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Abstract

Background.—Club cell secretory protein (CC16) exerts anti-inflammatory functions in lung
disease. We sought to determine the relation of serum CC16 deficits and genetic variants that
control serum CC16 to lung function among children with cystic fibrosis (CF).
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Methods.—We used longitudinal data from CF children (EPIC Study) with no positive cultures
for Pseudomonas aeruginosa prior to enrollment. Circulating levels of CC16 and an inflammatory
score (generated from CRP, SAA, calprotectin, G-CSF) were compared between participants

with the lowest and highest FEV levels in adolescence (LLFand HLF groups, respectively;
N=130-per-group). Single nucleotide variants (SNVs) in the SCGB1A1, EHF-APIPloci were
tested for association with circulating CC16 and with decline of FEV1 and FEV1/FVC % predicted
levels between ages 7-16 using mixed models.

Results.—Compared with the HLF group, the LLFgroup had lower levels of CC16 (geometric
means: 8.2 vs 6.5 ng/ml, respectively; p=0.0002) and higher levels of the normalized inflammatory
score (-0.21 vs 0.21, p=0.0007). Participants in the lowest CC16 and highest inflammation tertile
had the highest odds for having LLF (p<0.0001 for comparison with participants in the highest
CC16 and lowest inflammation tertile). Among seven SNVs associated with circulating CC16, the
top SNV rs3741240 was associated with decline of FEV1/FVC and, marginally, FEV; (p=0.003
and 0.025, respectively; N=611 participants, 20,801 lung function observations).

Conclusions.—Serum CCL16 deficits are strongly associated with severity of CF lung disease
and their effects are additive with systemic inflammation. The rs3741240A allele is associated
with low circulating CC16 and, possibly, accelerated lung function decline in CF.

Keywords
Club cell secretory protein; cystic fibrosis; lung function

Introduction

Cystic fibrosis (CF) is an autosomal recessive condition due to pathogenic variants in cystic
fibrosis transmembrane conductance regulator (CFTR). CF is associated with dysfunction of
multiple organs (e.g., lung, pancreas, intestine, liver), but the primary cause of morbidity and
mortality is progressive obstructive lung disease due in large part to chronic endobronchial
inflammation. However, there is wide variation in lung disease severity among individuals
with the same CFTR genotype and the genes, proteins and pathways mediating the
inflammatory response are ideal potential candidate modifiers.

Club cell secretory protein (CC16, also known as CC10 and CCSP) is a homodimeric
pneumoprotein encoded by SCGB1A1. CC16 is produced mainly by club cells and other
epithelial cells in distal airways, but it can be readily measured in circulation(1-3). The
biological functions of CC16 and the molecular pathways that mediate its functions

have not been established. However, experimental studies support a critical role for

CC16 in preventing structural lung alterations and remodeling(4) and in reducing airway
inflammation in response to oxidative stress and infections(5). Accordingly, CC16 deficits
in blood and airways have been associated with the prevalence, severity, and progression of
obstructive lung diseases such as asthma and chronic obstructive pulmonary disease (COPD)
(6-14).

The few studies exploring the role of CC16 in CF lung disease have found significant airway
CC16 deficits in CF patients(15) that correlate with airway inflammation(16) and disease
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severity(17). However, none of these studies evaluated circulating CC16 (a biomarker that
can be measured in readily available blood samples), or whether the association of low levels
of CC16 with lung disease progression is augmented in the presence of higher levels of
inflammation. Moreover, a genome-wide association study (GWAS)(18) identified multiple
protein quantitative trait loci (pQTLs) for serum CC16 levels in two genomic regions on
chromosome 11, one near SCGB1A1 and one 25 Mb away near EHF-APIP, the latter of
which is also near some of the top GWAS hits for lung function in CF(19, 20).

We hypothesized that CF lung disease severity is associated with low serum CC16 and with
genetic variants associated with serum CC16 levels.

Study Population

The Early Pseudomonas Infection Control Observational Study(21) (hereafter EPIC) was a
multicenter, longitudinal observational cohort study designed to investigate risk factors for
Pseudomonas aeruginosa (Pa) acquisition and to characterize the clinical course of disease
in young children with CF. Children age < 12 years with an established diagnosis of CF
were eligible if they met one of two criteria: they had either no prior respiratory cultures
positive for Pa (Criterion 1) or at least a 2-year history of Pa negative cultures following

