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ABSTRACT Studies have shown that club cell secretory protein (CC16) plays impor-
tant protective roles in the lungs, yet its complete biological functions are unclear.
We devised a translational mouse model in order to investigate the impact of early
life infections, in the context of CC16 deficiency, on lung function in adult mice.
CC16 sufficient (WT) and deficient (CC162/2) mice were infected with Mycoplasma
pneumoniae (Mp) as weanlings and assessed as adults (early life infection model;
ELIM) and compared to adult mice infected for only 3 days (adult infection model;
AIM). CC162/2 Mp-infected mice had significantly increased airway hyperresponsive-
ness (AHR) in both models compared to WT mice. However, CC162/2 mice infected
in early life (ELIM) displayed significantly increased AHR compared to CC162/2 mice
infected in adulthood (AIM). In stark contrast, lung function in ELIM WT mice
returned to levels similar to saline-treated controls. While WT mice cleared Mp infec-
tion in the ELIM, CC162/2 mice remained colonized with Mp throughout the model,
which likely contributed to increased airway remodeling and persistence of Muc5ac
expression. When CC162/2 mouse tracheal epithelial cells (MTECs) were infected
with Mp, increased Mp colonization and collagen gene expression were also
detected compared to WT cells, suggesting that CC16 plays a protective role during
Mp infection, in part through epithelial-driven host defense mechanisms.
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Club cell secretory protein (CCSP; also known as CC16, CC10, Uteroglobin) is a 15.8-
kDa homodimeric pneumoprotein secreted in the distal airways by non-ciliated

bronchiolar epithelial cells and can be measured in serum (1, 2). Although the biologi-
cal functions of CC16 have not been conclusively determined, in vitro and in vivo stud-
ies have indicated that this molecule contains anti-inflammatory, immunomodulatory,
anti-toxicant, and antioxidant properties in the lungs (2, 3). Clinical studies have
reported decreased levels of CC16 in the blood and airways of asthmatics and COPD
patients, as well as individuals with lung function deficits (3, 4). Additionally, low serum
CC16 levels were correlated with increased lung epithelial cell injury and accelerated
declines in forced expiratory volume in 1 s (FEV1) (5, 6).

Mycoplasma pneumoniae (Mp) is an “atypical” bacterium that causes respiratory
infections of varied severity, ranging from mild upper respiratory infections to severe
atypical pneumonia (7, 8). Mp has been linked to more than 40% of community
acquired pneumonia (CAP) cases and approximately 18% of cases requiring hospital-
izations in children (8). Recently, Mp has been linked to exacerbations in asthmatics
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and it has been suggested that early life CAP, such as that caused by Mp, may increase
asthma prevalence later in life (9). In some cases, Mp can persist for months in the re-
spiratory tracts of non-asthma subjects and asthma patients, resulting in a decline in
pulmonary function and/or subsequent development of asthma (9). Exacerbations in
severe asthma sufferers are associated with accelerated lung function decline and it is
now recognized that severe persistent asthma can lead to irreversible airflow limita-
tion, the hallmark of COPD (10). However, the mechanisms initiating and driving this
remodeling process in asthma following an exacerbation are not clear.

Previous studies suggest that CC16 may, at least partly, exert its effects in the lung
by modulating susceptibility and responses to respiratory infections (11–14). In our
previous studies examining responses to Mp after 3 days of infection, we found that
Mp-infected CC16 knockout (CC162/2) mice treated with rCC16 had reduced airway
colonization and lung inflammation compared to Mp-infected CC162/2 mice treated
with vehicle control (15). We also know that the lack of CC16 also impacts lung func-
tion in non-infectious and non-inflammatory conditions (16). To further understand
the implications of early life infections in the context of low or no CC16 levels, we have
developed a novel translational mouse model of early life exposure to Mp in which
wild-type (WT) or CC162/2 mice are infected pre-weaning (thought to be of similar age
as an ;2–5-year-old child) one time and assessed for lung function at 8 weeks of age
(thought to be of similar age as an ;20–30-year-old adult) (17). Compared to CC162/2

adult mice infected acutely for 3 days, we find that CC162/2 mice infected in early life
have significantly greater AHR, airway remodeling, and persistent Muc5ac gene expres-
sion, likely due to their inability to clear Mp infection. We further found that epithelial
cells derived from CC162/2 mice and grown at an air-liquid interface were unable to
reduce Mp burden as effectively as those from WT mice, suggesting that this defect in
Mp clearance is likely epithelial-driven. Taken together, we provide new evidence,
using this novel translational mouse model, that persistent early life infections in the
context of CC16 deficits may be a previously overlooked link in understanding a pro-
gression of asthma into severe asthma with fixed airflow limitation.

RESULTS
CC16 deficiency and early life Mp infection result in augmented airway

hyperresponsiveness.We have previously found that 8-week-old mice (;20–30-year-
old human adult) (17) infected with Mp in the AIM had significantly enhanced airway
hyperresponsiveness (AHR) when CC16 was absent (15). For this study, we wanted to
determine how CC162/2 juvenile mice (;2–5-year-old child) (17) infected with Mp
(one time) would be impacted in regard to lung function in adulthood (Fig. 1A). For
the AIM (Fig. 1B), AHR to methacholine challenge in WT and CC162/2 was similar to
our previous report (15). CC162/2 mice challenged with Mp had significantly increased
airway resistance of .100% and .400% over baseline for methacholine doses of
30 mg/mL and 100 mg/mL, respectively, confirming that adult CC162/2 mice have
increased airways resistance during short-term Mp infections.

