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Abstract

Rationale: CC16 (club cell secretory protein) is a
pneumoprotein produced predominantly by pulmonary club
cells. Circulating CC16 is associated with protection from the
inception and progression of the two most common obstructive
lung diseases (asthma and chronic obstructive pulmonary
disease).

Obijectives: Although exact mechanisms remain elusive, studies
consistently suggest a causal role of CC16 in mediating
antiinflammatory and antioxidant functions in the lung. We
sought to determine any novel receptor systems that could
participate in CC16’s role in obstructive lung diseases.

Methods: Protein alignment of CC16 across species led to the
discovery of a highly conserved sequence of amino acids,
leucine-valine-aspartic acid (LVD), a known integrin-binding
motif. Recombinant CC16 was generated with and without the
putative integrin-binding site. A Mycoplasma pneumoniae mouse

CCI16 (club cell secretory protein; also
known as CCSP, CC10, and uteroglobin) is a
homodimeric pneumoprotein encoded by
the SCGBIAI gene. Although CC16 is
produced predominantly by club cells and

nonciliated epithelial cells in the distal
airways, it diffuses into the bloodstream and
is easily detectable in serum (1, 2). CC16 has
been the topic of much study for its potential
as a biological marker of lung epithelial cell

model and a fluorescent cellular adhesion assay were used to
determine the impact of the LVD site regarding CC16 function
during live infection and on cellular adhesion during
inflammatory conditions.

Measurements and Main Results: CC16 bound to integrin
oyf31), also known as the adhesion molecule VLA-4 (very late
antigen 4), dependent on the presence of the LVD integrin-binding
motif. During infection, recombinant CC16 rescued lung function
parameters both when administered to the lung and intravenously
but only when the LVD integrin-binding site was intact; likewise,
neutrophil recruitment during infection and leukocyte adhesion
were both impacted by the loss of the LVD site.

Conclusions: We discovered a novel receptor for CC16, VLA-4,
which has important mechanistic implications for the role of
CCI16 in circulation as well as in the lung compartment.
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injury, and recent studies by our group and
others have shown decreased serum CC16
concentrations in patients with obstructive
lung diseases, such as asthma (3) and chronic
obstructive pulmonary disease (COPD) (4),
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At a Glance Commentary

Scientific Knowledge on the
Subject: CC16 (club cell secretory
protein) detected in circulation is
associated with protection from the
inception and progression of the two
most common obstructive lung diseases
(asthma and chronic obstructive
pulmonary disease). Mechanisms of
CC16 action within circulation remain
an area of intense study.

What This Study Adds to the
Field: Our studies describe a novel
receptor for CC16, the integrin complex
known as VLA-4 (very late antigen 4),
on leukocytes. Loss of the binding site
within CC16 results in worse outcomes
during live Mycoplasma infection,
including airway hyperresponsiveness.
Our data bring to light an immediately
applicable role for CC16 in the
circulation—to limit the number of
activated leukocytes from entering and
further damaging the delicate lung
tissue during infectious insults.

and in individuals with lung function deficits
in the general population (5). In multiple
epidemiological cohorts, low CC16 predicted
subsequent impaired lung function growth
in childhood and accelerated lung function
decline and incident airflow limitation, the
hallmark of COPD, in adult life (4). These
observations build on previous reports
showing that CC16 concentrations were
significantly associated with the rate of
change in FEV; among smokers and
patients with COPD (6, 7).

In addition, we have recently shown
that low CC16 correlates with lung function
deficits and airway hyperresponsiveness
(AHR) not only in human cohorts but also in
naive CC16-deficient mice (8). In the Tucson
Children’s Respiratory Study, participants in
the lowest tertile of serum CC16 had
significant deficits in their lung function and
enhanced AHR to methacholine challenge
from 11 years throughout young adult life
(8). Furthermore, we determined that
Cc16 "~ mice had significant deficits in lung
function, increased sensitivity and airway
resistance to methacholine, and airway
structural alterations in an unchallenged state
(no infection) as compared with wild-type
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(WT) mice (8), implicating deficits of this
protein in the pathophysiology of progressive
airway damage.

