sputum mass MDW and total chemically determined
components. Ex. non-purulent sputa 0.9% NaCl, for MDW of 43 mg for 1 mL sputum, 9 mg or 21% undetermined
could be NaCl. f Total DNA content for random individual specimens of >5 g. These specimens were used to
determine variability among multiple samplings of the same specimen. See Section 3.3 for within-specimen DNA
distribution study data. g GP % MDW based on the lyophilized dry weight of chromatographically isolated mucous
glycoproteins. These specimens were used to test DNA and GP content effects on the chemical solubility of CF
sputa. See Section 3.5 for solubility study data.

For the study of intra-specimen heterogeneity of distribution of DNA of purulent non-CF sputa
and CF sputa, larger specimens were selected to ensure enough material to do these analyses. The total
DNA content for these larger volume samples, highlighted in Table 1, demonstrates a much broader
DNA content range than is evident in the survey summary data.

Similarly, for CF sputum solubility studies, larger specimens were also selected. These sputa
were analyzed for both DNA and mucous glycoprotein % MDW. As indicated in the methods,
the glycoprotein (GP) values represent the % of the sputum dry weight that was calculated based on
the mass of aliquots of chromatographically purified high molecular weight glycoproteins derived
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from these sputa with the carbohydrate profile typical of tracheobronchial mucous glycoproteins.
These data are also included in Table 1. For comparison with the literature, the combined content as %
MDW for DNA and GP is also calculated, and illustrates that the percent of solids (% dry weight),
here portrayed as % MDW, ranges ~6–14%, averaging ~11% MDW. The contribution of DNA and
glycoproteins to the character of CF mucus are investigated and discussed with the solubility data.

3.3. Within-Specimen DNA Content Variability for CF and Purulent Non-CF Sputa

A wide range of values of total DNA for CF specimens was observed when evaluating particularly
large volume CF sputa (>5 g) dedicated to “within-specimen” uniformity/heterogeneity studies. As
noted in Table 1, and detailed in Table 2, CF sputa DNA in these representative large specimens ranged
from ~1–9% of the dry weight, whereas total DNA in large purulent non-CF specimens spanned a
narrower range (0.5–2.2% MDW).

Table 2. Variability of DNA content within individual purulent non-CF and CF sputum samples a,b.

Purulent Non-CF Cystic Fibrosis

Total DNA Range % Variation Total DNA Range % Variation

0.54 0.46–0.59 14.8 0.95 0.09–1.93 103.2
1.13 1.02–1.31 9.7 1.18 0.56–3.07 160.2
1.3 1.10–1.47 13.1 1.27 0.48–3.19 151.2

1.82 1.63–2.09 14.8 1.97 0.35–5.13 160.4
2.15 1.84–2.23 3.7 2.54 0.74–6.22 144.9

2.88 0.63–5.65 96.2
3.46 0.87–6.33 82.9
4.72 1.17–7.49 58.7
5.35 3.45–6.32 18.1
6.51 4.72–7.83 20.3
7.13 6.33–7.95 11.5
8.7 7.81–9.05 4.0

range of % variation range of % variation
3.7–14.8% 4.0–160%

a Total DNA expressed as % of macromolecular dry weight (% MDW). b Range of DNA % MDW among multiple
sampling aliquots (12) of the same individual patient specimen (5 non-CF patients; 12 CF patients); % variation from
the mean DNA % MDW, reflecting the heterogeneity of DNA distribution within the individual’s sputum specimen.

Questioning the uniformity of distribution of DNA within individual purulent non-CF and CF
sputum specimens, random samplings from each designated unmixed lyophilized sputum residue
were assessed for total DNA content as % MDW, and data are reported in Table 2. For representative
purulent non-CF sputa with total DNA of the range 0.54 to 2.15% MDW, replicate samplings from within
each collected sample demonstrated that within-specimen DNA distribution for purulent non-CF sputa
varied 15% or less from the mean total sputum DNA % MDW (3.7–14.8% variation). Representative
CF sputa, with total DNA contents of the range 0.95 to 8.70%, showed extreme within-specimen
heterogeneity, with the range of variability for individual CF sputum replicate aliquot samplings of
4–160%. Comparison of within-specimen DNA variation of only CF sputa of comparable total DNA
content to non-CF purulent (i.e., CF sputa with DNA values 0.95 to 2.54% MDW), still yielded greater
variability in DNA distribution among CF samples (>100%) than non-CF sputa. As total CF sputum
DNA content increased from 2.88% to 6.51% DNA, variation in distribution across the specimen
decreased from 96% to ~20% of the mean. CF sputa with the highest total DNA content, i.e., >7%,
exhibited the least heterogeneity at <12% variation in their DNA content across the respective samples.

3.4. Individuals’ CF Sputum DNA Content over Several Days of Treatment

Sputum DNA content was also assessed over time for four individuals with CF. Total DNA %
MDW was determined for sputa collected, at three time points per day, for five successive days during
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hospitalization and treatment. Initial DNA content varied between patients, ranging between 3.2–5.5%
MDW. As plotted in Figure 2a and noted in a recently published abstract [74], by the end of five days
sputum DNA content was reduced by 2% MDW for each patient, reflecting improvements of 56.3%,
38.2%, 50.0%, and 41.2%, respectively, for patients 1–4. Additionally, a consistent cyclic phenomenon
was perceived, with sputa acquired at 12:00 having higher DNA content than those obtained earlier or
later in the day.
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Figure 2. Graphical depiction of CF sputum DNA variability from four individuals over several
days (a), and CF sputa (87) DNA and glycoprotein content heterogeneity and relationships affecting
chemical solubilization time (b–d). (a) Variations in DNA content of sputa were obtained from four
hospitalized CF patients during antibiotic and airway clearance treatment of clinical exacerbations.
Sputa were collected at approximately 0800 h, 1200 h, and 1600 h. Patients 1–4 demonstrated a 56%,
38%, 50%, and 41% decrease, respectively, in their sputum DNA (% of macromolecular dry weight,
MDW) content during five days of their clinical stay. In addition, a consistent rise in DNA content
for the 12:00 sampling was noted, suggesting, at least in these patients, a possible cyclic phenomenon.
(b) Chemical solubilization time in hours, and DNA for these 87 CF sputa varied widely. The amount of
DNA appeared to affect chemical solubility in a complex manner, showing both positive and negative
correlations with solubility as the level of DNA increased. The shortest solubilization times (i.e.,
<4 h) were observed for specimens with DNA content of 4% or less. Time to complete solubilization
increased with sputa DNA content up to 7.1% MDW, and decreased as levels increased to ~10%,
indicating additional factors at play; (c) Glycoprotein (GP) content from these same 87 CF sputa
also varied markedly between individuals yet yielded no direct graphical correlation with solubility.
The GP % MDW did appear to be less when the DNA content was greater than 7.1%, suggesting a
shift in macromolecular dominance; (d) 3D graphical analysis of these CF sputa features of DNA and
glycoprotein content with solubilization times revealed a horseshoe-shaped curve. This data pattern
suggests a predictable solubility based on the relationship of DNA to glycoprotein within an individual
specimen, and implies that the total macromolecular composition may be dynamic and important in
airway clearance.
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3.5. Chemical Solubilization Studies

Investigating the complexity of CF sputa, solubilization time (in hours), and its relationship to
DNA and mucous glycoprotein content, was employed as a gauge to compare sputa of numerous
CF patients and discern potential distinctions between CF and non-CF samples. Eighty-seven CF
specimens were analyzed for time to complete solubilization in a chaotropic agent and plotted vs.
specimen DNA and mucous glycoprotein content in Figure 2b,c, respectively. CF sputa DNA content
ranged 2.9–9.8 DNA % MDW (with mean of 6.71%), and solubilization times ranged from ~1–20 h
(0.92–19.8 h). A positive linear trend for correlation of DNA content and increasing solubilization time
(up to 20 h) was observed for CF specimens which possessed <7.1 DNA % MDW, (y = 0.1806x + 2.9352,
R2 = 0.7572, p < 0.05), and an inverse relationship, i.e., negative trend down to 4 h, was observed for
sputa with DNA concentrations >7.1%(y = −0.1228x + 10.132, R2 = 0.5093, p < 0.05).

Comparing purulent CF sputa to purulent non-CF sputa with DNA and solubilization time as the
measurable features, in contrast to CF sputa, the non-CF sputa in Supplementary Figure S1, failed
to show a consistent correlation between increased DNA content and increased solubilization time
(y = 0.0684x + 2.2588, R2 = 0.1638, p < 0.1). While 89% of CF specimens had DNA of >4% MDW,
the majority of non-CF sputa (85%) had total DNA % MDW of <4%. Of note, this level of DNA (<4%)
was also achieved by the four hospitalized CF patients in Figure 2a by the end of the 5-day sampling
period. In this narrower range of DNA ~2–5% MDW, the solubilization times of purulent non-CF sputa
still ranged from ~1–20 h.