a history of a positive culture for Pa (Criterion 2). Between 2004 and 2006, 1704 children
with CF were enrolled at 59 U.S. CF Centers(22) (mean age at enrollment [SD]: 5.7 [3.6]
years), the majority of whom were recruited under Criterion 1 (65%)(21). Demographic and
questionnaire data (including maternal smoking, maternal education, and household income)
were collected prospectively via the US Cystic Fibrosis Foundation Patient Registry and
spirometric tests were completed at each clinical encounter (typically quarterly) up to 2016,
for an average of 10.6 years of follow-up per subject (SD 3.3 years). Blood was collected
and serum banked annually, independent of clinical status. However, for this study we did
not use any serum samples collected during exacerbations, which were defined by the use

of intravenous antibiotic treatment in the hospital or at home, as captured from the CF
Reqistry(23). Informed consent was obtained from all parents/guardians and IRB approval at
each participating site.

The experimental design of the biomarker and genetic studies is summarized in Figure
la. Figure 1b summarizes selection of participants for each of the analyses included in
the present study. Overall, 88% of EPIC participants were non-Hispanic white (NHW).
To reduce phenotypic and genetic modifier heterogeneity, we limited main analyses to
NHW participants enrolled under Criterion 1. In secondary analyses, significant genetic
associations were also tested among NHW participants enrolled under Criterion 2.

Biomarker Studies

Case-control study design for biomarker studies.—For biomarker studies, to
contain costs of the molecular assays while preserving statistical power we used a nested
case-control study design in which cases and controls were selected as participants

with the lowest and highest FEV1 % predicted, respectively, between ages 12-16 years
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(hereafter called “adolescence”). Eligibility criteria included availability of at least four
FEV1 measurements for phenotype determination and at least one serum sample between
ages 12-16 years. Phenotype determination was completed at the time of the earliest serum
sample available between ages 12-16 (see online supplement for additional information

on case/control selection). Of 901 participants meeting eligibility criteria, based on power
computations we selected the 130 with the lowest (Low Lung Function group, “LLF’) and
130 with the highest (High Lung Function group, “HLF") % predicted FEV4 based on
Global Lung Initiative equations(24), representing 29% of the eligible population.

Of these 260 participants, 131 (50%) had a serum sample available also between age 7-9
years (hereafter “early school-age”). This age interval was chosen to investigate to what
extent deficits in CC16 and lung function in adolescence have their origins by early school
age.

Molecular assays for serum CC16 and inflammatory biomarkers.—Serum CC16
levels were measured in samples from both early school-age and adolescence at the

Asthma and Airway Disease Research Center Immunology Lab at the University of Arizona
using a commercially available ELISA kit (BioVendor, Asheville, NC and Modrice, Czech
Republic).

Serum levels of four inflammatory biomarkers previously associated with CF lung

disease severity(25) were measured in samples from ado/escence in the Pediatric Clinical
Translational Research Center Core Laboratory at Children’s Hospital Colorado and
University of Colorado Anschutz Medical Campus (Aurora, CO), which serves as the
Center for Biochemical Markers for the CF Foundation. Proteins were measured using
validated commercially available assays: high sensitivity C reactive protein (hsCRP;
Siemens Nephelometer assay, Siemens Healthcare, Tarrytown, NY), serum amyloid A
(SAA; Milliplex MAP® for Luminex Technology, EMD Millipore, St. Charles, MO),
calprotectin (ALPCO Diagnostics, Salem, NH), and granulocyte-colony stimulating factor
(G-CSF; Milliplex MAP® for Luminex Technology, EMD Millipore, St. Charles, MO). The
lower limits of detection for these assays were: hsCRP, 0.007 mg/L; SAA, 500 ng/mL;
calprotectin, 0.4 ug/mL, and G-CSF, 14 pg/mL. All assays were performed in duplicate and
mean values were used for analysis.

Statistical analyses for biomarker studies.—Association of serum CC16 and
inflammatory biomarkers with CF lung disease severity was tested in multivariate logistic
regressions that used LLFvs HLF at adolescence as the dependent variable and included
sex, age, CFTR genotype risk group (minimal vs residual function)(26), maternal smoking
during pregnancy, and annual household income as covariates. CC16 was tested both as
standardized levels of log-transformed CC16 and as tertiles to evaluate both linear trends
and effects of having low CC16 levels (i.e., lowest tertile). Because the four inflammatory
biomarkers showed moderate to strong correlations with each other, a principal component
analysis was conducted and the first component, which explained 65% of the total variance,
was used as a general indicator of systemic inflammation. In order to identify combined
effects of low CC16 and high systemic inflammation, we then categorized participants into
five mutually exclusive groups based on the combination of tertiles of CC16 and tertiles of
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the inflammatory component in adolescence. The groups were ordered based on the balance
between tertiles of the anti-inflammatory CC16 and of the inflammatory component as
shown in Figure 2a, with the hypothesis that risk for low lung function would progressively
increase from Group 1 (highest CC16 tertile and lowest inflammatory tertile) to Group 5
(lowest CC16 tertile and highest inflammatory tertile).