For the ELIM, CC162/2 mice challenged with Mp had striking and significantly
increased airway resistances of .200%, ;300%, and .1000% over baseline for metha-
choline doses of 10 mg/mL, 30 mg/mL, and 100 mg/mL, respectively (Fig. 1B). In con-
trast, WT mice infected with Mp early in life had AHR measurements that were indistin-
guishable from their saline controls (Fig. 1B). For both the AIM and ELIM, significantly
increased airways resistance was observed in CC162/2 mice infected with Mp, com-
pared to WT Mp-infected mice; however, significantly increased airway resistance was
observed in CC162/2 mice in the ELIM compared with the AIM mice of the same geno-
type (Fig. 1C). In the context of CC16 deficiencies, this model illustrates that early life
infection with Mp results in significantly augmented AHR in adulthood. In contrast,
mice sufficient in CC16 (WT) in the ELIM did not have noticeable differences in AHR
compared to their saline controls.
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CC16 deficiency impairs Mp clearance from the airways and pulmonary
epithelial cells. Lung tissue from WT and CC162/2 Mp-infected mice from the AIM and
the ELIM were assessed for pathogen burden by RT-PCR (Fig. 2A). For the AIM, both WT
and CC162/2 mice had detectable Mp infection; however, Mp burden was higher in
the CC162/2 mice, compared to the WT mice. For the ELIM, a majority of the WT mice
examined were able to completely clear the Mp infection; in contrast, CC162/2 mice
were unable to completely clear the Mp infection, with a majority of mice examined
remaining PCR1.

In order to determine if CC16 contributed to epithelial-driven responses during
infection, we used a cell culture model in which mouse tracheal epithelial cells (MTECs)
from WT and CC162/2 mice were grown at an air-liquid interface prior to Mp challenge
for 48 h. After Mp challenge, Mp burden was measured in the infected MTECs. Similar
to what was observed in our mouse studies, Mp burden was significantly higher in
CC162/2 MTECs, compared to WT MTECs (Fig. 2B). Further studies demonstrated that
CC16 does not directly kill Mp but may act in a more bacteriostatic manner (Fig. S1).
Overall, CC162/2 mice had higher Mp burden in lung tissue in the AIM and were
unable to completely clear Mp infection in the ELIM. Additionally, CC162/2 MTECs had
significantly increased pathogen burden, compared to WT MTECs, suggesting that epi-
thelial-driven host responses are likely major contributors to pulmonary Mp clearance
in vivo.

CC16 deficiency leads to heightened Tnf-a and Muc5ac during Mp infection.
Mycoplasma infection in humans is associated with increased expression of MUC5AC
and TNF-a in airway tissue from asthmatic patients (18). Therefore, we sought to mea-
sure these factors typically associated with Mp infection, Muc5ac and Tnf-a, in WT and
CC162/2 mice that were infected in the AIM and ELIM. CC162/2 mice infected with Mp

FIG 1 Airway resistance is increased in CC162/2 mice infected with Mp for the AIM and ELIM. Airway resistance during a methacholine challenge of WT
(n = 9) and CC162/2 (n = 16) male mice infected with Mp for the AIM and WT (n = 11) and CC162/2 (n = 13) mice infected with Mp for the ELIM protocols.
Non-infected saline controls are shown on each graph (dotted lines). Total airways respiratory resistance (Rrs) was calculated as a percentage over baseline
in order to compare between separate experimental runs on the Flexivent machine. All mice were assessed for pulmonary function at 8 weeks of age. *,
P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001 by one-way ANOVA Sidak’s multiple comparison test.
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had significantly increased Tnf-a gene expression during the AIM, compared to WT
and CC162/2 control mice. Additionally, for the acute AIM, CC162/2 mice had signifi-
cantly elevated expression of Tnf-a, compared to WT mice; however, there was no sig-
nificant difference in Tnf-a expression between WT and CC162/2 mice infected with Mp
during the ELIM, suggesting that the increase in TNF-a is acute phase only (Fig. 3A).
TNF-a protein levels in the bronchoalveolar lavage fluid (BALF) from the AIM mice were
also examined by ELISA (Fig. 3B). Similar to what was observed in the RT-PCR data, we
observed significantly increased TNF-a levels in the BALF from CC162/2 AIM mice, com-
pared to WT AIM mice; TNF-a levels were at or below detectable levels in BAL from con-
trol and ELIM mice (not shown).

Muc5ac expression was significantly upregulated in CC162/2 AIM and ELIM mice,
compared to their respective saline controls (Fig. 3C). Additionally, in the ELIM, CC162/2

mice had significantly increased Muc5ac expression compared to WT mice. While WT
mice in AIM had a trend toward increased Muc5ac expression, they did not achieve sta-
tistical significance over their saline controls and the levels returned to baseline condi-
tions in the WT ELIM mice. These data suggest that the loss of CC16 may be associated
with persistently increased Muc5ac gene expression during Mp infection, which if
unchecked may result in increased goblet cell metaplasia and contribute to airway
remodeling.