Addressing the mucin component of CF mucus as a potential effector of sputum solubilization,
Figure 2c illustrates the heterogeneity observed in mucous glycoprotein (GP) content for the 87 CF
sputa for which DNA content and solubilization were depicted in Figure 2b (and referred to in Table 1).
GP content ranged between 2.2–8.3% MDW, with a mean of 4.55%. Solubilization times relative to
GP content showed only a slight correlation (y = 0.0113x + 4.4259, R2 = 0.0022, p < 0.05). GP vs.
solubilization values are plotted in Figure 2c as specimens with DNA breakpoint values of <7.1% or
>7.1% MDW. As shown in this figure, the sputa with the lower DNA content tended to have higher %
GP (mean 5.5%), and those with greater amounts of DNA had lower GP % MDW (mean 3.7%).

The ratio of GP:DNA content per CF sputum specimen and its effect on solubilization time was
assessed, and data are depicted in Supplementary Figure S2. CF sputum GP:DNA values ranged from
2.84 to 0.22. Specimens with ratios of >1.5 were generally soluble in <4 h; and sputa requiring >10 h
for solubilization typically showed GP:DNA ratios <1.5 (with 76% being < 1). Combining, per sputum
specimen, the content of DNA and of GP for % of dry weight, the combined mean was 11.3% MDW
(range 6–14%). Seventy-six percent of the specimens had combined totals of greater than 10% MDW
with solubilization times ranging ~1–20 h.

CF bronchial mucus plugs obtained post-mortem (n = 77) were also examined for DNA and GP
content and their relationships with plug solubilization. These data are presented in Supplementary
Table S3. These specimens as a group shared many of the features of CF sputa, though bronchial plugs
often possessed more DNA than expectorated CF sputa. For example, the hospitalized CF patients’
sputa DNA in Figure 2a were all <6% MDW, whereas 47 of 77 bronchial plugs had DNA of >7% MDW.
The majority of the plugs also tended to show less glycoprotein than DNA on % MDW basis (GP:DNA
ratios <1). The heterogeneity and ranges of DNA and GP content, and effects on solubility, as a group,
were similar to CF sputa. Bronchiolar plugs’ DNA % MDW ranged 2.9–9.8%, GP % MDW ranged
2.2–7.5%, and solubilization times ranged from 1.2–20 h. For ease of comparison, the 77 plugs were
grouped by data into fractions of the collection with similar characteristics. Fraction I had specimens
with DNA 2.9–5.9% MDW, and a slightly narrower range of GP % MDW, and complete solubilization
was achieved by 11 h. Fraction II of samples with moderate and comparable amounts of both DNA
and GP (~6% MDW each), and Fraction III with plugs of DNA > 7% and a moderate amount of GP
(mean of 4.1% GP), required longer to completely solubilize, ranging 10–20 h. Fraction IV, plugs with
on average the highest % DNA (mean 9.5% DNA), possessed the lowest % GP (mean 2.9%) and the
lowest GP:DNA ratio (0.31), and these plugs were solubilized by 11 h with a mean solubilization time
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of 6.5 h. These trends paralleled the CF sputum positive and negative solubilization trends based
on DNA content, seen in Figure 2b, and the relative GP to DNA content relationships in Figure 2c
and Supplementary Figure S2. These data suggest that the absolute and relative amounts of both
glycoprotein and DNA affect the behavior of the CF mucus specimen.

To further assess the combined impact of these two CF mucus characteristics (DNA and GP
content) on solubilization time, 3D graphical analysis was utilized and presented in Figure 2d. The data
revealed a horseshoe-shaped curve (resembling a tilted n-shaped parabola), suggesting a predictive
pattern of relationships of GP and DNA affecting sputum solubilization.

4. Discussion

These observations, from the pre-CFTR modulator era, about CF and non-CF sputa have focused
attention on the multitude of factors at play in the chronically obstructed and infected CF airway.
The heterogeneity illustrated in CF sputa characteristics in this study, across a collection of specimens,
and even for individuals over several days of time, indicate that the “state” of CF mucus is a dynamic
conglomerate. The findings reported here direct us toward an understanding of the macromolecular
players for which perturbations in the normal relationships with one another may affect the character
of the mucus being elaborated by individuals with CF and its likelihood of being obstructive or being
cleared from the airway.

4.1. CF Sputa Visual and Compositional Characteristics

CF sputum is known to have unique physical properties, including increased adhesivity, tenacity,
and altered viscoelastic rheology, marked dehydration, and diminished transportability [1,4,12,13,17,
18,32,37,38,40–42,46,50,52,55,56,75]. It has also been said that CF sputum gets it CF character from
its purulency [14]. EM surveys here revealed consistent tendencies when comparing sputa from CF
patients with sputa from patients suffering from other forms of chronic bronchitis. Visually, relative
to non-CF sputa, a significant proportion of CF sputa was composed of acute inflammatory cells,
cellular debris, and few bacteria, whether phagocytized or within a mucoid matrix. Marked neutrophil
degranulation was common in CF specimens and appeared synchronous in its occurrence. Earlier
studies suggest that components of CF sera may direct or affect neutrophil lysosomal degranulation
activity [76]; if so, then this synchronicity could be expected.

As CF pathology is reported to include hyperproduction, hypersecretion, and/or
hyperconcentration of gel-forming mucins [16–18,40,42,51,75], one might anticipate a significant
amount of tracheobronchial mucous glycoproteins in CF patient sputum. In this investigation,
microscopic examinations of CF sputa failed to demonstrate such an increase of mucous-like material
relative to non-CF samples. CF bronchiolar mucus plugs illustrated that often in late-stage disease,
homogenous dense populations of neutrophils were present with very little mucous glycoprotein
matrix visibly apparent. At the time when these specimens were screened, no mucin-specific antibody
staining was available to further detail this finding. Others, though, have also noted that with chronic
infection, increasing age, and progression of lung disease, there appears a shift in dominance in the CF
mucus from mucin, as the major macromolecular species, to DNA [18,39,52,77].

CF sputa chemical analyses reported here were consistent with previously published compositional
data [1,7,12,13,15,24,25]. CF sputum, compared to non-CF sputum, was significantly increased in lipid,
DNA, protein, sulfated mucus, and dehydration. Compositionally, expressed on a percentage of MDW,
CF sputa showed a decreased amount of mucin-bound carbohydrate. From numerous studies, this
increase in amounts of solids in the CF sputum would negatively affect the in vivo mucus rheology and
cause increased mucus layer osmolarity, reduced periciliary layer fluid, and impaired ciliary movement
and MCC [17,28,42,51,56], and result in the accumulation of lower lung constituents. This is clearly seen
in the significant alveolar-derived surfactant contents in CF sputa, i.e., dipalmitoylphosphatidylcholine
(DPPC) [56,78,79]. Altogether, the altered mucus rheology, ciliary movement, and adhesivity [1,56,79]
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no longer supports normal airway mucus clearance. Plugging of smaller airways is expected to occur,
and thus, contribute to gas trapping and obstructed airflow [1,10,54,56].

Together, both the microscopic and compositional data presented strongly suggest that the
elevated DNA level determined in these CF sputa (up to 9.6% MDW) originate from neutrophils, rather
than from epithelial cells or bacteria. The viscous, charged, and hydrophilic properties of DNA are
expected to greatly alter the physical properties of CF sputa [14,37–39,52]. Elevated sputum DNA is
anticipated with both acute and chronic inflammation in CF, and may be particularly obvious during
pulmonary exacerbations (PEx) [18,36,56,77]. Interestingly, in other reported studies of CF mucus
alongside mucoid, mucopurulent, and purulent non-CF sputa, CF mucus was less viscous than mucoid,
mucopurulent, or purulent materials from patients with chronic bronchitis [52]. Also, sputa of patients
with established CF lung disease possessed markedly reduced levels of the secreted MUC5AC and
MUC5B mucins (as detected with specific antibodies) [39,52]. These observations, and those of others
more recently, suggest a shift from mucin to DNA as the major macromolecular constituent of CF
mucus with disease progression [39,52,77]. In our study, no such patient disease status was available
to address this hypothesis.

4.2. Variable DNA and Glycoprotein Content Affect Sputum Solubilization

The opportunity to measure sputum DNA content during the clinical stay of four patients with
CF was included in this present study. Throughout their 5-day stay, a >35% reduction in total sputum
DNA % of MDW was determined. While we do not possess pulmonary function data to compare
with these sputa DNA levels, declining DNA content would be predicted during successful treatment
of PExs [36]. Of note, a transient rise in DNA content was observed for 12:00 specimens, possibly
reflecting morning activities (therapeutic or otherwise), and/or a transition of DNA from the less
mobile gel phase of mucus to the more transportable sol phase. Additionally, this may relate to the
synchronicity of neutrophil populations observed microscopically. Upon seeing these results, and in
conjunction with the range of DNA content observed in our larger sputa sampling, it became of interest
to determine if increased DNA concentration had an effect upon sputum chemical solubilization, a
step commonly employed in the isolation of mucous glycoproteins from secretions.