Genetic Studies

Targeted single molecule molecular inversion probe sequencing.—Targeted
single molecule molecular inversion probe (smMIP) sequencing was completed for two
regions of chromosome 11 previously shown to harbor pQTLs of serum CC16 level(18):
11:62103403-62199817 near SCGB1AI1 and 11:34699611-35005768 near EHF-APIP.
Analyses were limited to 56 single nucleotide variants (SNVs) that had minor allele
frequency (MAF) = 5%, had <15% missing values, were previously validated in dbSNP,
and were in Hardy-Weinberg equilibrium. Genetic studies included pQTL and genetic
association analyses.

Statistical analyses for identification of pQTLs.—For pQTL analyses, we used data
from 289 participants: 232 of the 260 participants included in the biomarker studies who
were also genotyped plus an additional 57 randomly selected participants with Intermediate
lung function in order to have a representation of individuals who did not meet the extreme
criteria for either the LLFor HLFgroups (Figure 1b). All 289 participants had serum

CC16 data from adolescence and 179 of them also had serum CC16 levels available from
early school-age, for a total of 468 observations (Figure 1a). To maximize statistical power,
pQTL analyses were completed using mixed models that included serum CC16 levels from
both early school-age and adolescence. To control for the intra-subject serial correlation of
repeated CC16 observations, we used random effects models to test each of the SNVs for
association with serum CC16. In sensitivity analyses, pQTL results were confirmed using
weights(27) generated based on the relative frequencies of individuals in the Low, High, and
Intermediate lung function groups to generate estimates of association between SNVs and
serum CC16 levels representative of the entire EPIC cohort.

Genetic association analyses.—For genetic association analyses, we used the seven
SNVs that, in the above pQTL analyses, reached significance based on a False Discover
Rate (FDR) criterion (FDR < 0.05) and survived LD-based pruning (see online supplement
for more information). These variants were tested for association with decline of spirometric
indices of airway obstruction (FEV1 % predicted and FEV1/FVC % predicted) between
ages 7-16 years in random coefficient models that included all 611 NHW EPIC participants
recruited under Criterion 1 with complete genetic and covariate data, for a total of 20,801
prospective lung function measurements. We applied FDR criteria also for these analyses
on decline of FEV and FEV/FVC. In these analyses, we included a genotype-by-age
interaction in random coefficients models to test whether the decline of the specific lung
function index of interest was significantly different for participants who were heterozygous
and for participants who were homozygous for the effect allele, as compared with
participants who were homozygous for the reference allele. Genetic variants that were
significant in these models were also tested in the smaller group of 399 NHW participants
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who were enrolled under Criterion 2 to evaluate their potential effects among cases with
more advanced CF lung disease. All models were adjusted for sex, age, CFTR genotype
risk group, maternal smoking during pregnancy, and annual household income (additional
information provided in the online supplement).

Biomarker Studies

Table E1 summarizes the characteristics of the 260 participants in the LLFand HLF groups
who were selected for the biomarker studies. The LLFgroup demonstrated more maternal
smoking, lower annual household income, and lower lung function at both ages with greater
deficits in adolescence. Levels of FEV; % predicted in the LLFand HLF groups were
well-separated at age 12 and, although differences in lung function were already partially
present earlier in childhood, LLF participants had a significantly steeper decline of FEV; %
predicted between ages 7 to 16 than AL F participants (Figure 3).

Serum CC16 deficits and severity of CF lung disease.—In adolescence, the LLF
group had significantly lower levels of serum CC16 as compared with the HLF group
(geometric means: 6.5 vs 8.2 ng/ml, respectively; p=0.0002) (Table 1). Serum CC16
differences between participants in the LLFvs HLFgroups remained significant after
adjustment for sex, age, CFTR genotype risk group, maternal smoking during pregnancy,
and annual household income (adjusted OR [95% CI] for being in the LLFgroup associated
with 1-SD increase in CC16: 0.53, 0.39-0.73, p=0.0001). Consistent with these results,