Although the biological functions of
CC16 have not been completely described,
mounting evidence suggests that this
protein has critical effects in mediating
antiinflammatory and antioxidant
functions within the lung and, by virtue of
this activity, may protect against the
development of obstructive lung diseases.
During respiratory syncytial virus
infection, CC16-deficient (Cc16™’' ™) mice
have heightened inflammation, viral load,
Th2 cytokines, and AHR compared with
WT mice (9). Despite enhanced clearance
in Cc16~'~ mice, Pseudomonas aeruginosa
infection also led to increased inflammation
and neutrophils in CC16-deficient mice
(10). Relative to asthma studies, Cc16 '~
mice had greater responses when challenged
in the ovalbumin model of allergic airways
disease with increased neutrophilia and
eosinophilia, mucus production, and AHR
compared with WT mice (11). Taken
together, one common feature of these
studies is an increase in the number of
immune (neutrophils and/or eosinophils)
cells infiltrating the airways when CC16 was
absent, hinting at a potentially shared
mechanism common to CC16 deficiency
and increased immune-cell recruitment into
the lung.

Taken together, these observations
suggest that CC16 is not merely a biomarker
but may be implicated in the inception and
progression of the disease process. However,
there is still a void in our mechanistic
understanding of how this protein plays such
a key role in shaping the course of lung
function in health and disease. The purpose
of this current study was to search for any
undiscovered receptors through which CC16
may also function in the context of
regulating lung function. Novel CC16
receptors could help guide studies with the
intent of developing new therapeutics aimed
at harnessing the activity of CC16 for a
protective effect from lung function deficits
linked to obstructive lung diseases, such as
asthma and COPD.

Methods

Recombinant CC16 Constructs and
Protein Purification

DNA corresponding with CC16 residues
22-91 was amplified out of human

complementary DNA and cloned into a
ligation-independent cloning vector
(pPMCSG7) to generate a human
recombinant CC16 (rCC16) protein without
the leader sequence and an N-terminal 6X
His tag (12). The sequence confirmed vector
was then subjected to site-directed
mutagenesis using Pfu DNA polymerase and
overlapping primers encoding the mutation
aspartic acid to alanine at amino acid
position 67 at the center of the primer. The
parent rCC16 vector was then mutated to
generate rCC16 with a mutation in the
leucine-valine—-aspartic acid (LVD) domain
(rCC16 D67A), and it was subsequently
sequence confirmed (see the online
supplement for detailed methods on
purification).

Plate-Bound Assay for CC16 Binding
We chose to test o431 and a43; integrins for
potential binding to rCC16 on the basis of its
expression in the lung and known
importance in asthma and lung function.
Plate-binding assays were conducted with
rCC16 and rCC16 D67A mutant. The His-
tagged proteins were used to saturate nickel-
coated plates at a concentration of 10 wM in
50 wl for 30 minutes. Wells were washed
three times with TRIS-buffered saline.
Recombinant human integrin subunit oy
(Abcam) was combined in equimolar ratios
with B; (Abcam) or B, (Abcam) to make
o1 or a3y, respectively. Combined
integrin heterodimers (100 nmol) were
added to wells with either bound rCC16 or
rCC16 D67A for 1 hour, after which the plate
was washed three times with TRIS-buffered
saline with 0.5% Tween-20. A fluorescent
anti-o red fluorescent protein antibody was
used to detect the CC16-bound integrin by
relative fluorescent intensity using a standard
plate reader (BioTek).