Sputum solubilization, under control conditions, was chosen as a method in which to provide
additional insight about their character. The chaotropic conditions are not intended to mimic
physiology, but rather to provide a constant condition with which to compare physiologically diverse
specimens. The process of solubilization has the potential to disrupt or displace physiologically
significant interactions or associations, including salt bridges, and hydrophobic and hydrophilic
interactions [46,80]. While in this retrospective data analysis, we do not have mucus rheological
data to compare with, others have recently provided physiologically relevant CF sputum rheology
measurements showing correlations with clinical status [81,82]. In one study of CF sputa during PEx,
increased elastic and viscous moduli, as well as decreased mucus transportability were observed, and
these measures were seen as tightly associated with lung function [82]. This is consistent with an earlier
clinical study in which altered CF sputum rheology correlated with FEV1 status [81]. In that report,
not only were higher elastic moduli noted with more severe disease as predicted by lower FEV1, elastic
moduli also showed a differentiation pattern between types of bacterial colonization [81]. Higher
elastic moduli were reported for sputa possessing P. aeruginosa than for those with S. aureus [81].

In the current study, while monitoring the time to completely solubilize sputa with guanidinium
hydrochloride at 4 ◦C, a complex heterogeneity in this mucus characteristic was observed. For CF
specimens with DNA concentrations between 2.5–7.1% MDW, solubilization time did correlate with
DNA content (i.e., increasing DNA content corresponded to increased solubilization times from <2 h
to 20 h). These results suggested that DNA in CF sputum may play a role in the structure of the gel,
possibly via hydrogen bonding or as complexes with itself, protein, cellular debris, or with the highly
anionic glycoproteins present in these secretions. In contrast, for purulent non-CF sputa, for which
DNA content was typically <4% MDW, the solubilization time ranged from <2 h to 20 h with no direct
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linear correlation with DNA % MDW. Why the DNA content correlation with solubilization time was
evident with CF sputa and not purulent non-CF sputa is not clear, though it may relate to other CF
mucus conditions not explored.

As CF sputa DNA content increased above 7.1% MDW, there was a significant negative correlation
with solubilization time. Based on the morphological observations, these sputa were likely dominated
by neutrophils and cellular debris. This parallel ex vivo solubility data indicates, as other studies have
shown, as well [1,37,39,47,52], that the neutrophil presence, death, and released DNA does alter CF
mucus character, and implies that in the airway, it will also affect overall mucus rheology. Observations
of shorter solubilization times with higher DNA content would be consistent with reduced interactions
of DNA with other macromolecules when sputum DNA content is high.

Investigating other macromolecules with the potential to affect solubilization, we assessed both
glycoprotein (GP) and DNA content of 87 CF sputa. GP levels alone did not correlate with increased,
or diminished, solubilization times. GP content was generally higher when DNA content was lower
(<7.1% MDW), and lower when DNA was >7.1% MDW. No direct correlation of GP:DNA ratio to
complete solubilization time was observed, though CF sputa with GP:DNA ratios >1.5 typically had
shorter solubilization times. The majority of CF specimens (76%) had GP:DNA <1. No patient data were
available for these specimens to assess for clinical correlations with chemical content, solubilization
time, and/or glycoprotein to DNA ratio. Finding greater DNA than GP content for so many of the
specimens was consistent with earlier mucus specimens from established CF lung disease showing
viscous, hydrophilic polymeric neutrophil DNA and very little mucin [37,39,52].

3D analysis of the solubilization data in this study offered insight into this mucus characteristic.
Specific combinations of DNA and glycoprotein constituents in CF sputa appeared to predict the
solubility, rather than the amount of one component alone or the component ratios.

These studies suggest that, included in the design of future laboratory investigations of CF mucus
character should be multiple macromolecular variables, such DNA, mucous glycoproteins, and lipids,
and the clinical status details of the patients from which the specimens are attained. As possible,
correlative studies of sputum solubilization values with viscoelasticity measurements would also be
informative. Combining such biochemical, biophysical, and clinical observations, may contribute to
developing new screening procedures for potential therapeutics and provide valuable guidance on
which to refine potential interventional strategies.

4.3. Potential Contributors to CF Mucus DNA Heterogeneity and Related Solubility

Relative to the normal airway scenario, numerous factors may lead to greater macromolecular
interactions in CF mucus, and therefore, potentially contribute to observed slower sputa solubilization
times. Possibly, significant increases in DNA and lipid content, dehydrated state, and lower
clearance rate, may provide for an unusual ‘condensed’ situation in which tracheobronchial gland and
epithelial cell mucin secretions may further contribute to associations and/or entanglements within CF
mucus [9,10,17,18,28,30,46,50,77].

The dynamic nature of the DNA and glycoproteins relationships in CF mucus is predicted by
the variability in the amount of DNA among CF specimens from different, and same, patients, over
time. The particularly wide heterogeneity of distribution of DNA within the individual non-mixed CF
specimens may also affect sputum solubilization. Such DNA distribution in vivo would be anticipated
to impact local lipid and mucin densities, and thereby also influence mucin intermolecular interactions,
gelling, adhesivity, and viscoelastic properties [1,17,51,52,56]. In the CF airway, these and numerous
other physiological heterogeneities [4,9,10,28,32,46,50,56], are likewise expected to affect the complex
interactions and vary the viscosity, elasticity, adhesivity, and mobility of CF mucus. Going forward
in laboratory investigations toward improving airway clearance therapeutics, it will be important to
consider fluctuations and alterations in the macromolecules, as well as changes in lipids, ionic strength,
and other chemistries which impact the interactions and partitions of these polymeric species [46].



JoR 2020, 1 22

Interventions, for example, which redistribute the macromolecules within CF mucus from the gel to
the sol phases, may also beneficially affect mucus rheology and assist MCC [79,83].

More recent studies draw attention to the larger numbers of naked and lysed neutrophil nuclei
observed in CF sputa, and suggest a high likelihood that a portion of the DNA in CF mucus exists
in neutrophil extracellular traps known as NETs [47,84,85]. The dense and heterogeneous nature of
the collected CF mucus, and the neutrophil-laden obstruction observed in the smaller CF airways,
may be indicative of pockets of the more structured NETs DNA which did not combine with other
secretory components during cough, MCC, and expectoration. NETs may be expected to reduce the
dynamics of mucus macromolecular interactions, and in the laboratory to extend the solubilization
times. NET formation may be a neutrophil stress response to the altered CF airway chemistries,
congestion, and/or to the presence of microorganisms [47,84,85]. It is, however, likely to be detrimental
in CF, as the structured architecture further localizes, in time and space, the neutrophils’ destructive
activities [47,84,85]. DNA NET formation in CF may be triggered by mucus stasis, hypoxia, P. aeruginosa,
and/or by the enzyme phospholipase C (PLC) produced by colonizing P. aeruginosa [1,18,47,58,86]. Of
the 87 sputa of solubilization study reported here, no data is available to confirm DNA NET presence,
though all screened positive for P. aeruginosa, suggesting the possibility of impacting responding
neutrophils. Therapeutically, combining medical intervention to down-regulate NET formation [85],
with current rhDNase treatments to dissociate DNA [45] would be expected to reduce the amount
of inflammation and tissue damage caused by the concentrated cytotoxic components, as well as to
beneficially impact mucus viscosity, MCC, and lung function.

4.4. Potential of CF Mucus Character to Promote Bacterial Adaptation and Survival

CF chronic infection with opportunistic pathogens, and its treatment, continue to be actively
investigated [3,34,87–91]. Considering the congested CF airway and the heterogeneity of CF mucus
composition and solubility profiles, also brings to the discussion the spatial heterogeneity of the CF
lung and the potential impact of its stagnant contents on microbial colonization.

In CF, with dense mucus and ineffective cough, MCC, and immune cell activities, microorganisms
are provided the time and space for diversification. Opportunistic pathogens, such as P. aeruginosa,
are known to adapt to their environment, acquiring and expressing traits needed for survival, and
down-regulating characteristics which would damage their host or incite their removal [87,89–92].
Bacteria within protective matrices (i.e., mucoid P. aeruginosa), are difficult to completely eradicate
by physio-mechanical and/or therapeutic means [3,89–91], and as aggregates associated with host
polymeric mucins or DNA, are more antibiotic-tolerant [7,90]. In the confined spaces of mucus
obstructed CF airways, and those of other chronic obstructive pulmonary diseases (COPDs), microbial
communities may also share the “common goods” and “social cheaters” may advantage of the proximity
of their neighbors and neighbors’ products for survival [93]. Bacterial-CF host adaptation was apparent
in recent metabolic screens of sputum isolates, where we saw a higher incidence of lipase activity
among CF mucoid P. aeruginosa isolates than for non-mucoid CF or non-CF P. aeruginosa isolates [58].
In the current report, the DPPC elevation in CF sputa, relative to non-CF sputa, suggests that this lipid
alteration in the CF airway may promote the elaboration of PLC by chronically colonizing bacteria. In a
stagnant airway, PLC and other bacterially-derived hydrolytic enzymes may accumulate to sufficient
concentration to alter the host surfactant functions and airway resistance, and affect mucus rheology
and pathogen clearance [1,79,94].

