Mucus accumulation in the lungs precedes structural
changes and infection in children with cystic fibrosis

Charles R. Esther Jr."”**', Marianne S. Muhlebach'?', Camille Ehre'?, David B. Hill>3,
Matthew C. Wolfgang?, Mehmet Kesimer?, Kathryn A. Ramsey>*, Matthew R. Markovetz?,
lan C. Garbarine?, M. Gregory Forest®, lan Seim®, Bryan Zorn?, Cameron B. Morrison?,
Martial F. Delion?, William R. Thelin®, Diane Villalon®, Juan R. Sabater’, Lidija Turkovic®,
Sarath Ranganathan®, Stephen M. Stick*?'%, Richard C. Boucher?

Although destructive airway disease is evident in young children with cystic fibrosis (CF), little is known about the
nature of the early CF lung environment triggering the disease. To elucidate early CF pulmonary pathophysiology,
we performed mucus, inflammation, metabolomic, and microbiome analyses on bronchoalveolar lavage fluid
(BALF) from 46 preschool children with CF enrolled in the Australian Respiratory Early Surveillance Team for Cystic
Fibrosis (AREST CF) program and 16 non-CF disease controls. Total airway mucins were elevated in CF compared to
non-CF BALF irrespective of infection, and higher densities of mucus flakes containing mucin 5B and mucin 5AC
were observed in samples from CF patients. Total mucins and mucus flakes correlated with inflammation, hypoxia,
and oxidative stress. Many CF BALFs appeared sterile by culture and molecular analyses, whereas other samples
exhibiting bacterial taxa associated with the oral cavity. Children without computed tomography-defined struc-
tural lung disease exhibited elevated BALF mucus flakes and neutrophils, but little/no bacterial infection. Although
CF mucus flakes appeared “permanent” because they did not dissolve in dilute BALF matrix, they could be solubi-
lized by a previously unidentified reducing agent (P2062), but not N-acetylcysteine or deoxyribonuclease. These
findings indicate that early CF lung disease is characterized by an increased mucus burden and inflammatory
markers without infection or structural lung disease and suggest that mucolytic and anti-inflammatory agents

should be explored as preventive therapy.

INTRODUCTION

Abnormal host-environmental interactions in the cystic fibrosis (CF)
lung lead to progressive airway destruction, bronchiectasis, and pre-
mature death (I). The hallmark features of CF lung disease include
abnormal mucus, inflammation, and infection (1). CF lungs are histo-
logically normal at birth (I), but lung disease begins early in life
with bronchiectatic airways detectable by 1 year in some children
with CF (2, 3). Thus, there is a need to elucidate the pathogenesis of
early CF disease to prevent irreversible airways damage.

Abnormal mucus production in the lungs has been postulated to
contribute to the early pathogenesis of CF (4), as reflected in the
early use of the term “mucoviscidosis” to define the syndrome (5).
Recent studies suggest that abnormal CF transmembrane conduct-
ance regulator (CFTR)-mediated ion transport produces dehydrated
(hyperconcentrated) airway mucus that adheres to airway surfaces
(6, 7), and data from animal models suggest that hyperconcentrated
mucus with increased airway mucus adhesion is sufficient to initiate
CF-like lung disease (8). However, other mechanisms have also been
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proposed to dominate early CF disease pathogenesis. These mecha-
nisms focus on bacterial infection as an initiating mechanism and
include inactivation of antibacterial peptides by high salt or low pH
(9, 10), failure to secrete antimicrobial factors from glands (11),
abnormalities in phagocyte function (12), and failure to secrete
bicarbonate or thiocyanate (13).

The mechanisms that initiate lung disease in CF have been difficult
to identify because studying young subjects with CF is challenging,
and CF animal models often fail to recapitulate aspects of human CF
disease and yield disparate findings (14-16).

In this study, we used bronchoalveolar lavage fluid (BALF) and
chest computed tomography (CT) images from clinically stable in-
fants and preschool children with CF who enrolled in the Australian
Respiratory Early Surveillance Team for Cystic Fibrosis (AREST CF)
program (2, 3) and compared the data to age-matched control subjects
with active pulmonary disease. We analyzed the relationships between
airway mucus, inflammation, and bacterial culture/microbiome and
tested therapeutic approaches in animal models.

RESULTS

Airway mucins were elevated in children with early

CF lung disease

Forty-six children (age, 3.3 + 1.7 years) with stable CF were studied
at 62 study visits (Table 1). At each study visit, BAL was performed
in the right middle lobe (RML) and in one of the left lobes (lingula
in 58 samples and left lower lobe in 4), providing 124 BALF samples.
Chest CT scores for bronchial wall thickening (BWT) and bronchi-
ectasis were available from lavaged lobes in 58 subjects with CF, with
BWT present in 65.5% of lobes (76 of 116) and BE in 24.1% (28 of 116).
BALF samples were obtained via the same protocol from the RML



and lingula of 16 non-CF disease control subjects, providing 32 samples.
The control group was similar in age (3.2 + 2.0 years) but had active re-
spiratory symptoms. Subjects with CF were on anti-staphylococcal pro-
phylaxis at the time of 29 study visits (bronchoscopy), and antibiotics
were prescribed within 3 months of 14 other study visits. Seven disease
control subjects received antibiotics within 3 months of bronchoscopy.
The disease control group had significantly higher rates of cultured
BALF pathogens (P = 0.004) and lower neutrophil concentrations
(P <0.001) than children with CF (Table 1 and tables S1 and S2).