as compared with participants in the highest CC16 tertile, after adjustment for covariates
participants in the lowest CC16 tertile had faster declines of FEV; and FEV1/FVC %
predicted levels between ages 7-16 years (p=0.025 and 0.037, respectively) and greater
than 3-fold increased odds of being in the LLFgroup (adjOR: 3.3, 1.7-6.4, p=0.0004). The
adjOR of being in the LLF group associated with the medium CC16 tertile was 1.7 (0.9-3.2,
p=0.099), with a significant linear trend across CC16 tertiles (p=0.0004). In line with these
results, using a linear regression model with the same covariates as above, we also observed
a significant inverse association between serum CC16 levels in adolescence and frequency
of exacerbations (i.e., number of exacerbations recorded between ages 7 to 16 divided

by the number of years of follow-up). Among the 140 participants who had at least one
exacerbation, after adjustment for sex, age, CFTR genotype risk group, maternal smoking
during pregnancy, and annual household income, individuals in the lowest CC16 tertile had
on average 0.27 more exacerbations per year (0.02-0.52; p=0.033) than individuals in the
highest tertile. In contrast, no differences were found for participants in the medium CC16
tertile.

Serum CC16 levels correlated between early school-age and adolescence (Spearman
correlation coefficient: 0.67, p<0.0001), indicating tracking over time. Consistent with
results from adolescence, CC16 levels were also lower in early school-age for participants
in the LLFgroup than for those in the HLFgroup (geom. means: 6.8 vs 8.3 ng/ml,
respectively; p=0.035). Similarly, being in the lowest CC16 tertile in early school-age was
associated with a greater than 3-fold increased odds of having LLFin adolescence (adjOR:
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3.6, 1.4-9.6, p=0.009). These results suggest that CC16 deficits in CF adolescents associated
with low lung function may be partly established by school age.

Combined effects of CC16 deficits and systemic inflammation on severity of
CF lung disease.—In adolescence, serum concentrations of the inflammatory biomarkers
CRP, SAA, calprotectin, and G-CSF were all significantly higher in participants in the
LLFcompared to the HLFgroup (Table 1). These biomarkers showed moderate to strong
correlations with each other with Spearman correlation coefficients between 0.42 and

0.78 (all p < 0.0001), while only SAA correlated significantly (although weakly) with

CC16 (Figure E1). When a principal component analysis was conducted among the four
inflammatory biomarkers, participants in the LLFgroup were found to have levels of the
inflammatory principal component that were on average 0.42 SDs higher than participants
in the HLFgroup (p=0.0007, Table 1). When we analyzed the combined effects of CC16
deficits and systemic inflammation as illustrated in Figure 2a, we observed that individuals
in Group 5 (low CC186, high inflammation) had higher odds for having LLFthan any

of the other groups, with a strikingly increasing trend from Group 1 (high CC16, low
inflammation) up to Group 5 (p for linear trend < 0.0001) (Figure 2b). In ROC analyses, the
inclusion of this 5-group variable significantly increased the performance of a base model in
classifying participants as LLFversus HLF, improving the area under the curve (AUC) from
0.649 to 0.740 (p=0.001) (Figure E2).

Genetic Studies

Effects of genetic variants on serum CC16 levels (pQTL Analyses).—We
identified a set of 18 SNVs that were significantly associated with serum CC16 levels
after FDR adjustment (Table E2). The associations of CC16 levels with all these SNV,
with the exception of rs17157266, were confirmed in secondary weighted analyses (see
Methods), indicating that results were robust to the case-control study design. LD-based
pruning reduced the number of independently segregating SNVs to 7 (Table 2). The top
pQTL, rs3741240, explained up to 19% of the variability in CC16 levels, with the A allele
being associated with lower serum CC16 levels (Figure E3).

Associations between genetic variants and lung function decline (Genetic
Association Analyses).—Genetic and lung function data were available for 611 EPIC
participants recruited under Criterion 1. None of the 7 SNVs identified in pQTL analyses
was, after FDR adjustment, significantly associated with changes in FEV1 % predicted
between ages 7-16 years. However, rs3741240 was associated with significantly greater
FEV1/FVC decline between these ages (Table 3). The FEV1/FVC ratio among carriers of
the AA genotype declined on average 0.4% predicted per year faster than among carriers
of the GG genotype (95% CI: 0.70%, —0.14%; p = 0.003; p[FDR] = 0.045). This effect
was consistent with the observation that FEV4 % predicted levels of carriers of the AA
genotype declined on average 0.6% per year faster than those of carriers of the GG
genotype, although this association was only marginally significant and did not pass the
FDR threshold. Trajectories of FEV4 and FEV1/FVC levels between ages 7—16 years across
the rs3741240 genotypes are summarized in Figure E4.
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Genetic and lung function data were available from an additional group of 399 EPIC
participants recruited under Criterion 2 (i.e., who had isolation of Pa from respiratory
cultures prior to enrollment). As expected, these participants differed from the main
population of participants recruited under Criterion 1 in terms of both a higher proportion
of high risk CFTR genotypes and more severe lung function impairment (Table E3). In this
group of participants, rs3741240 had no effects on decline of percent predicted levels of
FEV; and FEV;/FVC (Table E4).