4.5. Obstructive CF Mucus Potential to Increase Risk and Time of Exposure to Cytotoxic Agents

With chronic obstruction, there are longer durations for opportunistic pathogens, neutrophils, and
the airways to be exposed to one another. There are also increased risks for the individual associated
with the duration of exposure and accumulation of drugs, bacterial products, and debris. An example
of this increased risk is suggested by in vitro studies showing time and iron-dependent cytotoxicity
of the P. aeruginosa phenazine pyocyanin on epithelial cells in culture [59]. The polymyxin antibiotic
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colistimethate, which is commonly used in CF, can be cytotoxic to airway cells at physiologically
relevant concentrations, and may be even more cytotoxic in conjunction with P. aeruginosa virulence
factor pyocyanin [60]. Preliminary in vitro investigation of the metallic anti-microbial agent gallium,
which is currently in clinical trials for CF Pseudomonas infection [34,89], has also revealed synergistic
cytotoxicity between gallium, which itself shows very low cytotoxicity toward airway epithelial
cells, and pyocyanin [61]. As such, in the congested CF airway, the time of airway clearance of the
combination of therapeutic agents and bacterial virulence factors may be a major contributor to the
overall health or damage of the airway.

4.6. Obstructive CF Mucus Potential to Limit Access and Effectiveness of Beneficial Agents

Respiratory mucus, as a protective barrier, may also limit the delivery and effectiveness of
helpful agents [43,50,56,91]. This may be especially important for the use of aerosolized antibiotics,
as pneumonias with multi-drug resistant organisms continue to increase, in non-CF conditions and
CF [43,44,91,95]. The current study suggests that in gauging how to maximize benefits and minimize
adverse effects in the airway, one needs to be cognizant of the elements of mucus obstruction.

Many factors may impact overall mechanical airway clearance, drug dispersal, distribution,
activity, efficacy, and potential for cytotoxicity. Suggested by our study and others addressed above,
these factors may reasonably include whether respiratory secretions are purulent or not; whether
they contain polymeric mucins existing as entangled strands or as mucoid sheets or flakes; whether
DNA is free, polymeric or in static NETs; whether bacteria are in aerobic or anaerobic pockets of host
extracellular matrices or exist in self-made biofilms; and numerous other permutations. Antibiotic
eradication therapy of P. aeruginosa in CF, for example, has not always been successful within the
specific therapeutic opportunity windows [3]. While the cause of therapeutic failure is not clear, it
likely includes host factors related to airway obstructions, which limit drug delivery and dispersion [3].
Considering the dynamic nature of the DNA and/or mucin content of CF airways over the long term,
as well as throughout the day, continued therapeutic refinements may come from focusing attention
on the individual patient’s airway mucus composition at the time therapy is being applied.

4.7. CF Mucus Content as Potential Guide to Enhanced Airway Therapeutics Interventions

With a wide variety of therapeutic interventions, developed over many decades, quality of life
and longevity of individuals with CF have dramatically improved [5,6,34–36,43,96,97]. It remains
paramount, however, to address the issues of chronic obstruction, inflammation, and infection in CF,
with the development of additional novel mucolytic, anti-inflammatory, and anti-infective strategies
and agents, especially for those individuals with advanced lung disease and those for whom current
pharmacological agents are not effective or accessible [3–5,18,28,31–34,46,47,55,77,91]. Our ex vivo
hands-on observations predict that continued improvements in therapeutic options for the chronic
obstruction, infection, and inflammation in CF and COPDs will address in vivo CF mucus as a
dynamic conglomerate.

Our work, as well as that of others, points to the promising potential for intervening in the
CF respiratory infection and muco-inflammatory cycle at the interplay of the DNA and mucous
glycoproteins [4,18,31,77,79,83]. Our study revealed that the relationship of these macromolecular
species, more so than the amount of one component or the other, affects mucus character and
solubilization times. These data suggest that for airway specimens where one component dominates,
addressing that component would be predicted to be beneficial to reduce aberrant mucus characteristics
and improve MCC. Such strategies would include, for sputa with high DNA content, targeting DNA
degradation [31,37,38,45,77], and for sputa with high mucous glycoprotein content, addressing the
mucin polymer interactions and providing more hydration [4,17,18,31,32,46,49,55,77,83]. CF sputa
solubilization in the lab was more readily achieved when the combined mucous glycoprotein and DNA
content was less than 10% MDW, suggesting that therapeutics to reduce infection and inflammation may
also assist in lowering GP and DNA levels, potentially lowering total solids, and thereby improving
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osmotic conditions and MCC. Our work also suggests that airway clearance will be most difficult when
the CF respiratory mucus possesses moderate to high levels of both DNA and mucous glycoprotein. For
these individuals, multi-modal therapies are anticipated to be most effective [28,46,77]. This laboratory
study suggests that muco-active agents [4,18,36,55,77] which possess elements which address both the
DNA and the mucous glycoproteins, in all their complex forms and interactions, would potentially
improve airway clearance for the widest population of individuals with CF, and considering the
heterogeneity of CF mucus, in time and space, may potentially prove useful at all stages of exacerbation,
infection, inflammation, and obstruction.

5. Conclusions

As described in these research observations, CF sputa, over the population, and over time for
individuals, reflect a spectrum of relative concentrations of DNA and mucous glycoprotein, and
these relationships affect sputum solubility. As CF airway clearance strategies continue to evolve
to hydrate, solubilize, mobilize, and remove the viscous obstructive materials, these data suggest
that therapeutics which address both the DNA and mucous glycoprotein components, in the high
lipid concentration environment, may prove beneficial in treating this ever-changing airway dynamic
and be effective and versatile across patient populations, and over time for individual patients.
Progress toward new anti-microbials for CF pathogens will undoubtedly also benefit from an improved
understanding of bacterial behaviors in the in vivo environment in which the bacteria exist and adapt,
i.e., the dense and heterogeneous matrix known as “CF mucus”. In this light, the knowledge gained in
the study of the complex “worst case” CF airway, of its altered mucus composition and function, is
anticipated to continue to aid and guide new strategies for airway clearance and control of infection,
virulence, and inflammation, for CF and for a wide spectrum of pneumonias and chronic obstructive
pulmonary diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2673-527X/1/1/2/s1,
Table S1. Additional Details of Chemical Composition of Non-purulent, Purulent and Cystic Fibrosis Sputum;
Table S2. Chemical Composition of Tracheobronchial Glycoproteins from Patients with and without Cystic Fibrosis;
Figure S1. Examples of Solubilization Times of Purulent CF and Purulent Non-CF Sputa; Figure S2. Examination
of Effects of Glycoprotein:DNA Content Ratios on CF Sputa Solubilization Times; Table S3. CF Bronchiolar Plugs
Solubility Times with Corresponding DNA and Glycoprotein Content.

Author Contributions: Conceptualization, T.P.M. and D.L.C.; methodology, T.P.M.; validation, T.P.M.; formal
analysis, T.P.M. and D.L.C.; investigation, T.P.M. and D.L.C.; resources, T.P.M. and D.L.C.; data curation, T.P.M.
and D.L.C.; writing—original draft preparation, T.P.M. and D.L.C.; supervision, T.P.M.; writing—review and
editing, T.P.M. and D.L.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was initially supported by National Heart, Lung, and Blood Institute, National Institutes
of Health Grant HL-32026 (T.P.M.) as part of a larger study. Additional support was received for continuation
of this research focus and the manuscript preparation from the Cystic Fibrosis Association of Missouri (D.L.C.),
the Cystic Fibrosis Association of West Plains (D.L.C.), and the University of Missouri Experiment Station Chemical
Laboratories (T.P.M.).