BALF total mucin concentrations were higher in CF compared
to non-CF control samples (Fig. 1A). Total mucin concentrations were
also significantly elevated in CF samples stratified by pathogenic
infection defined as >10° organisms/ml in BALF culture (P = 0.008)
(Fig. 1B). In addition to soluble mucins, insoluble material was iden-
tified in BALF (fig. S1, A and B), and scanning electron microscopy
(SEM) identified this material as mucus “flakes” in both non-CF and
CF samples (Fig. 1, Cand D, and fig. S1, C and D). Flakes represented
53 + 16% of total mucins based on refractometry measures of CF
BALF supernatants (soluble mucins) versus pellets (insoluble flakes)
after centrifugation (10,000g for 20 min, n = 5; fig. S1E). Quantitative
assessments of flake density and mucin content in designated BALF
volumes were performed by immunohistochemistry (IHC). Mucin
5B (MUC5B) and mucin 5AC (MUC5AC) were intermixed in flakes
from non-CF and CF samples (Fig. 1, E and F), and small numbers
of 4',6-diamidino-2-phenylindole (DAPI)-stained macrophage
nuclei were apparent in the flakes. MUC5B and MUC5AC staining
intensities, as well as mucus flake density (number) within BALF sam-
ples, were higher in CF compared with non-CF BALF samples (Fig. 1G
and table S3), and staining intensities correlated with total mucin
concentrations in subjects with CF (fig. S1, F and G). Flakes from
non-CF samples typically were composed of mucins organized in a
thin, filamentous architecture (Fig. 1E), whereas CF flakes exhibited
mucins with a more granular, condensed appearance (Fig. 1F). Im-
age analyses confirmed increased granularity of CF flakes, measured
as root mean square (RMS) roughness (Fig. 1H) (17).

Table 1. Demographics of AREST CF and non-CF disease control
populations. See the Supplementary Materials for definitions of infection
and pathogens. P values are calculated by Student’s t test for parametric
variables, Mann-Whitney for nonparametric variables, and by > for
discrete variables.

CF Non-CF P
Subjects, n 46 16 -
Age,years 33£17  32£20 0837
Gender, male (%) 1941%)  11(69%)  0.083
CFTR mutation;, F508del 25 (54%) H — ...... -
homozygous
2 (4.3%) S -
62 (1-3) -
124 -
6.7+7.2 <0.001
18.6+22.3 <0.001
Antibiotic treatment* 43 (69%) 0.080

*Antibiotics within 3 months of bronchoscopy.

Airway mucins were related to inflammation

We next explored associations between mucins and features of the
airway microenvironment that occur in early CF lung disease. Neu-
trophil counts per ml BALF were higher in CF than non-CF controls
(table S1), and total mucin concentrations correlated with neutro-
phil counts and interleukin-8 (IL-8) in CF BALF (Fig. 2, A and B),
but not in non-CF BALF (table S4). DNA concentrations in BALF
were higher in CF than non-CF (P < 0.01; fig. S1H), ~100-fold lower
than mucin concentrations (compared to Fig. 1A), and correlated
with total mucin concentrations (Fig. 2C). In CF BALF, total mucin
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Fig. 1. Mucins in CF and non-CF disease controls. (A) BALF total mucin concen-
trations from subjects with CF (n=121) and non-CF controls (n =27). (B) Total con-
centrations of mucins in BALF after stratification of patients by the absence (n=14
non-CF and 82 CF; left) or presence (n =13 non-CF and 39 CF; right) of pathogenic
infection (infxn) on culture of BALF. (C) Representative SEM of a flake from a non-CF
subject. (D) Representative SEM of a flake from a CF subject. (E and F) Representa-
tive IHC of MUC5B (green) and MUC5AC (red) in a cytospin from (E) a non-CF and
(F) a CF BALF. (G) Mucin staining intensities, an index of flake number, of MUC5B
and MUC5AC in CF (n=109) and non-CF (n=21) BALF. (H) Flake granularity, mea-
sured via image analysis of RMS roughness in CF (n = 17) and non-CF (n = 59) BALF.
*P < 0.05; **P < 0.01 after multivariate analysis.
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concentrations also correlated with metabolomic biomarkers of (i)
neutrophilic inflammation (18, 19), including hypoxanthine (Fig. 2D)
and other metabolites (table S4); (ii) hypoxia (lactate) (Fig. 2E); and
(iii) oxidative stress (oxidized to reduced glutathione ratio) (Fig. 2F).
Mucus flake densities also correlated with these inflammatory and
metabolomic markers in CF samples (table S4), including after multi-
variate analysis (table S5).

