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Abstract

Alpha-1 antitrypsin (AAT) deficiency–related emphysema is the
fourth leading indication for lung transplant. Chymotrypsin-like
elastase 1 (Cela1) is a digestive protease that is expressed during lung
development in association with regions of elastin remodeling,
exhibits stretch-dependent expression during lung regeneration, and
binds lung elastin in a stretch-dependent manner. AAT covalently
neutralizes Cela1 in vitro.We sought to determine the role ofCela1 in
postnatal lung physiology, whether it interacted with AAT in vivo,
and to detect any effects it may have in the context of AATdeficiency.
The lungs of Cela12/2 mice had aberrant lung elastin structure and
higher elastance as assessed with the flexiVent system. On the basis
of in situ zymography with ex vivo lung stretch, Cela1 was solely
responsible for stretch-inducible lung elastase activity. By mass
spectrometry, Cela1 degraded mature elastin similarly to pancreatic

elastase. Cela1 promoter and protein sequences were
phylogenetically distinct in the placentalmammal lineage, suggesting
an adaptive role for lung-expressed Cela1 in this clade. A 6-week
antisense oligonucleotide mouse model of AAT deficiency resulted
in emphysema with increased Cela1 mRNA and reduction of
approximately 70 kD Cela1, consistent with covalent binding of
Cela1 by AAT. Cela12/2 mice were completely protected against
emphysema in this model. Cela1 was increased in human AAT-
deficient emphysema. Cela1 is important in physiologic and
pathologic stretch-dependent remodeling processes in the postnatal
lung. AAT is an important regulator of this process. Our findings
provide proof of concept for the development of anti-Cela1 therapies
to prevent and/or treat AAT-deficient emphysema.
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Alpha-1 antitrypsin (AAT) deficiency–
related lung disease (AAT-RLD) is an
underdiagnosed progressive emphysema
that develops in the fourth and fifth
decades of life, and it is the fourth leading
indication for lung transplant (1, 2).
AAT, like all serpins, neutralizes target
proteases via protease cleavage of a specific
reactive center loop sequence that triggers
covalent binding of the serpin to the
protease (3). In AAT, this reaction exposes
an FVFLM motif, permitting uptake of
the complex by endothelial cells (4, 5).
Unopposed neutrophil elastase, protease
3, cathepsin G, and matrix metalloproteinases
(MMPs) have all been implicated in
AAT-RLD pathogenesis (6–8); however,
the standard of care—intravenous AAT
replacement therapy—only modestly slows
emphysema progression in this disease (9).
One major hurdle to understanding AAT-
RLD is the genetic heterogeneity and
variable penetrance (3). The lack of a
genuine animal model of AAT-RLD has
hampered progress in defining the

pathogenesis and natural course of this
disease (10).

Chymotrypsin-like elastase 1 (Cela1) is
a pancreatic protease that we and others
have noted to be expressed in lung epithelial,
intestinal, and immune cells (11–13).
Cela1 expression increases during post-
pneumonectomy compensatory lung
growth in a stretch-dependent manner
(14), and Cela1-positive cells colocalize to
regions of elastin remodeling during lung
development (12). Cela1 binds lung elastin
with stretch-dependent binding kinetics,
and it is covalently bound by AAT in vitro
(14), as was previously reported for Cela2a
(15). Although these observations suggest
that Cela1 might play an important role
in lung structure, function, and disease, this
has yet to be tested in animal models.

We developed a biologically faithful
model of AAT deficiency using a previously
published antisense silencing oligonucleotide
(16) and created a Cela12/2 mouse using
CRISPR/Cas9 gene editing to test whether
Cela1 is important in developmental
and pathological lung matrix remodeling.
Using these tools, we show that Cela1
is entirely responsible for the stretch-
inducible lung elastase activity seen in wild-
type mouse lung (17) and that Cela1 is
important in elastin fiber organization and
function. Cela1 covalently interacts with
AAT in vivo and is increased in human
AAT-deficient emphysema. Cela12/2 mice
are completely protected from antisense
oligonucleotide–mediated AAT-deficient
emphysema. Our findings demonstrate a
role for Cela1 in normal postnatal lung
matrix remodeling and implicate Cela1 in
AAT-RLD pathogenesis.

Methods

Detailed information on the methods is
provided in the SUPPLEMENTARY MATERIALS

AND METHODS section of the data
supplement.

Human Lung Experiments
Human tissues were used under an exemption
from the Cincinnati Children’s Hospital
Institutional Review Board (2016-9641).

Animal Experiments

Animal use and care. All animal use was
approved by the Cincinnati Children’s
Hospital Institutional Animal Care and

Use Committee. C57BL/6 mice were housed
in a pathogen-free facility with access to
chow and water ad libitum. For each
experiment, numbers of male and female
mice were roughly equivalent.