Acknowledgments: The authors express their great appreciation for the years of assistance and guidance of Giulio
J. Barbero and Debra A. Gayer, and for the many CF and non-CF patients who donated sputum specimens toward
the study of CF mucus and CF tracheobronchial mucous glycoproteins.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Puchelle, E.; Bajolet, O.; Abély, M. Airway mucus in cystic fibrosis. Paediatr. Respir. Rev. 2002, 3, 115–119.
[CrossRef]

2. Mawhinney, T.P.; Chance, D.L.; Waters, J.K.; Mossine, V.V.; He, S.; Cassity, N.A. Characterization of blood
group antigen-containing oligosaccharides isolated from human respiratory mucous glycoproteins. In Recent
Developments in Carbohydrate Research; Pandalai, S.G., Ed.; Transworld Research Network: Kerala, India, 2003;
Volume 1, pp. 1–25.

http://www.mdpi.com/2673-527X/1/1/2/s1
http://dx.doi.org/10.1016/S1526-0550(02)00005-7


JoR 2020, 1 25

3. Döring, G.; Flume, P.; Heijerman, H.; Elborn, J.S. Treatment of lung infection in patients with cystic fibrosis:
Current and future strategies. J. Cyst. Fibros. 2012, 11, 461–479. [CrossRef] [PubMed]

4. Morrison, C.B.; Markovetz, M.R.; Ehre, C. Mucus, mucins, and cystic fibrosis. Pediatr. Pulmonol. 2019, 54,
S84–S96. [CrossRef] [PubMed]

5. Bell, S.C.; Mall, M.A.; Gutierrez, H.; Macek, M.; Madge, S.; Davies, J.C.; Burgel, P.R.; Tullis, E.; Castaños, C.;
Castellani, C.; et al. The future of cystic fibrosis care: A global perspective. Lancet Respir. Med. 2020, 8,
65–124. [CrossRef]

6. De Boeck, K. Cystic fibrosis in the year 2020: A disease with a new face. Acta Paediatr. 2020, 109, 893–899.
[CrossRef] [PubMed]

7. Venkatakrishnan, V.; Packer, N.H.; Thaysen-Andersen, M. Host mucin glycosylation plays a role in bacterial
adhesion in lungs of individuals with cystic fibrosis. Expert Rev. Respir. Med. 2013, 7, 553–576. [CrossRef]
[PubMed]

8. Walker, N.M.; Liu, J.; Stein, S.R.; Stefanski, C.D.; Strubberg, A.M.; Clarke, L.L. Cellular chloride and
bicarbonate retention alters intracellular pH regulation in Cftr KO crypt epithelium. Am. J. Physiol.
Gastrointest. Liver Physiol. 2015, 310, G70–G80. [CrossRef]

9. Kunzelmann, K.; Schreiber, R.; Hadorn, H.B. Bicarbonate in cystic fibrosis. J. Cyst. Fibros. 2017, 16, 653–662.
[CrossRef]

10. Quinton, P.M. Both ways at once: Keeping small airways clean. Physiology 2017, 32, 380–390. [CrossRef]
11. Heijerman, H.G.M.; McKone, E.F.; Downey, D.G.; Van Braeckel, E.; Rowe, S.M.; Tullis, E.; Mall, M.A.;

Welter, J.J.; Ramsey, B.W.; McKee, C.M.; et al. Efficacy and safety of the elexacaftor plus tezacaftor plus
ivacaftor combination regimen in people with cystic fibrosis homozygous for the F508del mutation: A
double-blind, randomised, phase 3 trial. Lancet 2019, 394, 1940–1948. [CrossRef]

12. Matthews, L.W.; Spector, S.; Lemm, J.; Potter, J.L. Studies on pulmonary secretions. I. The over-all chemical
composition of pulmonary secretions from patients with cystic fibrosis, bronchiectasis, and laryngectomy.
Am. Rev. Respir. Dis. 1963, 88, 199–204. [PubMed]

13. Boat, T.F.; Cheng, P.W.; Iyer, R.N.; Carlson, D.M.; Polony, I. Mucous glycoproteins of non-purulent
tracheobronchial secretions and sputum of patients with bronchitis and cystic fibrosis. Arch. Biochem.
Biophys. 1976, 177, 95–104. [CrossRef]

14. King, M. Is cystic fibrosis mucus abnormal? Pediatr. Res. 1981, 15, 120–122. [CrossRef] [PubMed]
15. Davril, M.; DeGroote, S.; Humbert, P.; Galabert, C.; Dumur, V.; Lafitte, J.-J.; Lamblin, G.; Roussel, P.

The sialylation of bronchial mucins secreted by patients suffering from cystic fibrosis or from chronic
bronchitis is related to the severity of airway infection. Glycobiology 1999, 9, 311–321. [CrossRef] [PubMed]

16. Thornton, D.J. From Mucins to Mucus: Toward a More Coherent Understanding of This Essential Barrier.
Proc. Am. Thorac. Soc. 2004, 1, 54–61. [CrossRef]

17. Hill, D.B.; Long, R.F.; Kissner, W.J.; Atieh, E.; Garbarine, I.C.; Markovetz, M.R.; Fontana, N.C.; Christy, M.;
Habibpour, M.; Tarran, R.; et al. Pathological mucus and impaired mucus clearance in cystic fibrosis patients
result from increased concentration, not altered pH. Eur. Respir. J. 2018, 52, 1801297. [CrossRef]

18. Esther, C.R., Jr.; Muhlebach, M.S.; Ehre, C.; Hill, D.B.; Wolfgang, M.C.; Kesimer, M.; Ramsey, K.A.;
Markovetz, M.R.; Garbarine, I.C.; Forest, M.G.; et al. Mucus accumulation in the lungs precedes structural
changes and infection in children with cystic fibrosis. Sci. Transl. Med. 2019, 11, eaav3488. [CrossRef]

19. Mawhinney, T.P.; Adelstein, E.; Morris, D.A.; Mawhinney, A.M.; Barbero, G.J. Structure determination of
five sulfated oligosaccharides derived from tracheobronchial mucus glycoproteins. J. Biol. Chem. 1987, 262,
2994–3001.

20. Mawhinney, T.P.; Adelstein, E.; Gayer, D.A.; Landrum, D.C.; Barbero, G.J. Structural analysis of monosulfated
side-chain oligosaccharides isolated from human tracheobronchial mucous glycoproteins. Carbohydr. Res.
1992, 223, 187–207. [CrossRef]

21. Mawhinney, T.P.; Landrum, D.C.; Gayer, D.A.; Barbero, G.J. Sulfated sialyl-oligosaccharides derived from
tracheobronchial mucous glycoproteins of a patient suffering from cystic fibrosis. Carbohydr. Res. 1992, 235,
179–197. [CrossRef]

22. Chance, D.L.; Mawhinney, T.P. Disulfated oligosaccharides derived from tracheobronchial mucous
glycoproteins of a patient suffering from cystic fibrosis. Carbohydr. Res. 1996, 295, 157–177. [CrossRef]

23. Chance, D.L.; Mawhinney, T.P. Carbohydrate sulfation effects on growth of Pseudomonas aeruginosa.
Microbiology 2000, 146, 1717–1725. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jcf.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23137712
http://dx.doi.org/10.1002/ppul.24530
http://www.ncbi.nlm.nih.gov/pubmed/31715083
http://dx.doi.org/10.1016/S2213-2600(19)30337-6
http://dx.doi.org/10.1111/apa.15155
http://www.ncbi.nlm.nih.gov/pubmed/31899933
http://dx.doi.org/10.1586/17476348.2013.837752
http://www.ncbi.nlm.nih.gov/pubmed/24138697
http://dx.doi.org/10.1152/ajpgi.00236.2015
http://dx.doi.org/10.1016/j.jcf.2017.06.005
http://dx.doi.org/10.1152/physiol.00013.2017
http://dx.doi.org/10.1016/S0140-6736(19)32597-8
http://www.ncbi.nlm.nih.gov/pubmed/14045224
http://dx.doi.org/10.1016/0003-9861(76)90419-7
http://dx.doi.org/10.1203/00006450-198102000-00007
http://www.ncbi.nlm.nih.gov/pubmed/7254936
http://dx.doi.org/10.1093/glycob/9.3.311
http://www.ncbi.nlm.nih.gov/pubmed/10024669
http://dx.doi.org/10.1513/pats.2306016
http://dx.doi.org/10.1183/13993003.01297-2018
http://dx.doi.org/10.1126/scitranslmed.aav3488
http://dx.doi.org/10.1016/0008-6215(92)80016-T
http://dx.doi.org/10.1016/0008-6215(92)80087-H
http://dx.doi.org/10.1016/S0008-6215(96)00231-5
http://dx.doi.org/10.1099/00221287-146-7-1717
http://www.ncbi.nlm.nih.gov/pubmed/10878135


JoR 2020, 1 26

24. Lamblin, G.; DeGroote, S.; Perini, J.M.; Delmotte, P.; Scharfman, A.; Davril, M.; Lo-Guidice, J.M.; Houdret, N.;
Dumur, V.; Klein, A.; et al. Human airway mucin glycosylation: A combinatory of carbohydrate determinants
which vary in cystic fibrosis. Glycoconj. J. 2001, 18, 661–684. [CrossRef] [PubMed]

25. DeGroote, S.; Maes, E.; Humbert, P.; Delmotte, P.; Lamblin, G.; Roussel, P. Sulfated oligosaccharides isolated
from the respiratory mucins of a secretor patient suffering from chronic bronchitis. Biochimie 2003, 85,
369–379. [CrossRef]

26. Mawhinney, T.P.; Chance, D.L. Structural analysis of sulfated oligosaccharides possessing (α1-2)-fucosyl
residues derived from cystic fibrosis tracheobronchial mucous glycoproteins. In Recent Developments in
Carbohydrate Research; Pandalai, S.G., Ed.; Transworld Research Network: Kerala, India, 2005; Volume 2,
pp. 67–92.