Discussion

We found serum CC16 deficits to be strongly associated with lung disease severity, assessed
as decreased lung function, in children with CF. The impact of low serum CC16 was additive
with that of systemic inflammation, as children who had both low levels of circulating

CC16 and high levels of inflammatory biomarkers had the highest risk of lung function
deficits. Consistent with previous GWAS studies(18), we found that SNVs on chromosome
11 nearest the genes SCGB1A1 and EHF-APIPwere significantly associated with serum
CC16 levels. The SNV rs3741240, which explained the largest amount of variability in
serum CC16 levels, was associated with lung function worsening between ages 7-16 years,
although this association was restricted to participants with no prior cultures positive for Pa.

To date, only a few studies have addressed airway CC16 in CF(15-17). However, no study
has linked circulating CC16 with lung function in CF in the context of longitudinal data. We
found marked deficits of serum CC16 among CF patients with low lung function. Indeed,
inclusion in the lowest CC16 tertile increased the odds for having low lung function by
more than three-fold. Similar to observations in individuals without CF(28), we also found
significant tracking of serum CC16 levels between early school-age and adolescence (at
mean ages of 8 and 14 years, respectively) and that CC16 deficits at both age intervals were
consistently associated with low lung function in adolescence. These observations suggest
that a trajectory of low CC16 levels may be already established early in life in these patients.

Airway and systemic inflammation are hallmarks of CF(29, 30) and, in line with

previous research(25), we found the acute phase reactants CRP and SAA and the markers
of neutrophilic inflammation calprotectin and G-CSF to be strongly associated with

lung function deficits. Anti-inflammatory properties, inhibition of NF-xB activation, and
reduction of lung infiltration by activated leukocytes are some of the postulated mechanisms
by which CC16 may exert its protective effects in the lung(31-34). This is consistent with
our finding that CF patients with a highly skewed inflammatory imbalance — i.e., who were
in the lowest tertile for the anti-inflammatory protein CC16 and in the highest tertile for
inflammatory biomarkers — had the greatest risk for low lung function.

In line with a previous GWAS study in individuals with COPD(18), we report the existence
of pQTLs for circulating CC16 levels harbored around the encoding gene SCGB1A1 and
the EHF-APIP genomic region in patients with CF. The variant rs3741240, located in the
5’ untranslated region of SCGB1A1, explained up to 19% of variability in circulating
levels of CC16, with carriers of the AA genotype having mean CC16 levels in adolescence
(Figure E3) that were nearly 50% lower than those we observed in healthy adolescents
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from our population-based Tucson Children’s Respiratory Study(28). Moreover, we found
that the rs3741240 A allele was also associated with accelerated decline of FEV/FVC

(and marginally with accelerated decline of FEV1) % predicted levels between ages 7-16
years. Consistent with these results, this SNV was previously reported to be associated
with decline of lung function among participants in the Lovelace Smokers cohort(35, 36).
However, in our study rs3741240 had no association with lung function among participants
who had prior isolation of Pa from respiratory cultures (i.e., enrolled under Criterion 2),

a group of patients with a different distribution of CFTR risk genotypes and more severe
lung disease. These results may indicate that genetic variation linked to circulating CC16
influences lung function in individuals with milder forms of CF lung disease perhaps before
airway epithelial damage of club cells is established, as it may be the case for patients with
severe disease and/or a positive history of prior Pseudomonal infections. Larger studies will
be needed to elucidate conclusively these hypotheses as we did not have information on
serum CC16 among Criterion 2 participants in our study.

CC16 may protect against severe CF lung disease through several mechanisms. Animal
models indicate that CC16 deficient mice are susceptible to structural lung abnormalities(4),
lung infiltration by activated leukocytes(34), and enhanced inflammatory responses to
noxious exposures including respiratory infections(37). In line with these potential
mechanisms, although exacerbations were not the primary outcome of interest for our study,
we also observed that participants with low circulating CC16 had an increased frequency

of exacerbations, which are in turn a known risk factor for accelerated decline of lung
function in CF patients(38, 39). Further, we found combined effects of CC16 deficits and
systemic inflammation on lung function deficits in our CF patients. Combining information
from these biomarkers significantly improved the discriminatory ability of our model for
concomitant lung function deficits in ROC analysis, although it should be noted that the
predictive performance of these biomarkers is likely overestimated in a case-control study
based on extreme phenotypes (i.e. groups with worst vs best lung function) like ours.