Murine Studies

All experiments were done in accordance
with the University of Arizona on
Institutional Animal Care and Use
Committee—approved animal protocols. For
the Mycoplasma pneumoniae (Mp) infection,
age-matched WT and Cc16 '~ male mice on
a C57BL/6] background were aged ~6-8
weeks at the time of infection, and lung
function was assessed 3 days after infection
as described previously (8). For the infection
model, Mp was purchased from American
Type Culture Collection (ATCC) (15531)
and grown in SP4 broth (Remel) at 35°C
until adherent, approximately four passages,
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Homo sapiens 1 MKLAVTLTLVTLALCCSSASAEICPSFQRVIETLLMDTPSSYEAAMELFSPDQDMREAGAQLKKLVDTLPQKPRESIIKLMEKIAQSSLCN-—---— 91
Pan troglodytes 1 MKLAVTLTLVTLALCCSSASAEICPSFQRVIETLLMDTPSSYEAAMELFSPDQDTREAGAQLKKLVDTLPQKPRESIIKLMEKIAQ ( 91
Pongo abelii 1 MKLAVALTLVTLALCCSSASTEICPSFQRVIKTLFMDTPSSYEAAMALFSPDQDLREAGAQLKKLVDTLPQKSRESIIKLMEKISQS 91
Felis catus 1 MKLAITLALVTLALCCSLASAGVCQSFLNVMETLFTGTLSSYEAAVEPFLPDADMKDAGIQLKRLVDTLPQKAKEGILKLTDKIIRS 91
Equus caballus 1 MKLAITITLAILALCCSPASAGICQRFAGIIQGLFLGTPASFEAAVEPFKPDADMKAAATQLKTLVDFLPKNTKDSILKLMDKIAKS 91
Rattus norvegicus 1 MKIAITITVLMLSICCSSASSDICPGFLQVLEALLLGSESNYEAALKPEFNPASDLONAGTQLKRLVDTLPQETRINIVKLTEKILTS 96
Canis lupus familiaris 1 MKLAVILALVTLALYCSPASAEICONFLNVIKALFLDTPSSYQAALEFFNPDADMKDAMIQLKSLVDTLPSNTTENILKFTEAVIKS 91
Mus musculus 1 MKIAITITVVMLSICCSS DICPGFLQVLEALLMESESGYVASLKPFNPGSDLONAGTQLKRLVDTLPQETRINIMKLTEKILTSPLC 96
Sus scofa domesticus 1 MKIAITFTLVALIFFCSP EVCPSFVEVIQNLFKGTLASYQASVEPFSPNEDMKKAGAQLKTLVDTLSPEAKDSVLKLQEKIIKSPLC 91
Macaca fascicularis 1 MKLAVTLPLVTLALYCSS EICPTFLRVIESLFLDTPSSFEAAMGFFSPDQDMSEAGAQLKKLVDTLPAKARDSIIKLMEKIDKSLLC 91
Bos taurus 1 MKLTIAIVLVTLTLFCRPASTEVCPSLLYVLGNLIAGTPSSFEATLEPFSPDEDMKEATSQLKTLVDTLSPKAKDSMLELMMKIIQSPECA--—-—~— 91
L R LI LA RS B * [ S * *x * *kk kkk * : R . * *

Figure 1. Conservation of leucine-valine—aspartic acid (LVD) sequence across mammalian species. Alignment was performed using the
constraint-based multiple alignment tool on CC16 in different mammalian species. Protein residues that are identical in all species are shown in
red and notated with an asterisk (*); the remaining residues are in blue. Residues that do not align (Rattus norvegicus and Mus musculus) are in

wn

gray. Furthermore, “:

represents highly conserved residues (by charge, size, and hydropreference [e.g., valine and alanine]). The conserved

LVD site is bolded and highlighted in yellow. In order, Latin names correspond with human, chimpanzee, orangutan, cat, horse, rat, dog,

mouse, pig, crab-eating macaque, and cow.

as previously described (13). On the day of
infection, a frozen stock of adherent Mp was
washed by centrifuging at 6,000 rpm for 5
minutes and was resuspended in sterile saline
for infection at a concentration of 1X10°
Mp/50 pl inoculum. Mp was delivered via
intranasal instillation while mice were under
isoflurane anesthesia. Some mice received
rCC16 (0.75 mg/kg body weight) treatment
via oropharyngeal delivery or retroorbital
delivery while under light isoflurane
anesthesia 2 hours before Mp infection,
whereas vehicle control mice received

sterile saline.

Pulmonary Function Tests in

Mouse Models

Mice were analyzed on the Flexivent system
(SCIREQ Inc.), after which they were killed,
the lungs were lavaged with phosphate-
buffered saline (PBS) (0.1 mM
ethylenediaminetetraacetic acid [EDTA]),
and lung tissue was obtained for further
analysis, as previous described (14). Please
refer to the online supplement for detailed
methods on processing and further
assessment.

Western Blots

To determine CC16 expression levels in
response to infection with Mp, BAL fluid
(BALF) was collected from mice by gently
flushing the lungs three times with 1 ml of
sterile saline (0.1 mM EDTA). An equal
volume of reduced-lavage fluid samples was
loaded onto a polyacrylamide gel for each
mouse, and Western blots were assessed with
an antimouse CC10 (also known as CC16 or
CCSP) antibody from Santa Cruz (T-18: sc-
9772) that recognized the monomeric form
after reducing conditions. Films were taken
after horseradish peroxidase exposure, and
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densitometry was assessed by Image J
software.