The CF muco-inflammatory environment was evident
without infection

Standard cultures of BALF revealed that in the control group, there
was higher incidence and quantity of pathogenic bacteria compared
to patients with CF (Fig. 3A). These differences were confirmed when
focusing on more pronounced infection [>10* colony-forming units
(CFU)/ml], as used in previous studies (table S2) (20). To address the
possibility that standard cultures failed to detect relevant bacteria,
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Fig. 2. Mucins and markers of airway disease in early CF. (A) Correlation between
mucins and neutrophil counts in BALF from subjects with CF (blue; * = 0.38, P < 0.001,
n=62) and non-CF controls (orange; n= 16, not significant). (B and C) Correlations
between mucins and other markers associated with neutrophilic inflammation in-
cluding (B) IL-8 (*=0.29, P< 0.001, n =62) and (C) DNA (= 0.43, P< 0.001, n = 62).
(D to F) Correlations between mucins and BALF metabolite concentrations mea-
sured by metabolomics in 60 CF BALF samples, including (D) hypoxanthine (* = 0.47,
P <0.001) as a marker of inflammation, (E) lactate (*=0.48, P < 0.001) as a marker
of hypoxia, and (F) ratio of oxidized to reduced glutathione (GSSG/GSH) as a marker
of oxidative stress (*=0.33, P <0.001).

microbiome analyses were performed, and on the basis of bacterial
DNA availability, total bacterial burden was measured by quantita-
tive polymerase chain reaction (QPCR). Sufficient bacterial DNA
was available for sequencing and qPCR in 73 and 53% of CF sam-
ples and 94 and 88% of non-CF controls, respectively. Availability
of bacterial DNA for sequencing did not correlate with mucin con-
centrations or other factors (fig. S2, A to E).

Mean qPCR values for CF samples were significantly lower than
non-CF disease controls, consistent with bacterial culture data (P =
0.001) (Fig. 3, A and B). CF samples with lower qPCR signal (<5000)
had a microbiome profile of diverse taxa associated with background
(reagent) contamination, similar to washes from sterile bronchoscopes
and non-CF samples with lower qPCR signal (Fig. 3C). In contrast,
the microbiome samples with higher qPCR values (>5000) were domi-
nated by taxa associated with the oral cavity in both CF and non-CF
controls (Fig. 3D and fig. S2, F and G). Although per protocol anti-
biotic use was common in subjects with CF, it did not appear to alter
conventional culture results (fig. S3, A and B), qPCR signals (fig. S3C),
or microbiome profiles (Fig. 3C and fig. S3D) in this cohort.

To evaluate the earliest stages of CF lung disease, BALF samples
obtained from lobes without substantial CT-defined structural lung
disease, classified as “CF-no structural disease” (CF-NSD), were studied
(39 samples and 18 subjects; see data file S1). The age at sample col-
lection was similar for CF-NSD samples than subjects with CF with
structural disease (table S6), although some infants were not includ-
ed in this group because they had developed structural lung disease
at their first study visit. The CF-NSD samples had an increased den-
sity of mucus flakes (P < 0.05) and higher neutrophil concentrations
(P < 0.02) compared with non-CF controls (Fig. 3, D and E, and
tables S3 and S6). This CF muco-inflammatory environment was
evident despite a low infectious burden measured as (i) a low inci-
dence of culture-defined infection [79 and 92% uninfected at infec-
tion definitions (10° and 10* CFU/ml, respectively); table S6]; (ii)
qPCR values lower in the CF-NSD group than the non-CF control
group (P < 0.001) (Fig. 3F and table S6); and (iii) a CF-NSD micro-
biome mostly characterized by a reagent-derived texture similar to
the sterile bronchoscope wash samples irrespective of antibiotic use
(Fig. 3G).

Airway mucins in CF were in the form of “permanent” gels
The persistence of mucus flakes in the dilute BALF matrix suggested
that flakes were resistant to swelling and dissolution; in other words,
were permanent gels (21, 22). To assess therapeutic options to dis-
solve permanent gels present in BALF from children with CF, the
efficacy of prototypic mucolytic agents, including reducing agents
[for example, dithiothreitol (DTT)] that break mucin disulfide bonds
and deoxyribonuclease (DNase) that cleaves DNA, were studied in CF
BALF. DTT, but not DNase, decreased flake numbers as identified by
MUCS5B or MUC5AC THC staining intensity (Fig. 4, A and B). The fact
that DNA staining appeared to be contained largely to DNA nuclei
(Fig. 4A; also see Fig. 1, E and F) explains the absence of DNase ac-
tivity on DNA staining signal. To address the possibility that reducing
agents such as DTT could reduce the intensity of mucin IHC stain-
ing due to loss of epitope availability (6), reduced flake density and
size after DTT treatment were confirmed by SEM (Fig. 4C). Similar
effects of DTT were also observed using microrheologic methods to
assess mucus flake treatment responses (fig. S4, A and B).
Although DTT proved effective in these experiments using
BALF from children with CF, cellular toxicities preclude use of this
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image analyses of fluorescent beads embedded in mucus flakes (fig.
S5G). Using this method, the density of flakes was found to be de-
creased significantly by administration of P2062 (P < 0.05), but not
NAC (Fig. 4E).