Cela12/2 mouse. CRISPR/Cas9
technology was used to make Cela12/2mice
using the guide RNAs listed in Table E1 in
the data supplement (18), with validation
and genotyping as described in the data
supplement.

Anti-AAT oligonucleotide model of
AAT-RLD. We extended the duration
of a previously published antisense
oligonucleotide mouse model of AAT
deficiency (16) from 3 to 6 weeks with
validation by liver AAT mRNA and serum
AAT protein concentrations.

Lung Tissue Analysis

Western blot analysis. Lung protein was
quantified by Western blot using a previously
validated guinea pig anti-Cela1 antibody (12),
antitropoelastin antibody (Abcam), and
anti–b-actin (Abcam) antibodies.

Proximity ligation in situ
hybridization. According to the methods
of Nagendran and colleagues (19), the
probes and oligonucleotides listed in Table
E2 were used for proximity ligation in situ
hybridization of human lung specimens
with antibody-based immunofluorescence
costaining for alveolar epithelial type II
(ATII) cells and macrophage markers, as
detailed in the data supplement.

Morphometry. Mean linear intercept
(20) and airspace diameter distribution
(21) were determined by using previously
published methods, with further description
provided in the data supplement.
Morphometric quantification of tile-
scanned, Hart-stained, and antibody-
labeled lung sections was performed using
a computerized threshold identification of
positive objects, as outlined in the data
supplement.

Stretch-inducible lung elastase assay.
The stretch-inducible elastase assay of live
lung sections was performed as previously
published (14, 17), except that biaxial
stretch was applied instead of uniaxial
stretch, as detailed in the data supplement.

Recombinant Cela1 and Elastin
Proteolysis

Recombinant proteins. Cela1 with and
without propeptide was synthesized using

Clinical Relevance

Chymotrypsin-like elastase 1 (Cela1) is
a digestive protease with increased
expression in lung epithelial cells and
macrophages during development
and post-pneumonectomy lung
regeneration. Expression is increased
by lung stretch, and Cela1 is covalently
bound by alpha-1 antitrypsin (AAT)
in vitro. In the present study, we show
that postnatal lung remodeling by
Cela1 reduces postnatal lung elastance,
that Cela1 is entirely responsible for
stretch-inducible lung elastase activity,
that AAT covalently binds Cela1
in vivo, and that Cela1 is required
for emphysema in an antisense
oligonucleotide model of AAT
deficiency. Cela1 expression increases
in both murine and human AAT-
deficient emphysema. Phylogenetic
analysis demonstrates divergence of
Cela1 from other Cela homologs in
placental mammals, suggesting
adoption of a nondigestive role after a
gene duplication event. Cela1 reduces
postnatal lung elastance in the
mammalian lung, but it promotes
emphysema in the absence of its
cognate antiprotease: AAT.
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commercial (full-length) and synthesized
(truncated) plasmids.

Analysis of Cela1 elastin digests. The
digested fragments of recombinant human
tropoelastin and mature elastin after
incubation with full-length Cela1 were
analyzed by nano-HPLC–nano-electrospray
ionization quadrupole-quadrupole time-of-
flight mass spectrometry, as detailed in the
data supplement.

Phylogeny
Ensembl protein and promoter sequences
for Cela1, Cela2a, Cela2b, Cela3a, and
Cela3b were used to construct phylogenetic
trees using ClustalW and Megalign Pro
(DNAStar).

Statistical Analysis
Parametric data were evaluated with
Student’s t test or one-way ANOVA

with Tukey’s post hoc comparison, and
nonparametric data were evaluated with the
Mann-Whitney U test or ANOVA on ranks
with Dunn’s post hoc comparison test.
P values less than 0.05 were considered
significant. Parametric data are presented
as bar charts with error bars representing
the SEM, and nonparametric data are
presented as box plots with whiskers
representing 5th- and 95th-percentile values.

184

182

180

178

176
0 5 10 15 20 25 30

E
la

st
an

ce
(c

m
H

2O
/m

L)

Static Elastance

Weight (g)

p<0.001

KO Female KO MaleWT Female WT Male

G

B CA

Wild Type
Cela1–/–

Wild Type

Cela1–/–

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

N
or

m
al

iz
ed

 R
at

io
E

la
st

in
 A

re
a 

/ T
is

su
e 

A
re

a

Normalized Lung Elastin

PND3 PND14 PN 8 wk

p<0.001

F
0.05

0.04

0.03

0.02

0.01

0.00

T
ro

po
el

as
tin

 / 
β-

ac
tin

Lung Tropoelastin

Tropoelastin

p=0.06

β-actin

PND14 WT PND14 Cela1–/–

E
PND14 Elastase Activity

D
0.014

0.012

0.010

0.008

0.006

0.004

0.002

0.000

500 100 150 200 250 300

A
bs

or
ba

nc
e

(R
an

do
m

 U
ni

ts
)