With the development of highly effective CF7TR modulator treatment (HEMT), it is
conceivable that the association of CC16 deficits with lung disease in CF would not be

as strong due to reductions in airway inflammation. However, as survival improves and
prevention of irreversible airflow limitation becomes a major goal of CF care, insights

into potential disease modification through lung protective strategies will remain important,
especially for the 7-10% of CF patients not currently eligible for HEMT therapy(40).
Should the association between CC16 deficits and severe lung disease in CF be causal, the
use of this protein could be evaluated in novel therapeutic interventions via either exogenous
(e.g., administration of recombinant CC16(41)) or endogenous augmentation strategies.
Among the latter, we have recently reported that retinoids increase CC16 secretion in
human bronchial epithelial cells(42), an observation with potentially important implications
in CF because circulating vitamin A is frequently low and inversely related to systemic
inflammation in patients with CF(43).

Our study has some limitations. We evaluated concurrent associations between serum
CC16 and severity of lung disease and did not test whether low CC16 can identify CF
patients at risk for subsequent rapid progression of lung disease. However, the discovery
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of robust biomarkers of concomitant disease is a necessary first step leading to future
longitudinal studies evaluating their possible use in risk prediction. We only included NHW
participants in our analyses and cannot conclude whether our results are generalizable to
other racial or ethnic groups. This limitation reduces the potential impact of our findings
on other under-studied CF populations. Similarly, because we did not have an independent
replication cohort and could not test how robust and reproducible genetic results are in
other CF populations, our findings of an association between rs3741240 and lung function
decline should be interpreted with caution and will require future validation. We focused
our genetic analyses on the two loci (SCGB1A1and EHF-APIP) that were known to
harbor CC16 pQTLs at the time our study was designed. Although additional pQTLs

have been recently identified(44), these two loci still capture the genetic variants known

to exert the strongest effects on serum CC16 levels. Finally, although experimental(4)

and Mendelian randomization(44) studies support a direct, protective role of CC16 in the
lung, observational data like ours cannot provide conclusive evidence regarding whether
the association of protein levels with disease is causal in nature. We cannot exclude, for
example, that airway epithelial damage in CF patients is the main etiology of reduced
production of CC16 and that deficits in CC16 levels are a consequence, rather than a cause,
of lung function deficits in CF.

Among the strengths of our study are the availability of a large, multicenter, prospective
cohort of CF patients across the US with genetic data and annual serum collection, the
selection of participants with no previous Pa infection to reduce clinical heterogeneity,
the extensive lung function data collected over a decade of follow-up, and the remarkable
magnitude and consistency of biomarker associations.

The results of our study warrant further longitudinal evaluation of the role of CC16 deficits
in CF lung disease and their potential clinical implications. If CC16 is causally linked

to lung function deficits, exogenous or endogenous (e.g., via vitamin A) augmentation
strategies could potentially serve as novel therapies for CF lung disease.
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Highlights:
. Deficits in circulating levels of club cell secretory protein (CC16) are strongly

associated with severity of CF lung disease

. Patients with low levels of CC16 and high level of systemic inflammation
have the highest odds for having lung function deficits

. The SCGB1A1and EHF-APIPloci on chromosome 11 harbor multiple single
nucleotide variants (SNVs) robustly associated with circulating levels of
CC16

. The SNV rs3741240, which explains the largest amount of variability in
circulating CC16, may be associated with lung function decline in CF
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Figure la.
Study design

pQTL: protein quantitative trait loci

N obs for Biomarker Studies/pQTL analyses = number of samples analyzed for biomarkers
N obs for Genetic Associations with Lung Function = number of prospective lung function
measurements
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Figure 1b.

Consort diagram for the different components of the current study.
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PCA Inflammatory Component

Low Medium High
Low GROUP 3 GROUP 4
(CC16 = inflammation) (CC16 < inflammation)
cci6 | Medium GROUP 2 GROUP 3 GROUP 4
(CC16 > inflammation) (CC16 = inflammation) (CC16 < inflammation)

GROUP 2 GROUP 3

(cC16 > inflammation) (CC16 = inflammation)

High

Figure 2a.
Categorization of participants into 5 groups based on tertiles of CC16 and tertiles of the

PCA component of inflammatory biomarkers in adolescence.