To test the impact of aerosolized P2062 in vivo, we used a sheep
model in which measurements of tracheal mean velocity (TMV)
serve as a marker of mucociliary clearance (24). Inhalation of nebu-
lized P2062 (2.5 ml of 50 mM P2062 over 10 min) or saline vehicle
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Fig. 4. Treatment of mucin flakes in early CF. (A) IHC of MUC5B (green), MUC5AC (red), and DNA (blue) on a cyto-
spin of unprocessed CF BALF treated with (PBS), DNase (300 U/ml), or the reducing agent DTT (10 mM) for 60 min at
37°C. (B) Staining intensities of MUC5B and MUC5AC in DTT-treated samples relative to those with vehicle (PBS) or
DNase (n=5 per group). Lack of effect of DNase on DNA staining intensities reflected the intracellular location of
most DNA. All intensities were normalized to the average values from the PBS group (n= 10 per group). (C) Flake
density in PBS and DTT-treated samples analyzed by SEM. (D) Flake density and structure by SEM in samples treated
with NAC (10 mM, 1 hour at 37°C) or the novel therapeutic P2062 (10 mM, 1 hour at 37°C). (E) Imaging analysis of flake
density in CF BALF samples treated with NAC or P2062 (n =7 per group). (F) TMV, a measure of mucociliary clearance,
in sheep treated with nebulized P2062 (solid purple line; 2.5 ml, 50 mM concentration) or saline (dashed blue line)
(n=3 per group). (G) TMV in sheep exposed to inhaled neutrophil elastase followed by treatment with nebulized
P2062 (solid purple line) or saline (dashed blue line) did not (n =3 per group).

control did not alter baseline TMV (Fig. 4F).
Inhalation of human neutrophil elastase
(HNE) reduces TMV secondary to in-
creased mucus production (25) and air-
way dehydration (26). Treatment with
P2062, but not vehicle, rapidly restored
TMV to normal values (Fig. 4G).

DISCUSSION

In CF, there is an episodic, heterogeneous
failure of airway host defense (1, 27). To
characterize the modulation of the host
defense components in early CF lung dis-
ease and identify prevention strategies,
lower airway samples from children with
stable CF enrolled in AREST CF were com-
pared to non-CF control children with
active/persistent lung disease. This design
was necessitated by the obvious inability
to bronchoscope healthy infants/children
as controls.

Using integrated biochemical and
biophysical analyses of BALF samples, a
number of observations were made that
yielded insights into the nature of early
CF lung disease. Our results showed that
young children with stable CF airway dis-
ease exhibited increased quantities of total
mucins compared to non-CF controls.
The increase in CF subject BALF mucins
occurred despite low infection. Perma-
nent mucus flakes composed of MUC5B
and MUC5AC were identified in CF BALF.
Although not specific to CF, flakes were
greater in number in CF and more closely
correlated with neutrophilic inflamma-
tion compared with non-CF controls. More-
over, the CF mucus flakes exhibited a
distinctive granular appearance compared
to controls, consistent with a phase sep-
aration that may reflect mucin hyper-
concentration (28, 29).

We speculate that the flakes in CF
BAL represent mucus plaques “flushed
off” CF airway surfaces by the BAL pro-
cedure. The interspersion of the super-
ficial epithelium-specific MUC5AC mucin
with MUC5B mucin, a product of super-
ficial epithelia and submucosal glands,
together with trapped/encased airway
macrophages, argues for formation of
these flakes by superficial airway epi-
thelia. Mucus flakes appearing to flatten
superficial airway cilia have been ob-
served in SEM of small airways in lungs
excised from young subjects with CF (30).
This flake structure contrasts with the
long and thick strands of macrophage-free



MUCS5B mucin cores secreted from large airway submucosal glands
that are coated with threads of MUC5AC secreted by surface epi-
thelia (31-33). Thus, the mucus flakes observed in our study are
distinct from the abnormal submucosal gland mucus strands de-
scribed in tracheas excised from pig models of CF (31, 33). We cannot
exclude a role for abnormal large airway submucosal gland secre-
tion in early CF. However, our observations suggest that the origin
of early CF lung disease involves increased quantities of mucins and
mucus flakes covering small airway surfaces, findings consistent
with the pathological, functional, and imaging data supporting a
small airway origin of early CF lung disease (8, 9, 34).