Collection and Assessment of BALF
BALF was collected by tracheal cannulation
using 1.5 ml of PBS with 0.1 mM of EDTA.
The total cells collected from each sample
were counted using a Countess IT FL
Automated Cell Counter (Life Technologies).
To analyze the cell differentiation for each
sample, slides were prepared using a
Cytospin 3 (Shandon). Each slide sample was
stained with an Easy III Rapid Differential
Staining Kit (Azer Scientific), and neutrophil
subpopulations were totaled by using
standard morphological criteria via light
microscopy. From a subset of samples, cell-
free lavage fluid was plated on
pleuropneumonia-like organism agar and
allowed to incubate for 2 weeks at 35°C to
determine Mp colony-forming units (CFUs).

Leukocyte—Endothelium
Cell-Adhesion Assay

A CytoSelect Leukocyte-Endothelium
Adhesion Assay Kit (Cell BioLabs, Inc.) was
purchased and performed according to the
manufacturers’ protocol. In brief, a 48-well
tissue culture plate was gelatinized and
allowed to incubate for 15 minutes at 37°C.
Plates were washed once with PBS before
plating TeloHAEC endothelial cells (ATCC)
to the wells, which were then incubated at
37°C (5% CO,) until they formed an
adherent monolayer (typically 24 h).
Endothelial cells were treated with 2 ng/ml of
TNFa to initiate activation and were
incubated at 37°C (5% CQO,) for 2 hours.
THP-1 monocyte cells (ATCC) were
prepped with LeukoTracker and left to
incubate at 37°C (5% CO,) for 60 minutes.
After the TeloHAEC incubation with TNFq,

the cells were washed and treated with either
rCC16 (WT) or the rCC16 D67A mutant at
various concentrations (0-25 g/ml) for 30
minutes at 37°C (5% CQO,). After the THP-1
incubation with LeukoTracker, the
monocytes were washed and added to the
TeloHAEC cells and incubated for 60
minutes. After the final incubation, each well
was washed three times. On the final wash,
pictures of each well were taken via
fluorescent light microscopy on the EVOS
M5000 system (ThermoFisher). Then the
lysis buffer provided within the kit was
added to each well. The plate was incubated
for 5 minutes at room temperature with
shaking. Each sample was transferred to a
black-bottom 96-well plate and read with a
fluorescence plate reader (BioTek
Instruments) at 480 nm/520 nm.

Statistical Analysis

For experiments examining lung function,
raw data were log-transformed, and
differences between each respective dose
were determined by student’s T test,
according to previous publications (8, 14).
For other analysis, Prism software was used
to determine significance by either T test or
one-way ANOVA for multiple comparisons
as appropriate. For the leukocyte adhesion
studies, a linear regression model was used to
test differences at respective doses of rCC16
(WT) versus rCC16 (D67A).

Results

CC16 Conservation throughout
Species and Discovery of the

LVD Site

Upon examination of the human and mouse
full-length CC16 protein sequence, we
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Figure 2. Binding of recombinant CC16 (club cell secretory protein) (rCC16) to asB1 integrin
complex and relative abundance of CC16 during Mycoplasma pneumoniae (Mp) infection.
(A) Plate-binding assays were conducted with human recombinant CC16 with (WT CC16) and
without the leucine—valine-aspartic acid sequence (CC16 D67A) that were generated with

a histidine tag. The His-tagged rCC16 protein was used to saturate nickel-coated plates and
recombinant human integrin subunit oy was combined with B4 to make the a4B+ integrin
complex. Combined integrins were added to the plate-bound rCC16 for 1 hour, after which the
plate was washed, and a fluorescent anti-a4 antibody was used to detect the CC16-bound
integrin by relative fluorescent intensity. The CC16 to the anti-a4 antibody control was
subtracted from each sample to give a final relative binding. Binding assays were conducted
(n=3 replicates) and averaged; **P<0.01. (B) BAL fluid was examined for CC16
concentrations in nontreated and Mp-infected mice after 4 and 24 hours by Western blot and
densitometry analysis. n= 3-5 mice/group; *P<0.05 compared with nontreated control mice
by one-way ANOVA for multiple comparisons. WT = wild-type.

observed that both contain an LVD motif
that is present at the C-terminal end of &
helix 3, a highly conserved sequence domain
near the C-terminus that was also conserved
in a wide variety of mammals (Figure 1) (15).
Although integrin binding is most
commonly shown via the Arginine-
Glycine-Aspartic Acid (RGD) motif, both
Leucine-Aspartic Acid—Valine (LDV) and
LVD motifs have been found to influence
integrin binding (16-19). Integrins are
obligate heterodimers having an o and 3
subunit, in which both are required for
activation and binding to extracellular matrix
components. Upon binding to a target
ligand, integrins activate signal transduction
pathways that mediate various cellular
signals. As such, integrins have been
implicated in a myriad of diseases, including
asthma (20, 21).