Time (minutes)

p=0.007

60

50

40

30

20

10

M
LI

 (
μm

)

Mean Linear Intercepts

PND3 PND14 PN 8wk
0

p=0.02
p=0.005Wild Type

Cela1+/–
Cela1–/–

Figure 1. Role of Chymotrypsin-like elastase 1 (Cela1) in postnatal lung elastin remodeling. (A) The mean linear intercepts (MLI) of Cela12/2 Postnatal Day
(PND)14 lungs (alveolar stage of lung development; n = 9) were 18% smaller than wild type (WT, n = 6; Cela11/2, n = 5), with a trend toward smaller
intercepts at PND3 (saccular stage of lung development; WT, n = 8; Cela12/2, n = 7) and 8 weeks postnatally (PN) (adult lung; WT and Cela12/2, n = 8 per
group). (B) PND14 WT lungs demonstrated the typical localization of dense elastin bands to septal tips. Scale bars: 100 mm. (C) Cela12/2 lungs had less
dense septal tip elastin bands and more diffuse elastin fibers distributed throughout distal airspace walls. (D) The lung homogenates of Cela12/2 PND14
mice had less elastase activity than WT lung homogenates (n = 6 per group). (E) Western blot of PND14 lung homogenates indicated that Cela12/2 mouse
lungs had approximately half the soluble tropoelastin of WT lungs. (F) Morphometric quantification of total lung elastin demonstrated a 45% reduction in
lung elastin at PND14 and a 29% reduction at 8 weeks PN. To account for differences in lung density, values were normalized to tissue area, but similar
findings were present when normalized to lung area. (G) As assessed using the flexiVent system, 8 weeks PN Cela12/2 mouse lungs (n = 9) were
more elastic (i.e., more stiff) than WT lungs (n = 7). These differences were not age or sex dependent. KO = knockout.
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Figure 2. Elastolytic profile of Cela1. (A) Live lung sections of 12-week-old mice were inflated with gelatin, then 200-mm sections were adhered to the
silicone insert of a three-dimensional printed confocal lung-stretching device (see Figure E3), and the gelatin was removed. Lung tissue was defined
by autofluorescence, and elastase activity was determined using a soluble elastin substrate conjugated to a quenched fluorophore. A three-dimensional
image of a lung section is shown, with each major tick mark representing 500 mm. (B) After application of the zymography substrate, there was an
appreciable increase in the elastase signal. A representative WT lung section is shown. (C) The same lung section is shown at the maximal strain with an
increase in the elastase signal. (D) The stretch-induced lung elastase activity of WT (n = 3) and Cela12/2 (n = 2) lung sections was compared. WT lung not
exposed to stretch but incubated with substrate for an equivalent time did not demonstrate increased elastase signal. Cela12/2 lung that was stretched
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Results

Cela1 Regulates Lung Elastin
Structure and Function
Cela1 mRNA concentrations peak during
the alveolar stage of lung development (12);
lung elastin remodeling is maximal during
this period (17); and Cela1-postive cells
are located in close proximity to this
remodeling (12). To determine the role
of Cela1 in lung development, we used
CRISPR/Cas9 gene editing (18) to create
a Cela12/2 mouse on the C57BL/6
background. Cela1 mRNA was absent from
the pancreas of these mice, and there were
no gross developmental or behavioral
differences between wild-type and Cela12/2

animals (Figures E1A–E1D).
Analysis of these mice identified a

role for Cela1 in lung structure and
function. Cela12/2 mice underwent
alveolar septation; however, septal tip
elastin was less discrete, elastin fibers were
increased in airspace walls, and airspace
size was reduced in Cela12/2 animals
(Figures 1A–1C, E1E, and E1F). Lung wet
weight to dry weight ratio was increased in
Cela12/2 mice (Figure E1G). Thus, Cela1
appeared to have a role in distal lung
remodeling during the alveolar stage of
lung development.

We next sought to assess the impact
of Cela1 on lung elastin and lung elastin
remodeling. We previously reported
that lung elastase activity is maximal at
Postnatal Day (PND)14 (17). The elastase
activity of Cela12/2 lung homogenate at
this age was reduced by 25% compared
with wild type (Figure 1D). We therefore
expected to see excessive lung elastin
in Cela12/2 lungs; however, at PND14,
Cela12/2 mouse lungs had less elastin;
largely lacked discrete bands at the tips of
secondary alveolar septae; and had more
diffuse, thinner elastin fibers throughout
the alveolar walls (Figures 1B and 1C).
Cela12/2 lungs contained half as much
tropoelastin as wild type (Figure 1E),

which we confirmed by morphometric
analysis. This reduced lung elastin was noted
in adult lung, but not in PND3 lung
(Figure 1F), consistent with a role for Cela1
in the alveolar stage of lung development.
There were modestly reduced quantities
of many elastin-associated gene mRNAs
in PND14 lung (Figure E1H), without
any differences in total lung collagen
(Figures E1I–E1K). Cela1 is an important
contributor to elastin remodeling during
alveolar development, although the
relationship between reduced elastin
remodeling in alveolar walls and reduced
elastogenesis and septal tip elastin
deposition is unclear.