Our data suggest that bacterial infection is not required for the
earliest stages of CF lung disease, suggesting that impaired antimi-
crobial defenses reflecting possible changes in airway salt, pH, or
phagocyte function are not initiating defects in CF (9-13). Elevated
total mucin concentrations and inflammatory markers were observed
in children with CF despite a low incidence of pathogens identified
by culture or molecular microbiology. This muco-inflammatory
state also characterized our CF population with the earliest lung dis-
ease (without substantial CT-defined structural changes) in the set-
ting of little or no pathogen infection. These findings are congruent
with some, but not all, CF animal models. Recent reports indicate
that adult CF ferrets treated continually with an aggressive three-
antibiotic regimen manifest a progressive, sterile muco-obstructive
bronchiectatic disease (15). However, the relative sterility of many
early AREST CF BALF samples contrasts with observations in the
CF pig model that suggest infection, triggered by pH-dependent in-
activation of antibacterial peptides, represents the initiating CF de-
fect that subsequently triggers muco-obstruction (10, 35). Recently,
direct measurements of airway pH in children with CF in the AREST
CF cohort have not demonstrated the pH changes reported from
CF pig models (36).

Our data do not diminish the role for bacterial infection in the
evolution of CF lung disease. The qPCR and microbiome data suggest
that infection can be superimposed on the early CF environment.
However, similar to previous reports, the taxa detected were largely
related to oral bacteria, not classic CF pathogens (37-39). Recent data
indicate that organisms that contribute to oral bacterial community
proliferate well in mucins and low O, (40, 41), consistent with the
high mucin and lactate concentrations measured in early CF BALF
in our study. Thus, we speculate that oral bacteria are aspirated into
an environment characterized by mucus accumulation (adherent
plaques/flakes) and hypoxia. Once a certain density is achieved, oral
flora may be pathogenic (42) and can condition anaerobic mucus en-
vironments for invasion by classic CF pathogens such as Pseudomonas
aeruginosa (43). Thus, the combination of a hypoxic mucus envi-
ronment and oral anaerobic bacteria might set the stage for the
well-characterized acceleration of CF disease severity associated with
acquisition of Pseudomonas infection and other pathogens (20, 44).

These findings raise the question of what triggers the muco-
inflammatory phenotype in the early CF lung. The heterogeneity of
early CF lung disease, mimicking the heterogeneity of early child-
hood aspiration and viral infections (45, 46), suggests that these in-
sults trigger the early muco-inflammatory phenotype. Viral infections
and aspiration both directly stimulate both inflammation (47, 48)
and mucin secretion (fig. S6) (49). We speculate that under physio-
logical conditions, the effects of virus/aspiration-induced inflamma-
tion and mucin secretion are resolved by epithelial hydration and
clearance of the inflammatory stimulus, as well as inflammatory cells

and newly secreted mucins. The coordination of epithelial mucin
secretion and hydration “flush” the airway and allow the resolution
process to proceed.

In contrast, we hypothesize that in patients with CF, airways
might exhibit a unique defect in the clearance of newly secreted mu-
cins (fig. S6), because the CFTR-dependent epithelial ion transport
mechanisms that normally hydrate airway surfaces after inflamma-
tory insults are defective/missing. Thus, mucins secreted in response
to insults would be poorly hydrated and form hyperconcentrated
mucus masses/plaques that could osmotically compress cilia and
adhere to airway surfaces (8, 50). These adherent mucus plaques
might provide the nidus/site for a positive feedback cycle between
inflammation and mucin secretion (fig. S6). As one component of
this cycle, hyperconcentrated, adherent mucus plaques can produce
local epithelial hypoxia and trigger inflammatory responses in the
absence of pathogens, likely in part mediated by IL-1a (51). The
relevance of this pathway to early CF lung disease is supported by
the observed relationships between mucin, lactate, and neutrophil
concentrations in our study and IL-1a release in other AREST CF
BAL studies (52). As the second component of this cycle, inflamma-
tion worsens muco-obstruction by releasing cytokines (including
IL-1pB and tumor necrosis factor-a), perhaps from airway macro-
phages, that stimulate mucin secretion (51). Consequently, the muco-
inflammatory state is perpetuated after removal of the initiating
stimulus (53, 54). Note that intrinsic CF-specific hyperinflamma-
tion may also contribute to this positive feedback loop (16, 55). This
sterile inflammation is only worsened by the bacterial infection that
is a feature of later CF lung disease (20).

With respect to therapy, our findings suggest that treatments
that target mucus accumulation and/or inflammation may be bene-
ficial in early CF. The effectiveness of anti-inflammatory therapies
such as ibuprofen (56) and azithromycin (57) in CF may reflect their
impact on this muco-inflammatory milieu, although their modest
impact may be overwhelmed with increasingly severe inflammation
with age. Newer, more targeted anti-inflammatory agents, includ-
ing blockers of the IL-1 pathway, may also prove effective in CF lung
disease (58), although reducing inflammation has the risk of inter-
fering with the ability to prevent/resolve bacterial infection (59).

A parallel strategy is to clear accumulated, adherent mucus. Re-
cent studies suggest that formation of adherent mucus plaques/plugs
on airway surfaces, rather than just slowing of mucociliary clear-
ance, drives airflow obstruction (50). Further, the early anaerobic
infection observed in early CF lungs may reflect infection of adher-
ent, anaerobic plaques. Thus, a reasonable therapeutic goal is to
clear mucus as a nidus of infection and inflammation from the lung.
However, the presence of mucus flakes in early CF disease, as well as
their persistence even when diluted in excess solvent, suggests that
clearing mucus remains challenging.