We postulated that CC16 could bind to
host integrins and, because of the
functionality of the integrin family, that this
integrin-binding site within CC16 may
mediate a major and yet-to-be-identified role
of this protein in the circulation as well as in
the lung. We tested two combinations of
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integrins on the basis of their expression in
the lung, known importance in asthma and
lung function, and ability to bind to the LVD
motif, osB; (VLA-4 [very late antigen-4]),
and oy3; (LPAM [lymphocyte Peyer patch
adhesion molecule]) for CC16 binding (20,
22-26). VLA-4 is unique among the
integrins because it is the only heterodimer
to have been shown to both mediate cell-cell
interactions and cell-extracellular matrix
interactions (27, 28). The two known natural
ligands for VLA-4 are fibronectin and
VCAM-1, which mediate innate immune-
cell adhesion (27) and are involved in asthma
and lung remodeling (29-31). LPAM is
expressed on lymphocytes and targets them
to gut-associated lymphoid tissues. It does
this through binding to MAdCAM (mucosal
addressin cell-adhesion molecule) (26).

Generation and Testing of rCC16 with
and without the LVD Site for

Integrin Binding

We constructed rCC16 with (WT rCC16)
and without (rCC16 D67A) the LVD motif
intact. Through a solid-phase binding assay,
we observed that rCC16 bound to VLA-4 in

an LVD integrin motif-dependent manner
(Figure 2A). No binding of rCC16 was
detectable to oy, (data not shown),
implying that the interaction with 43, is
specific and/or that the binding of rCC16
with o437 had a significantly lower affinity
than the detection threshold of this assay.
These data suggest, for the first time, that
CC16 potentially controls VLA-4 activation
by limiting the binding of leukocytes
expressing a3, to VCAM-1.

In Vivo Pulmonary Function Tests of
rCC16 Activity on an Mp Model

of Infection

To test the rCC16 and CC16 D67A mutant
in vivo, we established an infection model
using a common asthma- and COPD-
exacerbating agent, Mp. We observed that, in
an acute infection model with Mp, CC16
concentrations detected in the BALF were
dramatically elevated as early as 4 hours after
infection and persisting at 24 hours after
infection (Figure 2B). This result suggested
that CC16 may be an important initial
mediator that is upregulated in response to
Mp infection.

When evaluating the effect of CC16 on
lung function using an Mp infection model,
we found that Mp-infected mice lacking
CC16 (Cc16~') had significantly enhanced
AHR during methacholine challenge
compared with Mp-infected WT mice
(Figure 3A; solid lines) and their respective
saline control mice (Figure 3A; dotted lines) .
At the 30 (P = 0.0037) and 100 (P = 0.05)
mg/ml doses of methacholine, we observed
significantly increased total airway resistance
in infected Cc16™'~ mice (Figure 3A; black
line) compared with the infected WT mice
(Figure 3A; gray line).

We next examined the effect of rCC16
delivery before Mp infection in Cc16~/~
mice, as those mice had significantly
heightened AHR compared with WT mice.
Because CC16 is produced in the lung but
also detected at high concentrations in the
circulation and because integrin binding may
confer activity in the circulation, we tested
delivery by both oropharyngeal (Oro) and
retroorbital injection (i.v.). Our data
demonstrate that delivery of WT rCC16 to
an animal model with CC16 deficiency is
sufficient to restore lung function (Figure 3B;
lower total airway resistance = reduction in
AHR) whether delivered directly to the lungs
by Oro or indirectly through intravenous
methods. We did not detect differences in
the delivery of saline (vehicle) by either Oro
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Figure 3. The impact of CC16 (club cell secretory protein) on airway hyperresponsiveness to methacholine challenge. (A) Wild-type (WT) and
Cc16™'~ mice were infected with Mycoplasma pneumoniae (Mp) for 3 days, after which their airway resistance during methacholine challenge
was determined on the Flexivent machine. n= 10 WT mice/group; n= 15 Cc16 '~ mice/group. (B) Recombinant CC16 (rCC16) given 2 hours
before infection attenuated Mp-infected airway hyperresponsiveness in Cc16 '/~ mice whether given via oropharyngeal (Oro) or i.v. routes; n=9 Mp
only; n=6 Oro; n=6 i.v. (C) The D67A mutation alters the activity of i.v. rCC16 to reduce airway hyperresponsiveness in Mp-infected CC16~/~ mice
during Mp infection. n=10-15 mice/group. (D) No differences in airway hyperresponsiveness were observed in Cc16/~ vehicle control mice given
either rCC16 or rCC16 D67A; n= 4 mice/group; **P<0.01 at the respective dose indicated. Rrs = respiratory system resistance.

or intravenous methods (not shown). We
also tested our rCC16 in parallel with rCC16
purchased from R&D systems and found no
differences regarding the source of CC16 in
reducing Mp-induced AHR in Cc16~ '~ mice
(data not shown).