The 5 groups are defined as:

- Group 1 (Dark Green, N=30): participants in the highest CC16 tertile and lowest
inflammatory tertile

- Group 2 (Light Green, N=57): other participants with CC16 tertile higher than
inflammatory tertile

- Group 3 (Gray, N=81): participants with CC16 tertile equal to inflammatory tertile

- Group 4 (Orange, N=56): participants with CC16 tertile lower than inflammatory tertile
(excluding participants in Group 5)

- Group 5 (Red, N=31): participants in the lowest CC16 tertile and highest inflammatory
tertile
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Figure 2b.
ORs for being in the Low Lung Function (LLF) group in adolescence across the five groups

generated by the combination of CC16 and inflammatory tertiles. Group 1 (High CC16
tertile, Low inflammatory tertile) is the reference. Group 5 includes participants in the
highest inflammatory and lowest CC16 tertiles.

ORs adjusted for sex, age at serum collection, CFTR genotype risk group, maternal smoking
during pregnancy, and annual household income.

P values for the comparison of Group 5 with Group 1 (p<0.0001), Group 2 (p<0.0001),
Group 3 (p=0.001), and Group 4 (p=0.002)
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Figure 3.

FEV1 measurements between ages 7-16 years among the 130 participants in the Low Lung
Function (LLF) and 130 participants in the High Lung Function (HLF) groups selected for

biomarker studies.

The solid lines represent locally weighted scatterplot smoothing (loess) lines. Loess is a
non-parametric strategy for fitting smooth curves to data points without assuming a data

distribution shape.

When tested in mixed models, LLF participants had a significantly steeper decline of FEV,
% predicted between ages 7-16 years than HLF participants (p<0.0001).
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Serum levels of CC16 and inflammatory biomarkers in adolescence among participants from the LLFand

HLFgroups.
Low Lung High Lung P unadjoOR # P adjoOR #* P
Function LLF Function HLF (95% CI) (95% CI)
(N=130) (N=130)

Serum CC16, geom. mean 6.5(6.0,7.2) 8.2(7.6,8.9) 0.0002 0.59 (0.45, 0.0003 0.53(0.39, 0.0001
(95% ClI) in ng/ml 0.79) 0.73)
Serum CC16 tertiles: 0.004

Low CC16, N (%) 55 (42.3%) 32 (24.6%) 2.76 (1.49, 0.001 3.30 (1.71, 0.0004

5.11) 6.37)
Medium CC16, N (%) 42 (32.3%) 45 (34.6%) 1.50 (0.82, 0.190 1.71 (0.90, 0.099
2.74) 3.25)

High CC16, N (%) 33 (25.4%) 53 (40.8%) Reference -- Reference -
Inflammatory Biomarkers
Serum hsCRP, geom. mean 0.66 (0.49, 0.32 (0.25, 0.0003 1.60 (1.23, 0.0005 1.59 (1.21, 0.001
(95% ClI) in mg/L 0.89) 0.42) 2.08) 2.11)
Serum SAA, geom. mean 8.0 (5.7 11.3)/‘ 3.9(3.1,5.0) 0.0008 1.55 (1.19, 0.001 1.59 (1.20, 0.001
(95% CI) in pg/ml ' 2.01) 2.10)
Serum calprotectin, geom. 2.7(2.3,3.2) 1.8 (1.6,2.1) 0.0006 1.57 (1.20, 0.0009 1.67 (1.24, 0.0006
mean (95% CI) in pg/ml 2.05) 2.23)
Serum G-CSF, geom. mean 21.4 (17.9, 15.1 (134, 0.001 1.51 (1.16, 0.002 1.67 (1.25, 0.0005
(95% C|) in pg/ml 25.6)/\/\ 17_0)/' 1.96) 2.23)
Normalized PCA 0.21 (-0.02, -0.21 (-0.29, 0.0007 2.21 (1.33, 0.002 2.51 (1.45, 0.001
inflammatory component, 0.44) M _0.13)" 3.65) 4.36)

mean (95% CI)

N
N=129

AN
N=126

Results from logistic regression models with LLFvs HLF as the dependent variable. For biomarkers analyzed on a continuous scale, odds ratios
are expressed for 1-SD increase in biomarker levels

*
Odds ratios adjusted for sex, age at blood collection, CFTR genotype risk group, maternal smoking during pregnancy, and annual household

income.
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The seven genetic variants significantly associated with circulating CC16 Ievels§am0ng 289 EPIC participants
after FDR adjustment and LD-based pruning.