27. Ostedgaard, L.S.; Meyerholz, D.K.; Chen, J.-H.; Pezzulo, A.A.; Karp, P.H.; Rokhlina, T.; Ernst, S.E.;
Hanfland, R.A.; Reznikov, L.; Ludwig, P.S.; et al. The DeltaF508 mutation causes CFTR misprocessing and
cystic fibrosis-like disease in pigs. Sci. Transl. Med. 2011, 3, 74ra24. [CrossRef] [PubMed]

28. Tang, X.X.; Ostedgaard, L.S.; Hoegger, M.J.; Moninger, T.O.; Karp, P.H.; McMenimen, J.D.; Choudhury, B.;
Varki, A.; Stoltz, D.A.; Welsh, M.J. Acidic pH increases airway surface liquid viscosity in cystic fibrosis. J.
Clin. Investig. 2016, 126, 879–891. [CrossRef] [PubMed]

29. Luan, X.; Belev, G.; Tam, J.S.; Jagadeeshan, S.; Hassan, N.; Gioino, P.; Grishchenko, N.; Huang, Y.; Carmalt, J.L.;
Duke, T.; et al. Cystic fibrosis swine fail to secrete airway surface liquid in response to inhalation of pathogens.
Nat. Commun. 2017, 8, 786. [CrossRef]

30. Ermund, A.; Trillo-Muyo, S.; Hansson, G.C. Assembly, release, and transport of airway mucins in pigs and
humans. Ann. Am. Thorac. Soc. 2018, 15, S159–S163. [CrossRef]

31. Ehre, C.; Rushton, Z.L.; Wang, B.; Hothem, L.N.; Morrison, C.B.; Fontana, N.C.; Markovetz, M.R.; DeLion, M.F.;
Kato, T.; Villalon, D.; et al. An improved inhaled mucolytic to treat airway muco-obstructive diseases. Am. J.
Respir. Crit. Care Med. 2019, 199, 171–180. [CrossRef]

32. Fernandez-Petty, C.M.; Hughes, G.W.; Bowers, H.L.; Watson, J.D.; Rosen, B.H.; Townsend, S.M.; Santos, C.;
Ridley, C.E.; Chu, K.K.; Birket, S.E.; et al. A glycopolymer improves vascoelasticity and mucociliary transport
of abnormal cystic fibrosis mucus. JCI Insight 2019, 4, e125954. [CrossRef]

33. Kim, M.D.; Baumlin, N.; Yoshida, M.; Polineni, D.; Salathe, S.F.; David, J.K.; Peloquin, C.A.; Wanner, A.;
Dennis, J.S.; Sailland, J.; et al. Losartan rescues inflammation-related mucociliary dysfunction in relevant
models of cystic fibrosis. Am. J. Respir. Crit. Care Med. 2020, 201, 313–324. [CrossRef] [PubMed]

34. Cystic Fibrosis Foundation Website, Drug Development Pipeline—Clinical Trials Tool. Available online:
https://www.cff.org/trials/pipeline (accessed on 8 September 2020).

35. 2018 Cystic Fibrosis Foundation Patient Registry Highlights. Available online: https://www.cff.org/Research/

Researcher-Resources/Patient-Registry/2018-Cystic-Fibrosis-Foundation-Patient-Registry-Highlights.pdf
(accessed on 8 September 2020).

36. Stanford, G.E.; Dave, K.; Simmonds, N.J. Pulmonary exacerbations in adults with cystic fibrosis—A grown-up
issue in a changing CF landscape. Chest 2020. [CrossRef] [PubMed]

37. King, M.; Dasgupta, B.; Tomkiewicz, R.P.; Brown, N.E. Rheology of cystic fibrosis sputum after in vitro
treatment with hypertonic saline alone and in combination with recombinant human deoxyribonuclease, I.
Am. J. Respir. Crit. Care Med. 1997, 156, 173–177. [CrossRef] [PubMed]

38. Dasgupta, B.; Brown, N.E.; King, M. Effects of sputum oscillations and rhDNase in vitro: A combined
approach to treat cystic fibrosis lung disease. Pediatr. Pulmonol. 1998, 26, 250–255. [CrossRef]

39. Rubin, B.K. Mucus, phlegm, and sputum in cystic fibrosis. Respir. Care 2009, 54, 726–732. [CrossRef]
[PubMed]

40. Kreda, S.M.; Davis, C.W.; Rose, M.C. CFTR, mucins, and mucus obstruction in cystic fibrosis. Cold Spring
Harb. Perspect. Med. 2012, 2, a009589. [CrossRef]

41. Daviskas, E.; Rubin, B.K. Effect of inhaled dry powder mannitol on mucus and its clearance. Expert Rev.
Respir. Med. 2013, 7, 65–75. [CrossRef]

42. Ehre, C.; Ridley, C.; Thornton, D.J. Cystic fibrosis: An inherited disease affecting mucin-producing organs.
Int. J. Biochem. Cell Biol. 2014, 52, 136–145. [CrossRef]

43. Restrepo, M.I.; Keyt, H.; Reyes, L.F. Aerosolized antibiotics. Respir. Care 2015, 60, 762–773. [CrossRef]
44. Tay, G.T.; Reid, D.W.; Bell, S.C. Inhaled antibiotics in cystic fibrosis (CF) and non-CF bronchiectasis. Semin.

Respir. Crit. Care Med. 2015, 36, 267–286. [CrossRef]

http://dx.doi.org/10.1023/A:1020867221861
http://www.ncbi.nlm.nih.gov/pubmed/12386453
http://dx.doi.org/10.1016/S0300-9084(03)00022-1
http://dx.doi.org/10.1126/scitranslmed.3001868
http://www.ncbi.nlm.nih.gov/pubmed/21411740
http://dx.doi.org/10.1172/JCI83922
http://www.ncbi.nlm.nih.gov/pubmed/26808501
http://dx.doi.org/10.1038/s41467-017-00835-7
http://dx.doi.org/10.1513/AnnalsATS.201804-238AW
http://dx.doi.org/10.1164/rccm.201802-0245OC
http://dx.doi.org/10.1172/jci.insight.125954
http://dx.doi.org/10.1164/rccm.201905-0990OC
http://www.ncbi.nlm.nih.gov/pubmed/31613648
https://www.cff.org/trials/pipeline
https://www.cff.org/Research/Researcher-Resources/Patient-Registry/2018-Cystic-Fibrosis-Foundation-Patient-Registry-Highlights.pdf
https://www.cff.org/Research/Researcher-Resources/Patient-Registry/2018-Cystic-Fibrosis-Foundation-Patient-Registry-Highlights.pdf
http://dx.doi.org/10.1016/j.chest.2020.09.084
http://www.ncbi.nlm.nih.gov/pubmed/32966813
http://dx.doi.org/10.1164/ajrccm.156.1.9512074
http://www.ncbi.nlm.nih.gov/pubmed/9230743
http://dx.doi.org/10.1002/(SICI)1099-0496(199810)26:4&lt;250::AID-PPUL3&gt;3.0.CO;2-X
http://dx.doi.org/10.4187/002013209790983269
http://www.ncbi.nlm.nih.gov/pubmed/19467160
http://dx.doi.org/10.1101/cshperspect.a009589
http://dx.doi.org/10.1586/ers.12.72
http://dx.doi.org/10.1016/j.biocel.2014.03.011
http://dx.doi.org/10.4187/respcare.04208
http://dx.doi.org/10.1055/s-0035-1547346


JoR 2020, 1 27

45. Yang, C.L.; Montgomery, M. Dornase alfa for cystic fibrosis. Cochrane Database Syst. Rev. 2018, 9, CD001127.
[CrossRef] [PubMed]

46. Demouveaux, B.; Gouyer, V.; Gottrand, F.; Narita, T.; Desseyn, J.-L. Gel-forming mucin interactome drives
mucus viscoelasticity. Adv. Colloid Interface Sci. 2018, 252, 69–82. [CrossRef] [PubMed]

47. Khan, M.A.; Ali, Z.S.; Sweezey, N.B.; Grasemann, H.; Palaniyar, N. Progression of cystic fibrosis lung
disease from childhood to adulthood: Neutrophils, neutrophil extracellular trap (NET) formation, and NET
degradation. Genes 2019, 10, 183. [CrossRef] [PubMed]

48. Boyd, A.C.; Guo, S.; Huang, L.; Kerem, B.; Oren, Y.S.; Walker, A.J.; Hart, S.L. New approaches to genetic
therapies for cystic fibrosis. J. Cyst. Fibros. 2020, 19, S54–S59. [CrossRef]

49. Nair, G.B.; Ilowite, J.S. Pharmacologic agents for mucus clearance in bronchiectasis. Clin. Chest Med. 2012,
33, 363–370. [CrossRef]

50. Leal, J.; Smyth, H.D.C.; Ghosh, D. Physicochemical properties of mucus and their impact on transmucosal
drug delivery. Int. J. Pharm. 2017, 532, 555–572. [CrossRef]