As shown in Figure 3B, WT rCC16 was
sufficient to restore lung function when
given into circulation (i.v.). Discovery of the
new VLA-4 integrin-binding site and
successful rescue of the AHR phenotype
when CC16 was given intravenously
provided further evidence that CC16 could
have an important mechanistic function in
the bloodstream in addition to the previously
noted functions in the lung. On the basis of
the ability of rCC16 to bind to oy3; in an
LVD motif-dependent manner, we tested
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both WT rCC16 and rCC16 D67A mutant
(both i.v.) in the Mp model of infection in
Cc16 '~ mice. Whereas WT rCC16 was able
to rescue Mp-induced AHR, resulting in a
lower overall resistance (Figure 3C), rCC16
D67A resulted in loss of activity and was
unable to attenuate AHR, similar to the
vehicle control. Cc16 '~ control mice that
were noninfected had no differences in AHR
to the two rCC16 preparations (Figure 3D).

Assessment of rCC16 Activity on
Mp-induced Muc5AC Expression

and Cellular Recruitment

Because changes in AHR could be impacted
by mucus production in the airways during
live Mp infection, we assessed whether the
LVD-binding site within CC16 had an

impact on Muc5AC expression in the lung
tissue of the infected mice. There were no
differences in Muc5AC expression between
the Mp-infected mice, whether they received
vehicle, rCC16 (WT), or rCC16 (D67A)
(Figure El in the online supplement).

The identification of an LVD
integrin-binding site within CC16
suggests that this protein could exert its
function at least in part by binding to
integrins on immune cells both in
circulation and within the pulmonary
space. Indeed, in a subset of animals for
which we measured pulmonary function
(described above), we also assessed the
LVD site on neutrophil influx into the
lung. At 72 hours after infection, we only
observed neutrophils and macrophages by

American Journal of Respiratory and Critical Care Medicine Volume 203 Number 11 | June 1 2021



A c Mp: Lung tissue D Mp: BALF

100 * 10 « 150 -
(o}
a
80 2000 o~ 2a.8 a
° : . 4P R g
_ S 100
2 60 o %2 Oo%o - Ao =
a o S s o A - - T
£ Y €5 0.1 a x
%) (0]} n (@] DDD [%)
z 407 3 o o T
E % A S o 504
N L 9 0. (u] o a
204 0 oo % g & 001 = % A
o B8 £ Sa
0- 0.001 T T T 0 T tp T
& & & & & v & &
KR N SRS AN SRS S
WM XS)O 00\ M 90 00\ @Q 90 OO\
Q X& Q x\ Q X\
B .
Alveloli Airway Vessel
rCC16
(D67A)
rCC16
(WT)
Vehicle

Figure 4. Inflammatory cell assessment and pathogen burden based on CC16 (club cell secretory protein) treatment. (A) A subset of Cc167/~
mice that were assessed for pulmonary function tests were also assessed for the presence of neutrophils in the lavage fluid by differential
staining. CC16-deficient mice that received recombinant CC16 (rCC16) (WT) had a significantly lower percentage of neutrophils (PMNS) versus
those that received no CC16 or rCC16 (D67A). (B) Representative (n = 4/treatment group) immunofluorescence staining for CD45 and CD2 in
alveoli, airways, and vessels in the specific treatment groups. Arrows indicate positively stained cells relative to negative antibody controls (Rb
IgG and rat IgG). Scale bars, 25 pm. (C) Assessment of Mycoplasma pneumoniae (Mp) burden in lung tissue by RT-PCR for Mp-specific P1-
adhesin gene relative to GAPDH. Data shown as fold relative to Mp vehicle. (D) Assessment of Mp CFUs present in cell-free BAL at time of
harvest. *P<0.05 and **P<0.01 by one-way ANOVA with Kruskal-Wallis test for multiple comparisons. BALF = BAL fluid; CFU = colony-forming
unit; PMNS = polymorphonuclear leukocytes; V = vehicle; WT = wild-type.