Position rs 1D Alt. Ref. MAF" Gene Coef. (95% CI)” P FDR R-squared
Allele Allele

62186542 | rs3741240 A G 0.335 SCGB1A1l -0.634 (-0.778, | 6.2x 10718 4.3 x 0.190
-0.490) 10-16

62197427 | rs2077224 A c 0.357 AHNAK 0.315 (0.158, 8.3x107° 0.002 0.048
0.471)

62190700 | rs2302364 c T 0.172 SCGB1Al -0.411 (-0.616, 8.9 x 1075 0.002 0.046
—0.205)

34937697 | rs2016814 c T 0.203 | PDHX, APIP | -0.281(-0.458, 0.002 0.022 0.028
—0.104)

34909926 | rs1571133 G T 0.323 APIP —0.234 (-0.394, 0.004 0.031 0.023
-0.074)

34842506 | rs568529 A c 0.295 - —0.233 (-0.405, 0.008 0.038 0.019
—0.060)

34780278 | rs906902 A G 0.393 - —0.207 (-0.363, 0.009 0.039 0.016
—0.051)

§Standardized levels of log-transformed CC16 were used in analyses

N
MAF: minor allele frequency

*
The coefficient indicates the change in SDs of CC16 levels associated with one-allele change of the specific genetic variant from additive models.
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Estimated effects of the 7 pQTL SNVs on changes in FEV4 and FEV1/FVC % predicted between ages 7-16
years. Models include 611 NHW EPIC participants recruited under Criterion 1 with 20,801 lung function

measurements.

rs 1D

Estimated effects on FEV1 % predicted change
between ages 7-16 yrs *

Estimated effects on FEV1/FVC % predicted change
between ages 7-16 yrs *

Coefficient (95% CI) p Coefficient (95% CI) p

62186542 | rs3741240

GG Ref Ref

AIG -0.08 (-0.40, 0.24) 0.611 -0.10 (-0.28, 0.08) 0.285
AA -0.57 (-1.07, -0.07) 0.025 -0.42 (-0.70, -0.14) 0.003
62197427 | rs2077224

CcC Ref Ref

AIC -0.06 (-0.38, 0.27) 0.735 0.12 (-0.06, 0.30) 0.200
AA 0.05 (—0.46, 0.55) 0.853 0.05 (-0.23, 0.33) 0.735
62190700 | rs2302364

TT Ref Ref

cIT -0.31 (-0.64, 0.02) 0.067 -0.17 (-0.36, 0.01) 0.067
CcC -0.60 (-1.69, 0.50) 0.285 -0.65 (-1.25, —0.04) 0.037
34937697 | rs2016814

TT Ref Ref

cIT 0.37 (-0.41, 1.15) 0.354 -0.18 (-0.61, 0.26) 0.419
CcC 0.39 (-0.37, 1.15) 0.312 -0.28 (-0.70, 0.14) 0.187
34909926 | rs1571133

TT Ref Ref

GIT 0.72 (0.22, 1.23) 0.005 0.03 (-0.26, 0.31) 0.846
GG 0.67 (0.17, 1.17) 0.009 -0.12 (-0.40, 0.16) 0.410
34842506 | rs568529

CcC Ref Ref

AIC -0.03 (-0.60, 0.54) 0.924 -0.14 (-0.46, 0.18) 0.386
AA 0.13 (—0.43, 0.69) 0.650 -0.04 (-0.36, 0.27) 0.787
34780278 | rs906902

GG Ref Ref

AIG 0.17 (-0.17, 0.50) 0.330 0.19 (0.004, 0.38) 0.046
AA 0.28 (-0.18, 0.74) 0.231 0.02 (-0.23, 0.28) 0.859

*
Models adjusted for sex, age at lung function measurement, CFTR genotype risk group, maternal smoking during pregnancy, and annual

household income.

Associations significant after FDR adjustment are reported in bold font. The FDR significance level is 0.0033.

J Cyst Fibros. Author manuscript; available in PMC 2023 September 01.



	Abstract
	Introduction
	Methods
	Study Population
	Biomarker Studies
	Case-control study design for biomarker studies.
	Molecular assays for serum CC16 and inflammatory biomarkers.
	Statistical analyses for biomarker studies.

	Genetic Studies
	Targeted single molecule molecular inversion probe sequencing.
	Statistical analyses for identification of pQTLs.
	Genetic association analyses.


	Results
	Biomarker Studies
	Serum CC16 deficits and severity of CF lung disease.
	Combined effects of CC16 deficits and systemic inflammation on severity of CF lung disease.

	Genetic Studies
	Effects of genetic variants on serum CC16 levels (pQTL Analyses).
	Associations between genetic variants and lung function decline (Genetic Association Analyses).


	Discussion
	References
	Figure 1a.
	Figure 1b.
	Figure 2a.
	Figure 2b.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.