Because proper elastic fiber density and
localization are critical for normal lung
dynamics, we used the flexiVent system
(SCIREQ) to quantify the impact of these
differences on lung dynamics in animals
at 8 weeks postnatally. Cela12/2 mice had
significantly higher elastance lungs than
wild-type mice (Figures 1F and 2). The key
findings derived from these experiments
are that 1) Cela1 contributes to lung elastin
remodeling during development by
regulating elastin fiber localization, and
2) Cela1 reduces postnatal lung elastance,
likely secondary to this effect.

Characterization of the Cela1
Elastolytic Profile
Because we previously demonstrated that
Cela1 binds to lung elastin with stretch-
dependent binding kinetics (14), we sought
to characterize the Cela1 elastolytic profile
more fully. To determine stretch-dependent
elastase activity (17), we used a biaxial live
lung–stretching elastin device (Figure E3)
and live sectioned lung with fluorescent
elastin in situ zymography. As previously
reported (14), stretch doubled the elastase
activity of wild-type lung, but there was no
increase in the elastase activity of wild-type
lung incubated with substrate for an
equivalent time. However, Cela12/2 lung
completely lacked stretch-inducible elastase

activity (Figures 2A–2D). At least in this
ex vivo murine lung model, Cela1 mediated
stretch-inducible lung elastase activity.

Cela family members and related
chymotrypsin proteases are synthesized
as zymogens and activated in the intestinal
lumen after interaction with pepsin.
However, the protease that would
accomplish this task in the lung was
unclear. We therefore synthesized
recombinant Cela1 with and without its
inhibitory propeptide to confirm that
Cela1 was indeed a zymogen. Interestingly,
full-length Cela1 (with its signaling
peptide and propeptide intact) had a level
of elastolytic activity comparable to that
of truncated Cela1 (Figure 2E). Thus,
Cela1 synthesized in the lung may not
require exogenous activation by another
protease, as is typically required for
proteases in this class.

Lastly, we wished to understand the
specificity with which Cela1 cleaves
tropoelastin and elastin. In the lung,
translated tropoelastin forms coacervate
droplets that are directed to microfibrils
and formed into elastin fibers coordinately
with a range of microfibril-associated
proteins (22). Tropoelastin monomers on
adjacent microfibrils are cross-linked at
oxidized and deaminated lysine residues,
increasing fiber strength (23). Porcine
pancreatic elastase, which is composed
largely of Cela family members, cleaves
elastin and tropoelastin in a
nondiscriminatory manner (24). Using
mass spectrometry to analyze elastin
degradation products of full-length Cela1,
both mature elastin and recombinant
tropoelastin without substantial amino acid
specificity apart from, preferring regions
with prolines outside of the P1-P29 positions
(Figures 2F and E4). Thus, Cela1 has
a proteolytic profile similar to that of
pancreatic elastase. However, when we
compared the degradation of recombinant
tropoelastin (un-cross-linked) and mature
elastin, we observed a substantial difference

Figure 2. (Continued). lacked the inducible elastase activity observed in WT lung. Comparisons were carried out using one-way ANOVA. (E) As assessed
using a plate-based fluorometric elastase assay, full-length Cela1 demonstrated elastolytic activity comparable to that of Cela1 without signaling and
propeptide. (F) Full-length recombinant Cela1 was incubated with soluble human tropoelastin and human skin elastin, and degradation products were
analyzed to determine proteolytic specificity. Whereas Cela1 had a propensity for hydrophobic residues, the only amino acid that was nonpreferred in
regions adjacent to cleavage sites was proline. However, proline was preferred at P4-P2 and P39-P49 sites, suggesting that the conformational turn
induced by proline residues at these locations enhanced elastin–Cela1 interaction. (G) Although there was no major difference in the amino acid residues
cleaved by Cela1, mature elastin had substantially fewer cleavage sites in domains 6–15 (red box). (H) Although there was no major difference in the
hydrophobicity of these domains (ivory color, domains numbered above simplified tropoelastin protein sequence) compared with others, these domains
contain lysine-proline (KP) cross-linking sites (light blue color). Because soluble tropoelastin lacks these cross-links, they likely account for the difference in
elastin degradation between mature elastin and soluble tropoelastin. AA = amino acid; E, ELN = elastin; KA = lysine-alanine; TE = tropoelastin.
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in degradation with regard to the domains
cleaved. Whereas the fraction of amino
acids with documented cleavage sites was
relatively consistent across tropoelastin
domains, cleavage of domains 6–15
was reduced in elastin compared with
tropoelastin (Figure 2G). These domains
involve or are adjacent to lysine- and
proline-containing cross-linking domains
4, 8, 10, 12, and 13 (Figure 2H). This