Biophysical studies of polymer gels, however, have provided an
understanding of mucus flake formation and strategies to clear
them. Simple gels, including human bronchial epithelial (HBE) mu-
cus in vitro, are reversible gels that dissolve readily into excess solvent
(60). In contrast, more complex or modified gels maintain their struc-
ture in excess solvent and are permanent, with their properties re-
flecting long-live bonds between adjacent polymers (mucins) in the
gel (22). Neither cleavage of DNA nor hydration dissolved the perma-
nent mucus flakes observed in early CF BALs, suggesting that com-
monly used CF therapies directed toward cleaving DNA or rehydrating
mucus may not clear mucus from the lungs of young children with



CF (61). In contrast, a reducing agent, DTT, allowed mucus to dis-
solve with appropriate hydration. This result suggests that DTT
may have reduced oxidant-induced S-S intermucin bonds formed
during inflammation (21I). Because the only currently approved re-
ducing agent, NAC, has limited activity against mucus in CF (21),
including the CF mucus flakes harvested in BALF, development of
novel reducing agents will be necessary to test the effectiveness of this
class of agents in the clinic. P2062, a reducing agent, dissolved CF
BAL flakes in vitro and restored elastase-induced decrements in sheep
TMV in vivo, therefore representing a potential mucolytic candi-
date for treating early CF.

Our study has inherent limitations, including (i) the require-
ment for bronchoscopy under anesthesia to sample lower airways of
children, necessitating lengthy observational intervals and elimi-
nating on ethical grounds a healthy control group; and (ii) per pro-
tocol prophylactic/intermittent antibiotic use, rendering it impossible
to rule out a role for treated/intermittent bacterial infection in early
CF pathogenesis. However, control subjects likely exhibit raised mu-
cin and inflammatory cell values compared to healthy controls (62),
and antibiotic use did not appear to meaningfully affect the fre-
quency or quantity of bacteria detected by standard cultures or mo-
lecular microbiology. These considerations may lessen the impact of
these limitations on our conclusion that a muco-inflammatory en-
vironment characterizes the early CF lung in the absence of concur-
rent bacterial infection. Nevertheless, studies of human patients with
CF and without early antimicrobial prophylaxis, if available, and
studies that noninvasively sample lower airways of CF and healthy
subjects will be required to unambiguously assess the role of bacte-
rial pathogens in early CF and absolute differences in CF versus healthy
lower airway mucins.

In summary, the earliest stage of CF lung disease is characterized
by increased total mucin concentrations and permanent mucus flakes
associated with inflammation and airway luminal hypoxia in the ab-
sence of routine bacterial infection. Anti-inflammatory agents and
agents designed to remove permanent mucus covering airway sur-
faces of young children with CF appear to be rational strategies to
prevent bacterial infection and disease progression, although these
approaches likely will require development of novel therapeutics.

MATERIALS AND METHODS

Study design

This was a cross-sectional cohort study comparing measures of mu-
cins, infection, and inflammation in BALF collected from preschool
children with CF to BALF collected from age-matched, disease con-
trol children. Subjects included (i) children with CF enrolled in
AREST CF at the Princess Margaret Hospital for Children (PMHC) in
Perth, Australia studied at annual visits from ages 3 months to 6 years
(2, 3); and (ii) non-CF disease control preschool children under-
going clinically indicated bronchoscopy at the PMHC for persistent
cough, wheeze, or other respiratory symptoms/signs (table S1). All
subjects underwent bronchoscopy with BAL from two separate
lobes, with lavages divided into aliquots for mucin, metabolomic, and
microbiome analyses. For this study, the first lavage sample from each
lobe was divided into two aliquots, an unprocessed sample reserved
for mucin measures and a second aliquot centrifuged at 3000g for
5 min, with the pellet reserved for microbiome and the supernatant
reserved for metabolomics. All samples were frozen at —80°C and
shipped to University of North Carolina (UNC) on dry ice. AREST

subjects with CF had chest CTs performed using standard AREST
CF protocols, with lobe-specific scores generated using a modi-
tied CF-CT scoring system (2, 63). Anti-staphylococcal prophylaxis
(amoxicillin—clavulanic acid) was routinely prescribed during the first
2 years of life to children with CF at the PMHC. Parental informed
consent was obtained of all study participants, with ethical approval
by the UNC Institutional Review Board (protocol number 12-1538)
and the PMHC (registration number 1762/EP).