differential staining of lavage fluid; no Immunofluorescent staining of tissue infected mice that were treated with
eosinophils or lymphocytes were detected.  sections was also assessed for a subset of vehicle. Overall, the lungs from the Mp-
In line with AHR measures, mice that samples for a common leukocyte marker infected group that were given rCC16
received the WT rCC16 had a significantly ~ (CD45) and for a marker typically (WT) had very little to no detectable
lower percentage of neutrophils in the associated with mature T cells, B cells, and  staining for these markers; conversely, the
lung lavage fluids compared with Mp- natural killer cells (CD2). Indeed, we lungs from Mp-infected mice given rCC16
infected mice that received either vehicle observed robust staining for both CD45 (D67A) had robust and similar staining to
or the rCC16 D67A mutant (Figure 4A). and CD2 in lung sections from Mp- the vehicle-treated lungs (Figure 4B).
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Figure 5. The VLA-4 (very late antigen 4) binding
sequence impacts leukocyte adhesion. (A)
recombinant CC16 (club cell secretory protein)
(rCC16) (WT) dose-dependently inhibited
fluorescent THP-1 adhesion to human endothelial
cells after TNF-a activation, whereas D67A was
significantly less active. Fluorescence was
determined at 480 nm/520 nm wavelength, and
data were plotted as the FC reduction from the
non-CC16-treated values. N = minimum of 4
replicates/2 repeat experiments. By linear
regression, *P< 0.05and **P< 0.001. (B)
Representative pictures of the various rCC16
doses of adhered fluorescent THP-1 cells to
human endothelial cells. Scale bars, 400 um.

FC = fold change; WT = wild-type.
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Assessment of Mp Pathogen Burden
in Association with LVD-Binding Site
within CC16

Because the LVD site within CC16 appears to
be important in mediating neutrophil
recruitment during Mp infection, we sought
to determine whether the pathogen burden
would be impacted by the presence or
absence of this site. Lung samples were
assessed for pathogen burden by RT-PCR for
the Mp-specific P1-adhesin gene, and a subset
of those samples were further assessed for Mp
CFUs present in BAL at the time of harvest.
Somewhat surprisingly, the mice that received
rCC16 (WT) had significantly less Mp
detected in the lung tissue and in the BAL
compared with the mice that received vehicle
only (Figures 4C and 4D). The mice that
received rCC16 (D67A) had Mp burden in
both the tissue and CFUs in the BAL, which
was similar to those that received vehicle only.

Assessment of rCC16 on

Leukocyte Adhesion

The loss of activity in rCC16 when the
integrin-binding site was mutated in the
context of our infectious insult model
suggests that this binding site is of vital
importance in ameliorating loss of lung
function and reducing AHR, which could in
part be attributed to attenuated inflammatory
cell recruitment into the lung compartment.
To further explore this idea, we performed a
leukocyte adhesion assay using the following
human cell lines: THP-1 cells for leukocytes,
as they are commonly used in studies for
VLA-4 activity (32), and TeloHAEC for
endothelial cells. rCC16 (WT) dose-
dependently inhibited the adhesion of
fluorescent THP-1 cells to activated
endothelial cells, whereas rCC16 D67A
mutant displayed significantly less activity in
preventing cell adhesion (Figures 5A and 5B).

Discussion

In this study, we sought to better understand
what role CC16 plays on a mechanistic level
in protecting from lung function deficits in
the hopes of advancing future novel CC16-
based therapeutics for asthma and COPD.
The importance of our discovery of an LVD
integrin-binding site within CC16 is of high
relevance given the potentially new
mechanism through which CC16 can
participate by binding to integrins in

both the circulation and within the
pulmonary space.

Integrins are obligate heterodimers and
have an « and 8 subunit, in which both are
required for activation and binding to
extracellular matrix components. Upon
binding a target ligand, integrins activate
signal transduction pathways that mediate
cellular signals, including the regulation of
cell cycle, organization of intracellular
cytoskeleton, and movement of new
receptors to the cell membrane. As such, they
have been implicated in a myriad of diseases,
including asthma (20, 21). We tested two
combinations of integrins on the basis their
expression in the lung and known
importance in asthma and lung function
(431 and ayf3;) for CC16 binding (22-24).
On the basis of the presence of the LVD
sequence and phenotypes associated with
CC16 protection during inflammation, we
suspected that CC16 would be able to bind to
ayB; (VLA-4) (20, 25). Indeed, we found
rCC16 to bind to VLA-4 but not to a3+,
which was dependent on the LVD sequence.
This binding is of relative importance to lung
inflammation, as VLA-4 is known to bind to
VCAM-1, which mediates innate immune-
cell adhesion (27). Although we were able to
show that rCC16 inhibited cellular adhesion
ex vivo in our human endothelial cell/
leukocyte model and neutrophil recruitment
in a live infection mouse model, future
studies are needed to determine whether
CC16 competes for VLA-4 binding with
VCAM-1.