CC16 deficiency results in increased collagen deposition that is enhanced
during long term Mp Infection. Since CC162/2 mice were previously found to have
increased collagen gene expression in lung tissue (16), we next chose to determine if the
early life, persistent infection would further impact lung remodeling. Collagen thickness
was measured in trichrome stained lung tissue from the ELIM, as described in the “meth-
ods” section (Fig. 4A and B). Control (saline treated) CC162/2 mice had increased collagen
deposition (blue stain) compared to WT mice (mean 6 SEM, 3.829 6 1.180 mm). During
Mp infection, CC162/2 mice had significantly increased collagen deposition compared to
WT mice (mean 6 SEM, 16.06 6 2.069 mm). Additionally, CC162/2 mice infected with Mp
had increased collagen deposition compared to the saline-treated CC162/2 mice (mean 6

SEM, 12.67 6 1.998 mm). There were no significant differences in collagen deposition
between WT saline and WT Mp-treated ELIM mice.

CC16 deficiencies drive airway remodeling in the early life infection model.
Since we had previously determined that remodeling genes were upregulated in the

FIG 2 CC162/2 mice and MTECs have increased Mp burden. Mp burden was assessed in the lung
tissue of mice from the AIM and ELIM. (A) WT AIM (n = 12), CC162/2 AIM (n = 15), WT ELIM (n = 11),
CC162/2 ELIM (n = 19) were assessed for Mp burden by RT-PCR for Mp-specific P1-adhesin gene. *,
P , 0.05; **, P , 0.01; ***, P , 0.01 Kruskal-Wallis multiple-comparison test. Cyclophilin was used as a
housekeeping control for RT-PCR. (B) WT control (n = 5) and CC162/2 control (n = 5) mouse tracheal
epithelial cells (MTECs) grown simultaneously at an air-liquid interface were infected with Mp and
assessed for Mp burden after 48 h by RT-PCR. ***, P , 0.001 unpaired t test. Gapdh was used as a
housekeeping control for RT-PCR. Data shown are mean 6 SEM.
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lungs of control CC162/2 mice (16), we next sought to determine if lack of CC16 and
long-term Mp infection had additive effects in altering remodeling factors. During the
ELIM, RT-PCR of WT and CC162/2 mouse lung tissue revealed that gene expression of
factors associated with lung remodeling—pro-collagen type I (Col1a1), pro-collagen
type III (Col3a1), and a-smooth muscle actin (a-sma)—were significantly elevated at
baseline in CC162/2 mice, compared to baseline WT mice (Fig. 4C) as previously shown
(16). Upon Mp infection for the ELIM, Col1a1, Col3a1, a-sma, and Tgf-b expression was
significantly higher in the CC162/2 mice, compared to the WT mice. Along with these
observations, Col3a1, a-sma, and Tgf-b expression was also significantly higher in
CC162/2 mice infected with Mp, compared to WT control. These data show that loss of
CC16 is associated with increased levels of airway remodeling factors at baseline condi-
tions and that these remodeling factors remain consistently elevated in CC162/2 mice
during the ELIM, compared to their WT Mp controls. Of note, while the other remodel-
ing genes tested were not significantly elevated in CC162/2 mice during the ELIM com-
pared to their CC162/2 control conditions, Tgf-b gene expression was significantly
increased in ELIM lungs compared to CC162/2 controls, indicating that Mp infection is
the driving-force behind the increased Tgf-b expression.

FIG 3 Tnf-a and Muc5ac are increased in CC162/2 mice infected with Mp during the AIM and ELIM.
Tnf-a gene expression (A) was measured in the lung tissue of WT control (n = 11), CC162/2 control
(n = 10), WT AIM (n = 12), CC162/2 AIM (n = 14), WT ELIM (n = 11), and CC162/2 ELIM (n = 19) mice
by RT-PCR. TNF-a protein levels (B) were measured in the BALF of WT control (n = 7), CC162/2

control (n = 7), WT AIM (n = 7), and CC162/2 AIM (n = 7) mice by ELISA. Muc5ac (C) gene expression
was measured in the lung tissue of WT control (n = 17), CC162/2 control (n = 16), WT AIM (n = 15),
CC162/2 AIM (n = 17), WT ELIM (n = 11), and CC162/2 ELIM (n = 19) mice by RT-PCR. For RT-PCR
data, *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001 one-way ANOVA Tukey’s multiple-
comparison test. Data shown are mean 6 SEM. Cyclophilin was used as the housekeeping control for
RT-PCR. For ELISA data, **, P , 0.01 unpaired t test. ND, not detected.
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CC16 deficiency results in increased airway remodeling protein expression in
epithelial cells. The WT and CC162/2 MTECs that were treated with Mp or control
(media only) for 48 h were also assessed for remodeling factors, Col1a1 and Col3a1. At
baseline, CC162/2 MTECs had significantly increased expression of both collagens,
compared to their WT controls (Fig. 5A and B). During Mp infection, CC162/2 MTECs
had significantly increased expression of both collagens, compared to WT MTECs. WT
and CC162/2 Mp-infected MTECs had significantly higher expression of Col1a1,