suggests that steric hindrance of these
cross-links denies Cela1 substrate access,
accounting for the differential degradation
of mature elastin and recombinant
tropoelastin. Taken together, these
findings indicate that full-length Cela1
cleaves elastin in a manner similar to other
Cela family members and that it alone
is responsible for stretch-inducible elastase
activity in the lung.

Evolutionarily Conserved Role for
Cela1 in Reducing Distal Lung
Elastance in Placental Mammals
We next sought to understand why Cela1,
a digestive protease, was expressed in the
lung, hypothesizing that its role in reducing
postnatal lung compliance may have
conferred an evolutionary advantage to
animals that breathe by expansion of
gas-exchanging surfaces. To define the

Figure 3. Unique role for Cela1 in the placental mammalian lineage. (A) Cela1 protein sequences were analyzed with clustering of mammalian Cela1
protein sequences away from mammalian Cela2 and Cela3 and nonmammalian Cela1, Cela2, and Cela3. Common names are listed. Different vertebrate
classes are color coded, and sequences for Cela1, Cela2, and Cela3 are coded in black, gray, and white, respectively. Only two mammalian Cela1 protein
sequences failed to cluster with the other mammalian Cela1 sequences: the platypus and the Tasmanian devil (red arrows). The rabbit Cela1 protein
sequence was likely incorrect because it included introns in its protein sequence, but it was retained for completeness (blue arrow). (B) Phylogenetic tree of
Ensembl 200-bp promoter sequences for all Cela family members. Like the pattern observed with protein sequences, mammalian Cela2 and Cela3
promoter sequences were similar to nonmammalian Cela1, Cela2, and Cela3 sequences, but mammalian Cela1 sequences were less similar. Again, the
Tasmanian devil and platypus Cela1 sequences failed to cluster with other mammalian Cela1 sequences. (C) Using the Ensembl and Entrez Gene
databases, the absence or presence of the Cela1 gene (green or red, respectively) or the presence of zero, one, or two Cela2 and Cela3 genes (red,
yellow, and green, respectively) were plotted in a simplified heat map. Annotated mammals were segregated by diet, and nonplacental mammals are
highlighted in blue. Except for the opossum, all annotated mammals had retention of the Cela1 gene, whereas herbivores had more frequent loss of Cela2
and Cela3 homologs. Primates had higher retention of both Cela2 and Cela3 homologs.
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Figure 4. Mouse model of alpha-1 antitrypsin (AAT) deficiency–related lung disease (AAT-RLD). (A) Compared with control oligonucleotide, anti-AAT
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evolutionary conservation of Cela1, we
constructed phylogenetic trees of Cela
protein and promoter sequences. Whereas
mammalian Cela2 and Cela3 protein
sequences were interspersed within the
different nonmammalian Cela sequences,
mammalian Cela1 protein sequences were
phylogenetically distinct (Figure 3A).
Similarly, mammalian Cela1 promoter
sequences were phylogenetically unique
from mammalian Cela2, Cela3, and
all nonmammalian Cela sequences
(Figure 3B). In comparing the two
phylogenetic trees, we found that the
only mammals with Cela1 protein and
promoter sequences distant from the other
mammalian Cela1 sequences (and thus
interspersed with all other Cela proteases)
were the platypus (Ornithorhynchus anatinus)
and the Tasmanian devil (Sarcophilus
harrisii). Thus, placental mammal Cela1 has
diverged from mammalian Cela2 and Cela3,
which have remained more similar to
nonmammalian Cela proteases.

Gene duplication events result in two
genes: a parent gene, which remains
relatively stable, and a daughter gene
(homolog), which undergoes a higher rate of
substitution. This homolog may provide an
evolutionary advantage and be retained, or
it may fail to provide such an advantage
and be lost (25). If homologs retain the
same function, they are termed orthologs,
and if they adopt a new function, they are
termed paralogs. To determine whether
there were differences in the retention of
Cela1, Cela2a, Cela2b, Cela3a, and Cela3b
homologs over the course of mammalian
evolution, we used the Ensembl and Entrez
Gene databases to identify retained and
lost Cela genes. Cela1 was retained in 39 of
40 mammals, being absent only in opossum
(Monodelphis domestica), a marsupial. Ten of
19 herbivores had loss of all Cela2 and
Cela3 homologs, whereas only 2 of 21
carnivores/omnivores demonstrated such loss
(Figure 3C). These two omnivores were the

bushbaby (Otolemur garnettii) and the mouse
lemur (Microcebus murinus), both of which
consume mostly fruits and insects. Most
primates had retention of all four Cela2 and
Cela3 homologs. These data suggest that Cela2
and Cela3 are orthologs and redundantly
fulfill a digestive role, but that in the placental
mammal lineage, Cela1 is a paralog with a
nondigestive role in placental mammals.