Furthermore, VLA-4 is unique among
the integrins because it is the only
heterodimer to have been shown to both
mediate cell-cell interactions and
cell-extracellular matrix interactions (27, 28).
Another known natural ligand for VLA-4 is
fibronectin, which is involved in asthma and
lung remodeling (29-31). As we have
previously shown naive Cc16~'~ mice to
have enhanced remodeling factors, which
likely impacts lung function (8), further
assessment of the interaction or, more likely,
the competition of CC16 with fibronectin
through VLA-4 interactions will also be vital.
Adding a level of complexity, CC16 has been
shown to bind with high affinity to
fibronectin (independent of the LVD site)
and prevents its monomeric self-
aggregation (33).

We would like to point out that the
dampening effect of rCC16 on Mp-induced
AHR is entirely consistent with other animal
models of lung injury in which rCC16 was
administered either intravenously or by
intratracheal instillation and improved
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mechanical lung function (9, 34-40).

In addition, these results are consistent
with previous studies demonstrating the
essential nature of D67 to overall CC16
function, including phospholipase-A2
inhibition (41). An unexpected finding was
that although rCC16 (WT) led to a
reduction in neutrophils in the BAL and
CD45 + leukocytes in the lung tissue,
those mice also had less Mp detected in
both BAL and lung tissue compared with
infected mice that received vehicle or
rCC16 (D67A). This suggests that some
other relevant antimicrobial host
responses are being mediated by rCC16
and should be further explored in

future studies.

We also acknowledge that several
additional receptors and multiple
mechanisms of action for CC16 have
previously been identified (reviewed in
Reference 42). Among those previously
described mechanisms for CC16 that could
also impact phenotypes similar to what we
are reporting are phospholipase A2
inhibition (43), accelerated airway epithelial
repair (44), and scavenging of reactive
oxygen species (34). CC16 is a ligand for
ALX (lipoxin receptor A4) and inhibits SSA
(serum amyloid-A)-driven inflammation
(45). In addition, CC16 has also been
reported to influence the migration of
certain cell populations via interaction

with the N-formyl-Met-Leu-Phe receptor
on neutrophils and eosinophils (46) and
the lipocalin-1 receptor on cancer cells (47).
Nevertheless, our observations underscore
the idea that CC16 impacts several

basic inflammatory, injury, and repair
pathways and processes common to
many different types of pulmonary

insults and that interaction with VLA-4
represents yet another mechanism
contributing to the activity of this
pleotropic protein.

With all that is known relative to CC16
receptors and modes of action, the majority
of therapeutic delivery mechanisms for CC16
in the clinic have previously only targeted the
lung (48, 49). Based on the studies presented
herein, the circulation should not be
neglected in future drug testing for optimal
activity of CC16. The results of our study
may have important implications for future
personalized strategies to prevent and treat
obstructive lung diseases, including COPD
and asthma.

COPD has now risen to the third
leading cause of death in the United States,
and asthma remains a highly prevalent
chronic condition, particularly in childhood
(50, 51). Longitudinal studies have
demonstrated that these conditions may
frequently coexist and up to 50% of COPD
cases develop the disease through a trajectory
of low lung function from childhood into

adult life, for which asthma is the most
important risk factor (52). Thus,
understanding the role that endogenous
proteins such as CC16 may have in the
onset and progression of these conditions
and the mechanisms by which they

affect disease risk is of paramount
importance.

Our data also bring to light an
immediately applicable role for CC16 in
circulation—to limit the number of activated
leukocytes from entering and further
damaging the delicate lung tissue during
infectious insults. Future trials should
evaluate not only the potential of rCC16
therapeutics but also consider our results
for the possible design of targeted small-
molecule therapeutics or peptidomimetics
associated with the LVD-binding site to
be delivered to individuals with or at
risk of obstructive and inflammatory
lung diseases.
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