FIG 4 Collagen production is increased in the lungs of CC162/2 mice and further exacerbated by Mp infection in the ELIM. (A) Representative trichrome-
stained lung sections from WT control (n = 12), WT Mp (n = 12), CC162/2 control (n = 14), and CC162/2 Mp (n = 14) mice from the ELIM. Scale bars: 50mm.
(B) Quantitative analysis of collagen thickness was measured on pictures taken at �20 magnification using Metamorph software as described in the
Methods section. (C) Airway remodeling measurements in WT and CC162/2 mice infected Mp for the ELIM. Pro-collagen 1A1 (Col1a1) was measured in WT
control (n = 12), CC162/2 control (n = 10), WT ELIM (n = 9), and CC162/2 ELIM (n = 10). Pro-collagen 3A1 (Col3a1) was measured in WT control (n = 13),
CC162/2 control (n = 9), WT ELIM (n = 9), and CC162/2 ELIM (n = 9). a-sma was measured in WT control (n = 16), CC162/2 control (n = 18), WT ELIM
(n = 10), and CC162/2 ELIM (n = 10). Tgf-b was measured in WT control (n = 15), CC162/2 control (n = 21), WT ELIM (n = 10), and CC162/2 ELIM (n = 9).
Airway remodeling factors were measured using RT-PCR with Gapdh as a housekeeping control. *, P , 0.05; **, P , 0.01; ***, P , 0.001 by one-way
ANOVA Tukey’s multiple comparison test. Data shown are mean 6 SEM.
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compared to vehicle controls. Similarly, WT MTECs infected with Mp had significantly
higher expression of Col3a1, compared to WT vehicle-treated MTECs; however, there
was no significant difference in the expression of Col3a1 between CC162/2 vehicle-
treated and CC162/2 Mp-treated MTECs. Overall, at the epithelial level, the loss of CC16
results in a significant increase in the expression of airway remodeling factors, Col1a1
and Col3a1, and this increased expression of Col1a1 is exacerbated by Mp infection.

DISCUSSION

Despite CC16 being one of the most abundantly secreted proteins in the airways, the
complete biological roles of this protein have yet to be fully elucidated; however, increas-
ing evidence has shown that this protein appears to protect the respiratory tract against
inflammation and oxidative stress (1, 15, 17, 19, 20). In order to better understand the role
of CC16 in respect to infections and lung function over time, we developed a translational
mouse model to study how early life infections with Mp could impact lung function in
adulthood. In this study, we show that CC162/2 mice infected early in life with Mp had
increased airway resistance and remodeling compared not only to their WT counterparts,
but also to Mp-infected adult mice lacking CC16, which was likely attributed to their
inability to effectively clear Mp infection. Additionally, we show that CC162/2 MTECs had
increased Mp burden and increased airway remodeling responses suggesting that epithe-
lial-driven responses are likely contributing to the observed phenotypes in the ELIM
CC162/2 mice. Translationally, these data may imply that in individuals with low CC16 lev-
els, early life exposures to pathogens, such as Mp, could result in significant lung remodel-
ing that would impact lung function in adulthood.

Previously, our group showed that adult CC162/2 mice acutely infected with Mp for
3 days and treated with rCC16 “rescue” had significantly decreased AHR and inflamma-
tion compared to saline-treated CC162/2 mice (15). Similar to our published findings,
CC162/2 mice infected with Mp had increased airway resistance, compared to the WT
groups (CC16 sufficient), regardless of age of infection. Strikingly, compared to CC162/2

mice infected acutely as adults (AIM), CC162/2 mice infected as juveniles (ELIM) had sig-
nificantly greater AHR. In contrast, WT mice that were infected as juveniles displayed
minimal changes in AHR during the methacholine challenges, as resistance levels had
returned to levels comparable to those of WT saline control mice. From these data we
see that while Mp infections in adult mice lacking CC16 results in significant increases in

FIG 5 Loss of CC16 results in increased expression of collagen genes in MTECs at baseline and
during Mp challenge. WT (n = 3) and CC162/2 (n = 3) were treated with media (control) or Mp for
48 h, after which pro-collagen 1A1 (Col1a1) and pro-collagen 3A1 (Col3a1) expression was measured
by RT-PCR with Gapdh as a housekeeping control. *, P , 0.05; **, P , 0.01; ***, P , 0.001; and ****,
P , 0.0001 by one-way ANOVA Tukey’s multiple comparison test. Data shown are mean 6 SEM.
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AHR, the impact of early life infection in CC162/2 mice results in even greater AHR as
adults, which is likely attributed to persistence of infection that is driving airway remod-
eling processes. The translational impact of these data suggests that early life Mp infec-
tions in pediatric patients with CC16 deficits may impact lung function in a stronger fash-
ion than when these risk factors (i.e., Mp infection and CC16 deficits) occur in adult life.