Anti-AAT Oligonucleotide Model of
AAT-RLD
We next investigated whether AAT was
an important regulator of Cela1-mediated
remodeling. The rationale for these
experiments was our previous observation that
Cela1 was covalently bound by AAT in cell
culture supernatant but not in cell lysate (14).

To develop a model of AAT-RLD,
we used a previously published antisense
oligonucleotide targeting all five murine
AAT isoforms but extended treatment
from 3 to 6 weeks (16). Once-weekly
administration of 100 mg/kg anti-AAT
oligonucleotide resulted in a greater than
99% decrease in liver AAT mRNA
concentration (Figure 4A) and a 77%
reduction in serum protein concentration
(Figure 4B) 8 days after the fifth dose of
antisense oligonucleotide. Because antisense
oligonucleotide therapy has been associated
with significant inflammation, we
quantified lung neutrophil infiltration and
inflammatory gene mRNAs in untreated,
control oligonucleotide–treated, and anti-
AAT oligonucleotide–treated lungs. Lung
myeloperoxidase activity, a measure of
lung neutrophil infiltration, was slightly
elevated in anti-AAT oligonucleotide–
treated lungs compared with untreated
lungs (P = 0.8), but it was increased
threefold in control oligonucleotide–treated
lungs (P, 0.001) (Figure 4C). Whereas
there were no differences in the mRNAs
of IL6, IL8, or TNFa between control and
anti-AAT oligonucleotide, there was a
nonsignificant increase in these mRNAs

compared with untreated lungs. There
were no differences in the macrophage
chemoattractant protein 1 (MCP1, CCL2)
mRNA in all three groups. The mRNAs
of Toll-like receptor 7 (TLR7) effectors
IFNa and IFNb were elevated in anti-AAT
oligonucleotide–treated lungs compared
with control, but these anti-AAT
concentrations were comparable to those
in untreated lungs, making the significance
of this finding unclear (Figure 4D). We
next quantified the mRNAs of proteases
previously shown to be important in AAT-
RLD (6–8). The mRNAs of neutrophil
elastase (ELANE), protease 3, cathepsin G,
MMP12, and MMP14 were not elevated in
anti-AAT oligonucleotide– versus control
oligonucleotide–treated lungs (Figure 4E).
However, Cela1 mRNA was increased
eightfold (P, 0.001, Mann-Whitney
U test). Taken together, these data
demonstrate that anti-AAT oligonucleotide
administration efficiently reduces
liver AAT synthesis, that anti-AAT
oligonucleotide does not trigger significant
neutrophil infiltration in the lung, and
that anti-AAT oligonucleotide does not
increase the mRNAs of classically associated
proteases, but that it does increase Cela1
mRNA.

The lungs of anti-AAT oligonucleotide–
treated mice demonstrated emphysematous
changes reminiscent of AAT-RLD
(Figures 4F and 4G), with a near-doubling
of mean linear intercept (26) (Figure 4H).
We further characterized this emphysema
using a computerized morphometry
program (21) that we modified to increase
sampling (Figure E5 and other data
supplement material). Using this technique,
we determined that the difference in mean
linear intercept was driven by enlargement
of airspaces in the 95th percentile of
anti-AAT oligonucleotide–treated mice
(i.e., airspace sizes were comparable below
the 95th percentile) (Figure 4I). These data
demonstrate that anti-AAT oligonucleotide

Figure 4. (Continued). oligonucleotide–treated lungs, compared with untreated lungs (n= 5). Lung from an animal subjected to intestinal ischemia reperfusion in
a previous study (42) was used as a positive control. (D) Left lung inflammatory mRNAs were no different after treatment with anti-AAT and control oligonu-
cleotide. Values were normalized to untreated adult control lung, and samples with undetectable mRNA were assigned a value of zero for statistical analysis.
IFN-a and IFN-b mRNA concentrations were elevated in anti-AAT oligonucleotide–treated lungs but comparable to untreated control lungs. P, 0.001 (n= 8
per group). (E) The mRNAs of many genes associated with AAT-RLD were no different in control oligonucleotide–treated and anti-AAT oligonucleotide–treated
lungs, but Cela1 mRNA concentrations were increased eightfold. (F and G) A representative lower lung lobe of a wild-type mouse treated with (F) control
oligonucleotide and (G) anti-AAT oligonucleotide (E9, F9, and G9 are higher magnification images of respective boxed regions). Scale bars: 500 mm (F and G) and
100 mm (F9 and G9). (H) As assessed by MLI, anti-AAT oligonucleotide treatment (n=8) significantly increased airspace size compared with control oligonu-
cleotide–treated mice (n=7) (Student’s t test). (I) Whereas median and 75th percentile alveolar diameters were no different in anti-AAT oligonucleotide– and control
oligonucleotide–treated lungs, diameters were significantly larger at percentiles beyond the 95th (Student’s t test), indicating that only the largest airspaces were
contributing to the measured difference in MLI. Cat G= cathepsin G; ELANE=neutrophil elastase; FC = fold change; ND = not detected; Prot-3 = protease 3.
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administration to mice is a natural and
faithful model of AAT-RLD and that Cela1
expression increases in this model.