Total mucin concentration, IHC staining for flake mucins,
IHC image analyses, and SEM

Total mucin concentrations were measured on unprocessed BALF
samples by Sepharose 2B column/refractometry-based quantitation
as previously described (60). Unprocessed BALF (20 ul) was applied
to glass microscopy slides and cytocentrifuged (StatSpin CytoFuge
2, Beckman Coulter Inc.). Slides were fixed with neutral buffered
formalin (10 volume %), washed with Dulbecco’s phosphate-buffered
saline (DPBS), and blocked with bovine serum albumin (3 weight %
in DPBS) for 1 hour at room temperature. MUC5AC and MUC5B
were immunohistochemically stained (0.4 and 0.2 pg/ml with mouse
anti-MUC5AC and rabbit anti-MUC5B antibodies, respectively),
slides were washed with DPBS three times (10 min), exposed to sec-
ondary antibodies [Alexa Fluor 488 and 594 (1 pg/ml) anti-rabbit
and anti-mouse, respectively] and DAPI (5 ug/ml) to stain for DNA
for 1 hour at 25°C, and then washed with DPBS (10 min) and
mounted with FluorSave (Calbiochem). Note that at all times, the
specimens were maintained in a hydrated environment. Quantitative
measurements of stain intensity from confocal images were obtained
with an Olympus FV1000 (Olympus, Hamilton, Bermuda) using a
10x objective and uniform settings. SEM was performed on 60-ul
unprocessed BALF, raw or exposed to treatments, deposited onto
poly-p-lysine (12-mm coverslips), allowed to sediment (2 hours at
room temperature), fixed, dehydrated, critically point-dried, mounted
on planchets, sputtered with 8-nm gold palladium alloy, and viewed
on a Supra 25 scanning electron microscope (Zeiss).

Mucin granularity (RMS roughness) and rheology

Three-channel red-green-blue images of stained BALF samples taken
at x60 magnification were converted into grayscale images and
then decomposed into a two-dimensional wave number (v) repre-
sentation via a two-dimensional Fourier transform. Power spectral
densities of the transformed images were calculated, and the values
were summed over both dimensions, following Elson and Bennett
(17), yielding the RMS of image granularity, or dominant wave
number. Granularity was calculated as the RMS wave number after
application of a high-pass filter to remove features larger than 1 pm
(v=106 m™"). Each population value represents the average granu-
larity of one to three images per patient sample. The results of the
1-um threshold are presented to exclude nuclei and whole flakes
while including the granular features observed in CF images. The
1-um filter is also relevant in light of previous reports stating that
the sizes of compacted granular complexes of secreted mucins are
on the order of ~0.5 to 1 um in diameter (64). All RMS wave num-
ber calculations and image processing were performed and auto-
mated via a custom-written MATLAB (The MathWorks, 2017) script.
Passive microbead rheology was performed as previously described
(60) on unprocessed BALF samples gently centrifuged (2000g x 30's)
to recover the insoluble flakes and allowed to equilibrate with 1 pm of
polyethylene glycol (PEG)-coated beads via overnight incubation. A



bimodal distribution was noted and fitted using a two Gaussian mix-
ture model via the MATLAB function fitgmdist, which identified a
sharp peak (mean n* = 0.89 x 10> Pa-s) centered about the viscosity of
water and a second broad peak (mean n* = 0.0593 Pa-s) corresponding to
the range of 1.5 to 4.5% solids by weight HBE mucus (60).

Metabolomics

Untargeted metabolomic profiling was performed on 60 BALF super-
natants representing the two lavage samples from 23 CF individual
subjects (7 subjects were studied at more than one study visit). Samples
were chosen to be representative of the disease severity of the full study
population, with 23.3% of samples from lobes with bronchiectasis
on chest CT and 53.3% from lobes with BWT. Samples were analyzed
by Metabolon Inc. using three independent platforms (ultrahigh-
performance liquid chromatography/tandem mass spectrometry for
acidic and basic metabolites, as well as gas chromatography/mass
spectrometry) as previously described (65). Metabolites were identi-
fied by automated comparison of ion features to a reference library.
Values below limits of detection were imputed from the minimum
detectable value.

Inflammation and microbiology analyses

Inflammatory markers, including cell counts/differential, neutrophil
elastase, and IL-8, were measured from a separate lavage of the
RML per standard AREST CF protocols. Bacterial cultures were per-
formed in the PMHC clinical microbiology laboratory, with patho-
genic infection defined as growth of >10° organisms/ml of any specific
organism other than mixed oral flora, with a threshold of >10* or-
ganisms/ml used for some analyses as specified in the text. (20).

Microbiome and qPCR analyses

BALF samples were centrifuged at 18,000¢ for 5 min at 4°C, and ex-
cess supernatant was removed to yield a final sample of ~200 pl.
Bacteria within samples were chemically lysed per manufacturer’s
instructions for the Roche MagNA Pure Compact System Automated
DNA Extraction (Roche Diagnostics). First, samples were resus-
pended and incubated in an enzyme cocktail (lysozyme and lyso-
staphin), followed by a second incubation with bacteria lysis buffer
and proteinase K. The samples were then inactivated for pathogenic-
ity at 95°C for 10 min, vortexing intermittently, and allowed to cool
to room temperature before loading onto the extraction system. The
V3 and V4 region of the bacterial 16S ribosomal RNA (rRNA) gene
was amplified from about 100 ng of template DNA in a 50-ul reac-
tion with Phusion Hot Start I DNA Polymerase (Thermo Fisher
Scientific) using modified universal 338F and 806R primers (98°C
for 30 s, 25 cycles of 98°C for 10 s, 52°C for 30 s, 72°C for 20 s, fol-
lowed by 72°C for 5 min) (66). Amplicons were cleaned with Axygen
AxyPrep Mag PCR Clean-up Kit (Axygen Scientific) according to
the manufacturer’s instructions using a 1:1 ratio. Bead-cleaned
products were tagged with Illumina barcodes and Nextera adapters
(98°C for 30's, 20 cycles of 98°C for 10's, 63°C for 30 s, 72°C for 30s,
followed by 72°C for 5 min), purified again with Axygen beads as
above, and visualized on a 1% agarose gel for appropriate fragment
size (about 600 base pairs). Products were quantified with Quant-iT
PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific), pooled in
equimolar amounts (up to 20 pl of product) and sequenced at the
UNC High-Throughput Sequencing Facility on an Illumina MiSeq
using a V3, paired-end, 600-cycle kit (Illumina Inc.). Raw sequence
data were deposited in the European Nucleotide Archive (study ac-