In the AIM, both WT and CC162/2 mice had Mp detectable in their airways after
3 days. However, in the ELIM, we found that while a majority of WT mice had cleared
Mp infection, most CC162/2 mice were unable to clear Mp and thereby had a “chronic”
infection that lasted until their sacrifice at 8 weeks of age. Due to the 3-day duration of
the AIM, one can infer either that CC162/2 mice are unable to clear Mp infections at
the same rate as WT mice, or that CC162/2 mice are colonized more readily by Mp,
compared to WT mice. Similar results were seen by Wang et al. in a respiratory syncy-
tial virus (RSV) infection model where CC162/2 mice were unable to clear RSV infec-
tions over a 10-day period, compared to WT mice (11), which hints at an underlying
defect in antimicrobial and antiviral host responses in the absence of CC16.

We have previously shown significantly increased neutrophil infiltrates in the lungs
of CC162/2 mice when infected as adults for 3 days compared to CC162/2 mice treated
with rCC16, which are indicative of the AIM (15). However, in the ELIM, we observed
only slight increases in leukocytes (neutrophils and eosinophils), with the majority of
all cells (.99%) being macrophages (Fig. S2). To insure we did not miss any relevant
cellular inflammation, we examined BAL for immune cells every week in a cohort of
mice up to 8 weeks of age for the ELIM model. Since infiltrating immune cells were
minimal in ELIM, we chose to focus our studies on epithelial-driven mechanisms as
contributors to the observed lung function phenotype. In line with our in vivo mouse
models, pathogen burden was also significantly increased in CC162/2 MTECs, com-
pared to WT MTECs, again suggesting an impairment in epithelial-driven antimicrobial
host defense mechanisms, independent of immune cells. Overall, our results in mice
and MTECs suggest that CC16 impacts epithelial-driven host defense mechanisms by
aiding in Mp clearance. Despite these findings, more studies are needed to further
understand, mechanistically, how CC16 is interacting with epithelial-driven antimicro-
bial responses and if CC16 also impacts resident alveolar macrophages in their ability
to clear Mp.

To further understand contributing factors to the severely heightened AHR
observed in CC162/2 mice infected with Mp, we analyzed two factors known to be
associated with Mp infection: Muc5ac and Tnf-a. Gene expression for Muc5ac, a mucin
produced by goblet cells in the airways, is upregulated during airway inflammation
and has pathological roles in the mechanisms of AHR, mucus metaplasia, and airway
mucus plugging (21, 22). TNF-a is a pro-inflammatory cytokine whose mRNA and pro-
tein levels are increased in the airways of patients with asthma and has been shown to
lead to the development of AHR and neutrophilia (18, 23). Significantly increased TNF-
a levels have been observed in children infected with Mp, compared to healthy con-
trols, and TNF-a correlate to Mp positivity in asthmatic patients (24, 25). For the AIM,
CC162/2 mice had significantly increased Muc5ac and Tnf-a expression compared to
their respective controls. For the AIM, Tnf-a gene expression and protein levels were
significantly increased in CC162/2 mice, compared to WT mice. Similarly, TNF-a levels
were at or below detectable levels in BAL from control and ELIM mice (data not
shown), which is in line with TNF-a being an acute, pro-inflammatory cytokine during
Mp infection. Similar results for Tnf-a in our ELIM were seen by Hardy et al., where low
levels were observed during a chronic Mp infection model (.100 days) in BALB/c mice
(26). Interestingly, while Tnf-a gene expression decreased for both WT and CC162/2

mice in ELIM, Muc5ac remained significantly elevated in CC162/2 mice. The finding
that Muc5ac remained upregulated in ELIM CC162/2 mice suggests that more goblet
cells may have been present in these mice, likely due to persistent Mp colonization in
the airways. More detailed studies are needed to better understand the role of CC16 in
goblet cell metaplasia during infection.
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In asthma and COPD, airway structural changes include, but are not limited to, sube-
pithelial fibrosis, increased smooth muscle mass, and increased collagen deposition, all
of which are associated with poor clinical outcomes among these patients (27). We were
able to show that CC162/2 mice, at baseline and after Mp infection in the ELIM, have sig-
nificantly increased expression of airway remodeling factors, compared to their WT coun-
terparts. This was further confirmed by trichrome staining of lung tissue from these
mice, which showed increased collagen deposition around the airways of CC162/2 mice.
These results illustrate that early life Mp infections in CC162/2 mice can result in signifi-
cantly increased airway remodeling by adulthood; therefore, a likely contributing factor
to the significantly increased AHR observed among these mice.

Due to our observations that CC162/2 mice had increased collagen expression and
deposition in their airways, we also assessed the same Mp-infected MTECs for collagen
genes. Using MTECs, we observed that CC162/2 epithelial cells had increased collagen
expression at baseline and during Mp infection, compared to WT epithelial cells. These
results parallel what was seen in vivo and suggest that lung epithelial cells are likely
contributing to the airway remodeling observed in mice upon Mp infection, observa-
tions that could translate to Mp-infected patients with known CC16 deficits, as well.

Overall, our data further support the important role of CC16 in mediating AHR and
remodeling in the lungs during early life infections, which in turn may be relevant in
reducing the progression of lung diseases, such as asthma and COPD, where CC16 defi-
ciencies and respiratory infections are often observed. Surprisingly, we also show that
CC16 promotes Mp clearance from the lung tissue by epithelial-mediated devices, illus-
trating that this endogenous protein is necessary for proper epithelial-driven host
defense responses during Mp infection. While we only examined the responses to Mp,
it is possible that this mechanism of epithelial-driven host defense may be broadly ap-
plicable to other respiratory pathogens in the context of CC16 deficiency. Our findings
provide novel insights into the role of CC16 in mediating airway responses to early life
respiratory infection and highlight the importance of further understanding mechanis-
tic interactions of CC16 with immune responses, especially at the epithelial level, for
pathogen clearance.