Role for Cela1 in AAT-Deficient
Emphysema
Because Cela1 mRNA was increased in this
mouse model of AAT-RLD, we sought to
determine whether Cela1 was playing an

important role in emphysema pathogenesis.
In the lung, Cela1 exists in both low
(z28 kD) and high (z70 kD) molecular
weight forms (12). In vitro this higher-
molecular-weight species is a covalent
Cela1 and AAT product (14). Western
blot analysis of control and anti-AAT
oligonucleotide–treated lungs showed a 77%
reduction in high-molecular-weight Cela1

(P, 0.001, Student’s t test) (Figure 5A),
demonstrating that Cela1 is covalently
bound by AAT in vivo. Although there was
no difference in the 28 kD Cela1 species
by Western blot analysis, quantitative image
analysis revealed that the total number of
Cela1-positive cells was increased in anti-
AAT oligonucleotide–treated mice 3.9-fold
(P = 0.002, Student’s t test), with 3- and
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2.4-fold increases in Cela11 ATII cells and
macrophages, respectively, but a 13-fold
increase in cells expressing neither marker
(Figures E6 and 5B–5D).

To test whether Cela1 was important in
the development of emphysema in AAT
deficiency, we treated Cela12/2 mice with
anti-AAT oligonucleotide. In contrast to
observations in wild-type mice, treatment
of Cela12/2 mice for 6 weeks with anti-
AAT oligonucleotide did not result in any
appreciable lung injury or evidence of
emphysema (Figures 5E–5G). On the
contrary, anti-AAT oligonucleotide–treated
Cela12/2 airspaces were even smaller than
those in control oligonucleotide–treated
wild-type mice (Figures 5H and 5I). This
decrease is consistent with the findings
in untreated mice (Figure 1A), but it is more
pronounced in this experiment because
of open-chest inflation versus previous

closed-chest inflation. Thus, we found that
in this mouse model of AAT deficiency,
Cela1 is required for emphysema.

Cela1 in Normal Human Lung and in
AAT-RLD
To demonstrate the relevance of our
findings in human AAT-RLD, we evaluated
the expression of Cela1 in human lung
and determined whether its expression was
increased in AAT-RLD. To do so, we
obtained lung tissue from an adult organ
donor and immunostained paraffin-
embedded lung specimens from explants of
individuals with AAT deficiency undergoing
lung transplant, similar explants from
individuals with confirmed AAT sufficiency,
and control specimens from individuals
undergoing lung nodule resection with the
surrounding tissue considered normal lung.

Cela1 PCR and sequencing from
normal human lung confirmed the presence
of Cela1 mRNA (Figure E7). These findings
are in agreement with published single-cell
mRNA sequencing data showing Cela1
mRNA in lung epithelial cells during
development and later increasing in lung
immune cells (13, 27).

To determine whether Cela1
expression was increased in human AAT-
RLD, we performed immunohistochemistry
and immunofluorescence staining and
imaging on control AAT-sufficient and
AAT-deficient emphysema sections.
Immunohistochemistry showed that Cela1-
positive cells were largely absent from
control lung (Figure 6A) but were abundant
in the lungs of individuals with emphysema
with AAT sufficiency (MM genotype
Figure 6B) as well as in individuals with
ZZ genotype AAT deficiency (Figure 6C).
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Morphometric quantification confirmed
these findings (Figure 6D). Proximity in situ
hybridization for Cela1 mRNA demonstrated
increased Cela1 mRNA–containing
cells in both AAT-sufficient and
AAT-deficient emphysema, with most
Cela1-expressing cells being ATII cells
(Figure 6E). Our findings demonstrate
increased numbers of Cela1-expressing
cells in both AAT-deficient and AAT-
sufficient emphysema, and they support a
central role for Cela1 in the pathogenesis
of AAT-RLD.