cession number PRJEB22216). Paired ends were joined using FastQ-
Join (default parameters) within QIIME (version 1.8.0) (67). Sequence
data were demultiplexed with a custom AWK script designed to remove
inline primer sequences and retain 16S ribosomal DNA sequences
with greater than 85% of bases exceeding a Q score of 28. Operational
taxonomic unit (OTUs) were determined via the open reference OTU
picking workflow in QIIME, pick_open_reference_otus.py, where
GreenGenes 13.8 served as a reference for both OTUs and taxonomy
(68). Chimeras were detected and removed from the dataset using
ChimeraSlayer within QIIME. After removing OTUs that were taxo-
nomically unassigned (Kingdom: Unassigned), sequences were rarefied
to 10,000 sequences per sample for all other downstream analyses.

Quantification of bacterial 165 rRNA gene copies was performed
using QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher
Scientific) used as previously described (69), targeting the V1 and
V2 16S rRNA gene with primers purchased from Integrated DNA
Technologies (V1_forward: AGAGTTTGATCCTGGCTCAG,
V2_reverse: CTGCTGCCTYCCGTA, probe:

FAM-TA + ACA + CATG+CA + AGTC + GA-BHQ1).

Microbead rheology

The passive diffusion of 1-um PEG-coated beads incubated with un-
processed BALF samples was tracked and used to calculate complex
viscosities (n*) from individual and ensemble beads as previously
described (60).

Whole-sample imaging

Beads entrapped in mucus flakes were imaged via yellow-green flu-
orescence on an Olympus IX70 inverted light microscope using an
automated stage. Individual 2048 pixel x 2048 pixel (210 x 210 um)
fields were imaged via phase contrast and yellow-green fluorescence
with 10-ms exposures, and the imaging process was repeated using pre-
programmed motion (cellSens Dimension software, Olympus, 2017)
for the entire slide. The image series was stitched together, and metrics
regarding flake size and abundance were obtained using a custom
written MATLAB program (The MathWorks, 2017). The program out-
lined flake regions based on a user-determined threshold that was
modified to ensure optimal identification of visible flakes.

Mucus flake treatment

BALF samples were spun at 2000g for 30 s to accumulate mucus at the
bottom of the microcentrifuge tube, with 180 ul of sample, including
the pellet, transferred to a new microcentrifuge tube using a Gilson posi-
tive pressure pipette and mixed. For each administration, 27 ul of
the sample was aliquoted to a fresh tube with 3 pl of drug treatment
(10mM DTT, 3/30 mM NAGC, or 2.5/25 mM P2062) or DNAse (0.3 U/pul)
for 1 hour at 37°C before analysis by IHC, whole-sample imaging, SEM,
or microbead rheology. P2062 activity was compared to NAC using
an artificial S-S substance DNTB [5,5’-dithiobis-(2-nitrobenzoic acid]
(70) and via Western blots of CF sputum using rabbit anti-MUC5B
(H300, Santa Cruz Biotechnology) antibodies as previously described
(71). IRDye secondary antibody fluorescence was detected with a
LI-COR Odyssey Infrared Imaging System.

Sheep studies

TMV measurements were made in adult naive or HNE (Elastin Products
Company) pretreated female sheep as previously described (24). P2062
was administered via aerosolization at a dose of 50 mg/kg. Vehicle
was PBS.



Statistical analysis

Mucus analyses were performed per lobe and compared with lobe-
specific microbiology, inflammatory markers, and CT data. Com-
parisons among groups (CF versus non-CF) used mixed-effects models
with random intercepts to account for repeated visits, adjusted for
lobe (samples from two lobes available per subject), gender, and age.
Simple correlations used linear regressions. Multivariate analyses used
general estimating equation models fitted for each variable with bi-
nomial family, logit link, and robust SEs and were adjusted as above.
Treatment studies were analyzed using repeated-measures analysis
of variance (ANOVA). Data not normally distributed were log-
transformed before analysis. Statistical analyses were performed using
GraphPad Prism v5.0 and Stata (version 13.0; StataCorp). All data
are presented as means + SD.
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