MATERIALS ANDMETHODS
Experimental mice. All experiments were handled in accordance with the University of Arizona on

IACUC approved animal protocols. For the Mp infection, aged matched WT and CC162/2 male mice as
described previously (16) on a C57BL/6J background were aged ;8 weeks at the time of infection for
the adult infection model (AIM), and lung function was assessed 3 days postinfection. All mice were
born and raised in the same room in the University of Arizona Health Sciences animal facility and were
tested to be specific-pathogen free according to standard protocols using sentinel mice from the same
room. For the early life infection model (ELIM), male mice were infected with Mp during the week of
weaning (;19–23 days old) and lung function was assessed ;5 weeks postinfection when mice were
;8 weeks. Once infected with Mp, mice are transferred to a barrier facility where they are maintained
separately from other groups of mice according to BSL2 protocols. Tissue specific expression of CC16 is
regulated by estrogen in the lung; therefore, male mice were used to eliminate the impact of this hor-
mone on CC16 expression (20, 28).

Mouse tracheal cell isolation.Mice were humanely euthanized, and tracheas were removed by dis-
section and placed in Ham’s F-12 medium on ice. Any excess connective tissue, muscle, vasculature, and
nerves were removed from the exterior of the tracheas, and a longitudinal incision was made to expose
the mucosal lining. The tracheas were placed in 10 ml Ham’s F-12 medium with 0.1% protease solution
(Sigma-Aldrich; St. Louis, MO) and incubated for 45 min at 37°C. The protease activity was stopped by
adding 3 ml FBS. The tracheas were then transferred to a petri dish containing Ham’s F-12 medium, and
the mucosal lining of each trachea was scraped using a 200 ml pipette tip. The cells were collected,
transferred to a 15-ml conical tube, and centrifuged (900 rpm, 5 min, 4°C). The medium supernatant was
removed, and the cell pellet was resuspended in 5 ml Versene (Life Technologies; Waltham, MA) for
15 min at 37°C. Next, Ham’s F-12 medium containing 10% FBS was added to the conical tube containing
the cell pellet, and centrifuged (900 rpm, 5 min, 4°C). The supernatant was removed, and the cell pellet
was suspended in 6 ml Ham’s F-12 medium containing 10% FBS.

Culture media and supplements. DMEM-Ham’s F-12 medium was used for the trachea harvest and
MTEC cultures. The MTEC culture medium was supplemented with 500 mg/mL funizone antimycotic
(HyClone Laboratories; Logan, UT), 20 ng/mL cholera toxin (List Biological Laboratories; Campbell, CA),
104 mg/mL bovine pituitary extract (Lonza; Basel, Switzerland), 5 mg/mL insulin (Sigma-Aldrich; St. Louis,
MO), 5 mg/mL human apo-transferrin (Sigma-Aldrich; St. Louis, MO), 5 mg/mL dexamethasone (Sigma-
Aldrich; St. Louis, MO), 5 ng/mL mouse epidermal growth factor (Sigma-Aldrich; St. Louis, MO), 0.01 mM
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retinol (Sigma-Aldrich; St. Louis, MO), 20 U/mL nystatin (Sigma-Aldrich; St. Louis, MO), and 100 mg/mL
gentamicin (Sigma-Aldrich; St. Louis, MO). Fetal bovine serum (FBS) (HyClone Laboratories; Logan, UT)
was used to prepare 5% and 10% serum-rich media during the ALI culturing process.

In vitro culture of MTECs. Costar Transwell (12 mm, 0.4 mm membrane pores) 12-well plates were
used to culture the MTECs. The polyester membrane was coated with 300 mg/mL rat rail collagen in 0.02
N glacial acetic acid at room temperature for 1 h. The membranes were washed with PBS and condi-
tioned with Ham’s F-12 medium for 1 h at 37°C. The medium was then removed from the apical and ba-
solateral sides, and 1 mL MTEC culture medium supplemented with 10% FBS was added to the basolat-
eral side of each well. All cells obtained from the mouse tracheas were plated evenly between the 12
wells in 500 ml MTEC culture medium supplemented with 10% FBS. The plate was incubated at 37°C in
an air/5% CO2 atmosphere for 48 h without changing the medium, for the cells to seed. After the initial
seeding period, the medium on the apical and basal sides of the membrane was replaced every other
day. When the cells reached 80% confluence (;1 week), the culture medium was replaced daily, only on
the basolateral side, to establish an ALI. After the first day in an ALI, the medium was changed to serum-
free MTEC culture medium and replaced daily. Once full confluence was obtained, the cells were main-
tained at ALI for 14 days.