Discussion

We have demonstrated, for the first time
to our knowledge, a role for Cela1 in
lung matrix remodeling in development
and disease. We also have provided
phylogenetic evidence that Cela1 was
adapted for a nondigestive role in placental
mammals. We have shown the in vivo
interaction of AAT with Cela1, and we have
provided murine loss-of-function and
associative human data suggesting that
Cela1may be important in the pathogenesis
of AAT-deficient emphysema. We
conceptualize that Cela1 acts to improve
respiratory efficiency by remodeling the
distal lung in a stretch-dependent manner
(14) and that this reduced lung elastance
conferred a selective advantage in the
placental mammal lineage. This remodeling
is regulated by AAT, and in the absence of
its antiprotease, excessive remodeling can
lead to a progressive emphysema.

Cela1 is potentially an accessible and
specific target for the treatment of AAT-
RLD. Neutrophil and/or macrophage
depletion (28, 29) partially prevents
emphysema in cigarette smoke models,
supporting the role of these cells in early
alveolar injury, and deletion of specific
myeloid-derived proteases, such as
neutrophil elastase (7), cathepsin G (30),
proteinase 3 (30), and MMP12 (31), has
been shown to have similar partial
protection in cigarette smoke models
of emphysema. None of these mediators
were increased after antisense
oligonucleotide–induced AAT depletion,
suggesting that the pathogenesis of
AAT-RLD is distinct from that of AAT-
sufficient emphysema—a hypothesis that is
supported by differing ages of presentation,
histology, and lobar patterning of airspace
destruction (3). Given the stretch-dependent

biology of lung elastin remodeling (17) and
Cela1 expression and activity (14), targeting
Cela1 in AAT deficiency may prevent
emphysema. Whether anti-Cela1 therapies
can halt or reverse emphysema progression
in already established lung disease will be
addressed in future studies.

We have characterized a novel mouse
model of AAT-RLD that overcomesmany of
the limitations of previous models. Whereas
humans have one AAT gene (Sepina1),
different mouse strains have up to five
(Serpina1a–Serpina1e) (10). Furthermore,
homozygous deletion of Serpina1a was
reported to be embryonic lethal (32). The
“pallid” mouse has a mutation in the
pallidin gene that reduces AAT secretion
and develops emphysema at 12 months of
age (33, 34). However, the “pallid” mouse
exhibits multiple other phenotypic and
functional anomalies (10, 34, 35). Mice with
knock-in of the human Z-type AAT gene
(PiZ mice) have normal concentrations of
AAT and no lung phenotype (36). The anti-
AAT oligonucleotide model of AAT-RLD is
a genuine, specific, efficient, and natural
model of human AAT-RLD.

This study leaves several important
questions unanswered. First, how does the
lack of stretch-dependent remodeling
activity impair the formation of the elastin
band at alveolar septal tips? Clearly, Cela1 is
not an important regulator of overall lung
elastin content, because lung elastin was
decreased and collagen was unchanged in
Cela12/2 mice. Although we hypothesize
that Cela1 remodels matrix in a targeted
manner to alter local tissue mechanics
and that mechanosensitive matrix synthesis
accounts for observed differences in overall
matrix content (37–39), we can provide
little support for this conjecture. Second,
how can it be that this relatively aggressive
protease does not exist in the lung as a
zymogen? Whether Cela1 is complexed to
a reversible inhibitory protein in the
intracellular and/or extracellular space, is
contained in vesicles, and/or can activate
itself needs to be investigated in future
studies. Third, and relatedly, how is it
that neutralization of Cela1 by AAT is
critical to maintaining lung integrity
when the majority of lung Cela1 exists in
its unbound state? Answering how
Cela1 exists in different cellular compartments
should provide insight into this important
question. Last, how is the stretch-
dependent expression of Cela1 transcriptionally
regulated?

The reader should consider several
limitations of our study. First, our model is
based on a classical protease/antiprotease
model of AAT-RLD; however, AAT has
immunomodulatory effects (40, 41), and
we did not extensively investigate the
impact of Cela1 on lung inflammation
or immune status. Second, we cannot
say for certain that the increased lung
elastance of Cela12/2 mice did not confer
some degree of protection against anti-
AAT oligonucleotide therapy. Either
conditional deletion of Cela1 after lung
morphogenesis is complete or specific
anti-Cela1 therapy would be required to
overcome this study limitation. Last, there
may have been increased TLR7-mediated
inflammation between the control and
anti-AAT oligonucleotide groups,
although the concentrations of IFNa
and IFNb were comparable to untreated
lung.

In summary, we present phylogenetic,
physiologic, and biochemical data
demonstrating that Cela1 is an evolutionarily
conserved lung-remodeling enzyme with an
important role in postnatal lung matrix
remodeling. In the absence of AAT,
continued lung remodeling leads to the
emphysema characteristic of AAT-RLD. The
therapeutic potential of Cela1 targeting needs
to be investigated in follow-up studies. n
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