51. Hill, D.B.; Vasquez, P.A.; Mellnik, J.; McKinley, S.A.; Vose, A.; Mu, F.; Henderson, A.G.; Donaldson, S.H.;
Alexis, N.E.; Boucher, R.C.; et al. A biophysical basis for mucus solids concentration as a candidate biomarker
for airways disease. PLoS ONE 2014, 9, e87681. [CrossRef]

52. Rubin, B.K. Mucus structure and properties in cystic fibrosis. Paediatr. Respir. Rev. 2007, 8, 4–7. [CrossRef]
53. Duncan, G.A.; Jung, J.; Hanes, J.; Suk, J.S. The mucus barrier to inhaled gene therapy. Mol. Ther. 2016, 24,

2043–2053. [CrossRef]
54. Thomen, R.P.; Walkup, L.L.; Roach, D.J.; Cleveland, Z.I.; Clancy, J.P.; Woods, J.C. Hyperpolarized 129Xe for

investigation of mild cystic fibrosis lung disease in pediatric patients. J. Cyst. Fibros. 2017, 16, 275–282.
[CrossRef]

55. Adewale, A.T.; Falk Libby, E.; Fu, L.; Lenzie, A.; Boitet, E.R.; Birket, S.E.; Petty, C.F.; Johns, J.D.; Mazur, M.;
Tearney, G.J.; et al. Novel therapy of bicarbonate, glutathione, and ascorbic acid improves cystic fibrosis
mucus transport. Am. J. Respir. Cell Mol. Biol. 2020, 63, 362–373. [CrossRef] [PubMed]

56. Chen, Z.; Zhong, M.; Luo, Y.; Deng, L.; Hu, Z.; Song, Y. Determination of rheology and surface tension of
airway surface liquid: A review of clinical relevance and measurement techniques. Respir. Res. 2019, 20, 274.
[CrossRef] [PubMed]

57. Chance, D.L.; Mawhinney, T.P. Using negative staining TEM to study structure/function relationships of
cystic fibrosis host-adapted opportunistic pathogen Pseudomonas aeruginosa. Microsc. Microanal. 2017, 23,
1354–1355. [CrossRef]

58. Chance, D.L.; Mossine, V.; Waters, J.; Wang, W.; Mawhinney, T.P. Evaluating the heterogeneity of Pseudomonas
aeruginosa collection for application to in vitro research studies. Pediatr. Pulmonol. 2018, 53, 298. [CrossRef]

59. Mossine, V.V.; Waters, J.K.; Chance, D.L.; Mawhinney, T.P. Transient proteotoxicity of bacterial virulence
factor pyocyanin in renal tubular epithelial cells induces ER-related vacuolation and can be efficiently
modulated by iron chelators. Toxicol. Sci. 2016, 154, 403–415. [CrossRef]

60. Mossine, V.V.; Chance, D.L.; Waters, J.K.; Mawhinney, T.P. Interaction of bacterial phenazines with
colistimethate in bronchial epithelial cells. Antimicrob. Agents Chemother. 2018, 62, e02349-17. [CrossRef]

61. Mawhinney, T.P.; Mossine, V.V.; Chance, D.L.; Waters, J.K. Cytotoxic interactions between Pseudomonas
aeruginosa virulence factors and metal-based antimicrobials in vitro. FASEB J. 2019, 33, 662. [CrossRef]

62. Cerriotti, G. A microchemical determination of deoxyribonucleic acid. J. Biol. Chem. 1952, 198, 297–303.
63. Kissane, J.M.; Robins, E. The fluorometric measurement of deoxyribonucleic acid in animal tissues with

special reference to the central nervous system. J. Biol. Chem. 1958, 233, 184–188.
64. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent.

J. Biol. Chem. 1951, 193, 265–275.
65. Rouser, G.; Kritchevsky, G.; Yamamoto, A. Column chromatographic and associated procedures for separation

and determination of phosphatides and glycolipids. Lipid Chromatograph. Anal. 1967, 1, 99–162.
66. Poorthuis, B.J.; Yazaki, P.J.; Hostetler, K.Y. An improved two dimensional thin-layer chromatography system

for the separation of phosphatidylglycerol and its derivatives. J. Lipid Res. 1976, 17, 433–437. [PubMed]
67. Lowry, R.R.; Tinsley, I.J. A simple, sensitive method for lipid phosphorus. Lipids 1974, 9, 491–492. [CrossRef]

[PubMed]

http://dx.doi.org/10.1002/14651858.CD001127.pub4
http://www.ncbi.nlm.nih.gov/pubmed/30187450
http://dx.doi.org/10.1016/j.cis.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/29329667
http://dx.doi.org/10.3390/genes10030183
http://www.ncbi.nlm.nih.gov/pubmed/30813645
http://dx.doi.org/10.1016/j.jcf.2019.12.012
http://dx.doi.org/10.1016/j.ccm.2012.02.008
http://dx.doi.org/10.1016/j.ijpharm.2017.09.018
http://dx.doi.org/10.1371/journal.pone.0087681
http://dx.doi.org/10.1016/j.prrv.2007.02.004
http://dx.doi.org/10.1038/mt.2016.182
http://dx.doi.org/10.1016/j.jcf.2016.07.008
http://dx.doi.org/10.1165/rcmb.2019-0287OC
http://www.ncbi.nlm.nih.gov/pubmed/32374624
http://dx.doi.org/10.1186/s12931-019-1229-1
http://www.ncbi.nlm.nih.gov/pubmed/31801520
http://dx.doi.org/10.1017/S1431927617007437
http://dx.doi.org/10.1002/ppul.24152
http://dx.doi.org/10.1093/toxsci/kfw174
http://dx.doi.org/10.1128/AAC.02349-17
http://dx.doi.org/10.1096/fasebj.2019.33.1_supplement.662.47
http://www.ncbi.nlm.nih.gov/pubmed/181504
http://dx.doi.org/10.1007/BF02534277
http://www.ncbi.nlm.nih.gov/pubmed/4407655


JoR 2020, 1 28

68. Mawhinney, T.P.; Feather, M.S.; Barbero, G.J.; Martinez, J. The rapid, quantitative determination of neutral
sugars (as aldononitrile acetates) and amino sugars (as O-methyloxime acetates) in glycoproteins by gas-liquid
chromatography. Anal. Biochem. 1980, 101, 112–117. [CrossRef]

69. Warren, L. The thiobarbituric acid assay of sialic acids. J. Biol. Chem. 1959, 234, 1971–1975. [PubMed]
70. Mawhinney, T.P.; Madson, M.A.; Rice, R.H.; Feather, M.S.; Barbero, G.J. Gas-liquid chromatography and

mass-spectral analysis of per-O-trimethylsilyl acyclic ketoxime derivatives of neuraminic acid. Carbohydr.
Res. 1982, 104, 169–181. [CrossRef]

71. Millonig, G. Advantages of a phosphate buffer for OsO4 solutions in fixation. J. Appl. Phys. 1961, 32, 1–5.
72. Luft, J.H. Improvements in epoxy resin embedding methods. J. Biophys. Biochem. Cytol. 1961, 9, 409–414.

[CrossRef]
73. Reynolds, E.S. The use of lead citrate at high pH as an electron-opaque stain in electron microscopy. J. Cell

Biol. 1963, 17, 208–212. [CrossRef]
74. Chance, D.; Mawhinney, T. Cystic fibrosis sputum reflections from the pre-modulator age. FASEB J. 2020, 34,

1. [CrossRef]
75. Birket, S.E.; Davis, J.M.; Fernandez, C.M.; Tuggle, K.L.; Oden, A.M.; Chu, K.K.; Tearney, G.J.; Fanucchi, M.V.;

Sorscher, E.J.; Rowe, S.M. Development of an airway mucus defect in the cystic fibrosis rat. JCI Insight 2018,
3. [CrossRef] [PubMed]

76. Conod, E.J.; Conover, J.H.; Hirschhorn, K. Demonstration of human leukocyte degranulation induced by sera
from homozygotes and heterozygotes for cystic fibrosis. Pediatr. Res. 1975, 9, 724–729. [CrossRef] [PubMed]

77. Hill, D.B.; Markovetz, M.R.; Kissner, W.; Sears, P.; Ostrowski, L. Transition of CF mucus from mucin to DNA
dominance: Therapeutic consequences. Pediatr. Pulmonol. 2019, 54, S159–S160. [CrossRef]

78. Shelley, S.A.; Balis, J.U.; Paciga, J.E.; Espinoza, C.G.; Richman, A.V. Biochemical composition of adult human
lung surfactant. Lung 1982, 160, 195–206. [CrossRef] [PubMed]

79. Zahm, J.-M.; Galabert, C.; Chaffin, A.; Chazalette, J.-P.; Grosskopf, C.; Puchelle, E. Improvement of cystic
fibrosis airway mucus transportability by recombinant human DNase is related to changes in phospholipid
profile. Am. J. Respir. Crit. Care Med. 1998, 157, 1779–1784. [CrossRef] [PubMed]