In vivo Mp infection. For the infection model, Mp was purchased from ATCC (Manassas, VA, USA)
(cat. no.: 15531) and grown in Remel SP4 broth (Thermo Fisher Scientific; Waltham, MA, USA) at 35°C
until adherent, approximately 4 passages. Stocks were frozen at 280°C, a small aliquot was thawed,
diluted, and plated on PPLO agar plates, and CFU counts were taken after 2 weeks of growth (35°C, no
CO2) to calculate the concentration of the stock solutions. On the day of infection, a frozen stock of ad-
herent Mp was washed by centrifuging at 6000 rpm for 5 min and resuspended in sterile saline for infec-
tion at a concentration of 1 � 108 Mp/50 ml inoculum. The Mp cell suspension was further pushed
through a 27G needle to break up any clumps. Mp was delivered via intranasal instillation while mice
were under isoflurane anesthesia.

In vitro Mp infection. On the day of infection, the apical surface of the MTECs were washed two
times with sterile PBS (1�) to remove excess mucus. Mp was diluted in sterile PBS (1�) for infection at a
concentration of 1 � 106 Mp/100ml inoculum) was added to the apical side of the MTECs and incubated
for 48 h (37°C, 5% CO2).

Pulmonary function studies in mice. All experiments were done in accordance with University of
Arizona Institutional Animal Care and Use Committee approved animal protocols. WT and CC162/2 male
mice treated with Mp or vehicle were analyzed for pulmonary mechanics on the Flexivent (SCIREQ Inc.;
Montreal, Canada) system at baseline and after methacholine challenge. Pancuronium bromide (0.8 mg/
ml in saline; Sigma-Aldrich P1918) was administered to anesthetize mice via intraperitoneal injection at
a volume of 10 ml/g of body weight to prevent any interference from the animal during the pulmonary
function tests. Default mechanical ventilation settings were performed (150 breaths/min, tidal volume of
10 mL/kg, and a positive end-expiratory pressure of 3 cm H2O), followed by two maneuvers (inflation to
a standard pressure of 30 cm H2O over 3 s and holding for an additional 3 s), to open the closed lung
areas and standardize the lung volume history. Single frequency (Snapshot-150; 2.5 Hz) and broadband
(Quick Prime-3; 1-20.5 Hz) forced oscillation technique measurements were alternated every few sec-
onds for a total of 12 measurements per perturbation over a period of approximately 3 min. This proto-
col was repeated four times, for the AIM and the ELIM, with increasing concentrations of methacholine
(0, 10, 30, 100 mg/mL).

rCC16 Mp killing assay. Mp was purchased from ATCC (Manassas, VA, USA) (cat. no.: 15531) and
grown in Remel SP4 broth (Thermo Fisher Scientific; Waltham, MA, USA) at 35°C until adherent, approxi-
mately 4 passages. On the day of the assay, a frozen stock of adherent Mp was washed by centrifuging
at 6000 rpm for 5 min and resuspended in sterile SP4 broth at a concentration of 3.75 � 108 CFU/ml.
The Mp cell suspension was further pushed through a 27G needle to break up any clumps. rCC16
(0.76 mg/mL) was produced, as described previously (15). Mp (final concentration: 6 � 106 CFU/mL) and
rCC16 (final concentrations: 0, 0.25, 1.56, 3.12, 6.25, 12.5, and 25 mg/mL) were added to individual wells
in a 96-well plate for a final volume of 200ml. The 96-well plate containing rCC16 and Mp was incubated
for 24 h (37°C, 5% CO2), after which 10ml of each sample was plated on PPLO agar (Thermo Fisher
Scientific; Waltham, MA, USA) and grown for 2 weeks (35°C, 5% CO2). After 2 weeks, Mp CFU were
counted, and CFU/mL was calculated.

SYBR green real-time PCR for measurement of gene expression in mice and MTECs. Gene
expression for all experiments was determined by reverse transcription to obtain cDNA, followed by
real-time quantitative PCR (RT-PCR). RNA was extracted from lung tissue sections and MTECs using
TRIzol reagent (Life Technologies; Waltham, MA). Reverse transcription was performed using an iScript
cDNA Synthesis Kit (Bio-Rad; Hercules, CA) and 1 mg of total RNA for a 20 ml reaction on the C1000
Touch Thermal Cycler (Bio-Rad; Hercules, CA). All real-time PCR (RT-PCR) experiments were performed
on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad; Hercules, CA). The 20 ml RT-PCR con-
tained 100 ng cDNA, SYBR green SuperMix (Quanta Bio; Beverly, MA), and 250 nM primers. No-template
controls were used to verify the PCR specificity for all primers.

Measuring Muc5ac in mice. Lungs were harvested from the WT and CC162/2 mice, treated with
either saline (control) or Mp. Muc5ac (forward: 59-GAGGGCCCAGTGAGCATCTCC-39; reverse: 59-TGGGAC
AGCAGTATTCAGT-39) gene expression was assessed by RT-PCR using a Sybr-green compatible system.
Cyclophilin (forward: 59-AGCACTGGAGAGAAAGGATTTGG-39; reverse: 59-TCTTCTTGCTGGTCTTGCCATT-39)
was used as a housekeeping control for these sets of experiments.

Measuring TNF-a in mice. Lungs were harvested from the WT and CC162/2 mice, treated with either
saline (control) or Mp. Tnf-a (tumor necrosis factor-a) (forward: 59-CATCTTCTCAAAATTCGAGTGACAA-39;
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reverse: 59-TGGGAGTAGACAAGGTACAAC CC-39) gene expression was assessed by RT-PCR using a Sybr-green
compatible system. Cyclophilin (forward: 59-AGCACTGGAGAGAAAGGATTTGG-39; reverse: 59-TCTTCTTGCTGG
TCTTGCCATT-39) was used as a housekeeping control for these sets of experiments.

TNF-a protein levels were assessed in the bronchoalveolar lavage fluid (BALF) collected from WT and
CC162/2 mice, treated with either saline (control) or Mp, by Enzyme-Linked Immunosorbent Assay (ELISA)
(BioLegend; San Diego, CA), according to the manufacturer’s instructions. Briefly, BALF samples were incu-
bated on a 96-well plate coated with the capture antibody and detected with a Streptavidin-HRP:biotin-con-
jugated secondary antibody complex on a plate reader (BioTek Instruments; Winooski, VT).

Measuring airway remodeling factors in mice and MTECs. Airway remodeling factors, such as pro-
collagen 1A1 (forward: 59-AGACATGCTCAGCTTTGTGGATAC-39; reverse: 59-CCAGGGTCACCATTTCTC-39),
pro-collagen 3A1 (forward: 59-GCCCACAGCCTTCTACAC-39; reverse: 59-CCAGGGTCACCATTTCTC-39),
a-smooth muscle actin (forward: 59-TCGT CCACCGCAAATGC-39; reverse: 59-AAGGAACTGGAGGCGCTG-
39), and transforming growth factor-b (forward: 59-GTGCGGCAGCTGTACATTGACTTT-39; reverse: 59-
TGTACTGTGTGTCCAGGCTCCA AA-39), were examined in lung tissue from WT and CC162/2 mice and
MTECs treated with either control or Mp by RT-PCR using a Sybr-green compatible system. Cyclophilin or
Gapdh (forward: 59-CCTGCACCACCAACTGCTTA-39; reverse: 59-GTCTTCTGGGTGGCAGTGAT-39) was used
as a housekeeping control for these sets of experiments.

Measuring Mp burden in mice and MTECs. Mp burden was measured in WT and CC162/2 mouse
lung tissue and MTECs treated with either media (control) or Mp by RT-PCR for Mp-specific P1 adhesin
gene (forward: 59-CGCCGCAAAGAT GAATGAC-39; reverse: 59-TGTCCTTCCCCATCTAACAGTTC-39) using a
Sybr-green compatible system as previously described (15). Cyclophilin was used as a housekeeping con-
trol for these sets of experiments. Non-infected lung tissue or MTECs were used as negative controls for
each experiment.

Trichrome staining for collagen in lung tissue. Formalin fixed, paraffin embedded lung tissue
from WT and CC162/2 mice infected with vehicle and Mp were washed with Xylene (two times,
5 min each), 100% ethanol (two times, 3 min each), and 95% ethanol (one time, 3 min). The slides
were rinsed in tap water, subsequently stained with Bouin’s Fixative (preheated to 60°C) (1 h) and
rinsed again in running tap water (5 min) to remove the picric acid. The slides were stained in
Weigert’s Iron Hematoxylin Working Solution (prepared by mixing Weigert’s Hematoxylin A and
Weigert’s Hematoxylin B at a 1:1 ratio) (10 min), after which the slides were washed in running tap
water (5 min) and rinsed in distilled water. The slides were then stained with Biebrich Scarlet-Acid
Fuchsin Solution (5 min), rinsed in distilled water, and transferred to Phosphotungstic/phosphomo-
ludbic acid (10 min). The slides were transferred to Aniline Blue (5 min), after which they were rinsed
in distilled water (3 changes). The slides were transferred to 1% acetic acid (1 min), rinsed in distilled
water, and dehydrated in 95% ethanol and 100% ethanol (2 min each). The slides were cleared in
Xylene (2 min) and mounted with Cytoseal Mounting Media.

Measuring collagen deposition in lung tissue. Trichrome stained lung sections from the left lung
lobes of WT and CC162/2 mice (saline- or Mp-treated; ELIM) were photographed using at �20 magnifica-
tion (Olympus BX43 Microscope) in a blinded manner for collagen thickness. Three lung sections from
each mouse were obtained and trichrome stained, after which images of large airways were taken of
each lung lobe for all experimental groups. For each image, the diameter of the airway was measured to
ensure that the small airway diameter was between 300 and 899 mm, after which five fields within each
lung section were photographed and four random measurements were taken for each field that
spanned the collagen layer adjacent to the airway by Metamorph software (29). The average of the ran-
dom collagen measurements was graphed from all the lung sections that were imaged. Statistical analy-
sis was conducted in Prism software.

Statistical analysis. For all mouse and MTEC experiments, statistics were analyzed using Prism 8
(GraphPad). For analysis of data collected during methacholine challenges that were recorded on
separate experimental days, resistance data were transformed to percent over baseline, and differ-
ences between WT and CC162/2 mice (ELIM and AIM) were compared using one-way ANOVA
Sidak’s multiple comparison test. For all other analysis of mouse and MTEC experiments, signifi-
cance was determined by either Unpaired t test or one-way ANOVA for multiple comparisons, as
appropriate.
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