80. Bansil, R.; Turner, B.S. The biology of mucus: Composition, synthesis and organization. Adv. Drug Deliv. Rev.
2018, 124, 3–15. [CrossRef]

81. Tomaiuolo, G.; Rusciano, G.; Caserta, S.; Carciati, A.; Carnovale, V.; Abete, P.; Sasso, A.; Guido, S. A new
method to improve the clinical evaluation of cystic fibrosis patients by mucus viscoelastic properties. PLoS
ONE 2014, 9, e82297. [CrossRef]

82. Ma, J.T.; Tang, C.; Kang, L.; Voynow, J.A.; Rubin, B.K. Cystic fibrosis sputum rheology correlates with both
acute and longitudinal changes in lung function. Chest 2018, 154, 370–377. [CrossRef]

83. Rancourt, R.C.; Tai, S.; King, M.; Heltshe, S.L.; Penvari, C.; Accurso, F.J.; White, C.W. Thioredoxin liquefies
and decreases the viscoelasticity of cystic fibrosis sputum. Am. J. Physiol. Lung Cell. Mol. Physiol. 2004, 286,
L931–L938. [CrossRef]

84. Law, S.M.; Gray, R.D. Neutrophil extracellular traps and the dysfunctional innate immune response of cystic
fibrosis lung disease: A review. J. Inflamm. 2017, 14, 1–8. [CrossRef]

85. Gray, R.D.; Hardisty, G.; Regan, K.H.; Smith, M.; Robb, C.T.; Duffin, R.; Mackellar, A.; Felton, J.M.; Paemka, L.;
Mccullagh, B.N.; et al. Delayed neutrophil apoptosis enhances NET formation in cystic fibrosis. Thorax 2018,
73, 134–144. [CrossRef] [PubMed]

86. Hoenderdos, K.; Lodge, K.M.; Hirst, R.A.; Chen, C.; Palazzo, S.G.C.; Emerenciana, A.; Summers, C.;
Angyal, A.; Porter, L.; Juss, J.K.; et al. Hypoxia upregulates neutrophil degranulation and potential for tissue
injury. Thorax 2016, 71, 1030–1038. [CrossRef] [PubMed]

87. Winstanley, C.; O’Brien, S.; Brockhurst, M.A. Pseudomonas aeruginosa evolutionary adaptation and
diversification in cystic fibrosis chronic lung infections. Trends Microbiol. 2016, 24, 327–337. [CrossRef]
[PubMed]

88. Zanin, M.; Baviskar, P.; Webster, R.; Webby, R. The interaction between respiratory pathogens and mucus.
Cell Host Microbe 2016, 19, 159–168. [CrossRef]

89. Koo, H.; Allan, R.N.; Howlin, R.P.; Stoodley, P.; Hall-Stoodley, L. Targeting microbial biofilms: Current and
prospective therapeutic strategies. Nat. Rev. Genet. 2017, 15, 740–755. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0003-2697(80)90048-2
http://www.ncbi.nlm.nih.gov/pubmed/13672998
http://dx.doi.org/10.1016/S0008-6215(00)82581-1
http://dx.doi.org/10.1083/jcb.9.2.409
http://dx.doi.org/10.1083/jcb.17.1.208
http://dx.doi.org/10.1096/fasebj.2020.34.s1.02601
http://dx.doi.org/10.1172/jci.insight.97199
http://www.ncbi.nlm.nih.gov/pubmed/29321377
http://dx.doi.org/10.1203/00006450-197509000-00008
http://www.ncbi.nlm.nih.gov/pubmed/172851
http://dx.doi.org/10.1002/ppul.22495
http://dx.doi.org/10.1007/BF02719293
http://www.ncbi.nlm.nih.gov/pubmed/6896735
http://dx.doi.org/10.1164/ajrccm.157.6.9706036
http://www.ncbi.nlm.nih.gov/pubmed/9620905
http://dx.doi.org/10.1016/j.addr.2017.09.023
http://dx.doi.org/10.1371/journal.pone.0082297
http://dx.doi.org/10.1016/j.chest.2018.03.005
http://dx.doi.org/10.1152/ajplung.00352.2003
http://dx.doi.org/10.1186/s12950-017-0176-1
http://dx.doi.org/10.1136/thoraxjnl-2017-210134
http://www.ncbi.nlm.nih.gov/pubmed/28916704
http://dx.doi.org/10.1136/thoraxjnl-2015-207604
http://www.ncbi.nlm.nih.gov/pubmed/27581620
http://dx.doi.org/10.1016/j.tim.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26946977
http://dx.doi.org/10.1016/j.chom.2016.01.001
http://dx.doi.org/10.1038/nrmicro.2017.99
http://www.ncbi.nlm.nih.gov/pubmed/28944770


JoR 2020, 1 29

90. Secor, P.R.; Michaels, L.A.; Ratjen, A.; Jennings, L.K.; Singh, P.K. Entropically driven aggregation of bacteria
by host polymers promotes antibiotic tolerance in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 2018,
115, 10780–10785. [CrossRef]

91. Waters, V.J.; Kidd, T.J.; Canton, R.; Ekkelenkamp, M.B.; Johansen, H.K.; Lipuma, J.J.; Bell, S.C.; Elborn, J.S.;
Flume, P.A.; VanDevanter, D.R.; et al. Reconciling antimicrobial susceptibility testing and clinical response
in antimicrobial treatment of chronic cystic fibrosis lung infections. Clin. Infect. Dis. 2019, 69, 1812–1816.
[CrossRef]

92. Woo, T.E.; Duong, J.; Jervis, N.M.; Rabin, H.R.; Parkins, M.D.; Storey, D.G. Virulence adaptations of
Pseudomonas aeruginosa isolated from patients with non-cystic fibrosis bronchiectasis. Microbiology 2016, 162,
2126–2135. [CrossRef]

93. Harrison, F.; McNally, A.; Da Silva, A.C.; Heeb, S.; Diggle, S.P. Optimised chronic infection models
demonstrate that siderophore ‘cheating’ in Pseudomonas aeruginosa is context specific. ISME J. 2017, 11,
2492–2509. [CrossRef]

94. Lema, G.; Dryja, D.; Vargas, I.; Enhorning, G. Pseudomonas aeruginosa from patients with cystic fibrosis affects
function of pulmonary surfactant. Pediatr. Res. 2000, 47, 121. [CrossRef]

95. D’Andrea, M.M.; Fraziano, M.; Thaller, M.C.; Rossolini, G.M. The urgent need for novel antimicrobial agents
and strategies to fight antibiotic resistance. Antibiotics 2019, 8, 254. [CrossRef] [PubMed]

96. Wark, P.; Cookson, K.; Thiruchelvam, T.; Brannan, J.D.; Dorahy, D.J. Lumacaftor/ Ivacaftor improves exercise
tolerance in patients with cystic fibrosis and severe airflow obstruction. BMC Pulm. Med. 2019, 19, 1–8.
[CrossRef] [PubMed]

97. Wark, P.; McDonald, V.M. Nebulised hypertonic saline for cystic fibrosis. Cochrane Database Syst. Rev. 2018, 9,
CD001506. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.1806005115
http://dx.doi.org/10.1093/cid/ciz364
http://dx.doi.org/10.1099/mic.0.000393
http://dx.doi.org/10.1038/ismej.2017.103
http://dx.doi.org/10.1203/00006450-200001000-00021
http://dx.doi.org/10.3390/antibiotics8040254
http://www.ncbi.nlm.nih.gov/pubmed/31817707
http://dx.doi.org/10.1186/s12890-019-0866-y
http://www.ncbi.nlm.nih.gov/pubmed/31208380
http://dx.doi.org/10.1002/14651858.CD001506.pub4
http://www.ncbi.nlm.nih.gov/pubmed/30260472
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Declarations 
	Collection and Chemical Analysis of Sputum Samples 
	Assessment of Variation in DNA Content within Individual Sputum Samples 
	Sputum Solubilization Studies 
	Collection, Chemical Analysis, and Solubilization of Bronchiolar Plugs 
	Electron Microscopy 

	Results 
	Morphological Observations of CF and Non-CF Sputa, and CF Bronchial Plugs 
	Chemical Results 
	Within-Specimen DNA Content Variability for CF and Purulent Non-CF Sputa 
	Individuals’ CF Sputum DNA Content over Several Days of Treatment 
	Chemical Solubilization Studies 

	Discussion 
	CF Sputa Visual and Compositional Characteristics 
	Variable DNA and Glycoprotein Content Affect Sputum Solubilization 
	Potential Contributors to CF Mucus DNA Heterogeneity and Related Solubility 
	Potential of CF Mucus Character to Promote Bacterial Adaptation and Survival 
	Obstructive CF Mucus Potential to Increase Risk and Time of Exposure to Cytotoxic Agents 
	Obstructive CF Mucus Potential to Limit Access and Effectiveness of Beneficial Agents 
	CF Mucus Content as Potential Guide to Enhanced Airway Therapeutics Interventions 

	Conclusions 
	References

