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Abstract

Delayed lung repair leads to alveolopleural fistulae, which are a major
cause of morbidity after lung resections. We have reported that
intrapleural hypercapnia is associated with delayed lung repair after
lung resection. Here, we provide new evidence that hypercapnia

of orthotopic tracheal transplantation were protected from
hypercapnia-induced inhibition of tracheal epithelial cell migration
and wound repair. In patients undergoing lobectomy, we found
inverse correlation between intrapleural carbon dioxide and pleural
CXCLI12 levels as well as between CXCL12 levels and alveolopleural
leak. Accordingly, we provide first evidence that high carbon dioxide

levels impair lung repair by inhibiting epithelial cell migration
through two distinct pathways, which can be restored by
recombinant CXCL12.

delays wound closure of both large airway and alveolar epithelial cell
monolayers because of inhibition of epithelial cell migration. Cell
migration and airway epithelial wound closure were dependent on
Racl-GTPase activation, which was suppressed by hypercapnia
directly through the upregulation of AMP kinase and indirectly
through inhibition of injury-induced NF-kB-mediated CXCL12
(pleural CXC motif chemokine 12) release, respectively. Both these
pathways were independently suppressed, because dominant
negative AMP kinase rescued the effects of hypercapnia on Racl-
GTPase in uninjured resting cells, whereas proteasomal inhibition
reversed the NF-kB-mediated CXCL12 release during injury.
Constitutive overexpression of Racl-GTPase rescued the effects

of hypercapnia on both pathways as well as on wound healing.
Similarly, exogenous recombinant CXCL12 reversed the effects of
hypercapnia through Racl-GTPase activation by its receptor,
CXCR4. Moreover, CXCL12 transgenic murine recipients
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Clinical Relevance

Recent literature is beginning to understand the harmful effects
of hypercapnia on injury repair. This article provides
mechanistic evidence that elevated CO, delays cell migration
and lung wound healing, which contributes to the
development of alveolopleural fistula, a major cause of
morbidity after lung resection.

volume reduction surgery developed PAL
(5). In patients undergoing lung cancer
resection, incidence of PAL can similarly
exceed 50% (1). Several clinical risk factors
have been shown to be associated with PAL,

Delayed lung healing after surgical lung
resection leads to alveolopleural fistulae,
which manifest as prolonged air leak (PAL)
from the lung surface (1, 2). Development of
PAL remains the major cause of morbidity

and mortality after lung resection for both
nonmalignant and malignant conditions (1,
3, 4). The National Emphysema Treatment
Trial reported that 50% of patients
undergoing lung resection as part of lung
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which include reduced postresection forced
expiratory volume in 1 second (1, 6),
incomplete parenchymal fissures (7),
advanced emphysema (8), low diffusion
capacity, or presence of pleural adhesions
encountered during lung surgery (5).
However, the cellular mechanisms that
contribute to the persistence of PAL are not
fully understood.

An increase in CO, levels is often
a consequence of diseases with impaired
gas exchange, including the acute
respiratory distress syndrome and
chronic obstructive pulmonary disease
(9, 10). Many investigators have
suggested the effects of hypercapnia
are inconsequential or even beneficial (9,
11). As a result, the clinical practice of
tolerating or encouraging “permissive
hypercapnia” is the prevalent paradigm
in the care for patients with lung injury
(11, 12). Recent studies, including our
own, have challenged this paradigm by
demonstrating that elevations in CO,
activate specific signaling pathways leading
to adverse consequences for lung and
organismal physiology (13-20). The
alveolar epithelial type 2 cells participate in
the repair of alveolopleural fistulae, and the
airway epithelial cells repair proximal
airway injuries, including bronchopleural
fistulae (21, 22). Using a recently developed
technique of analysis of pleural gas, we
reported that pleural hypercapnia
predisposed to PAL (6, 23). Furthermore,
reduction in pleural CO, levels was
associated with shorter time of air leakage
from the residual lung tissue after resection
(23). We have also recently reported that
reduced pleural CXCL12 (CXC motif
chemokine 12) (also known as stromal
cell-derived factor 1), is associated with
PAL. CXCL12 promotes alveolar epithelial
cell migration by regulating Racl-GTPase
and cofilin activation (24). Also, we have
shown that high CO, impairs cell
proliferation because of microRNA-
183-mediated inhibition of IDH2
(isocytrate dehydrogenase 2) (25).
Hence, we set out to test the effects
of hypercapnia on lung wound
healing. Here, we provide evidence
that hypercapnia delays wound closure in
both alveolar and large airway epithelial
cells by impairing cell migration via
decreased Racl activity in resting cells
through upregulation of AMP kinase
(AMPK) and inhibition of injury-associated
autocrine NF-kB-mediated CXCL12

production. Importantly, patients
undergoing surgical lobectomy had

an inverse correlation between

pleural carbon dioxide levels and
pleural CXCL12 levels, direct correlation
between pleural carbon dioxide and
duration of air leak (alveolopleural
fistula), and inverse correlation between
CXCL12 levels and duration of air leak.
Our data have biologic and clinical
implications in the monitoring and
modulation of pleural hypercapnia to
ameliorate the disease burden associated
with alveolo-bronchopleural fistulae in
patients.

Methods

Cells, materials, permanent

transfection, adenoviral infection, and
immunohistochemistry can be found

in the data supplement METHOD section.
CO, medium and CO, exposure were
performed as previously described (19,
20). Scratch wound healing, Transwell
migration, and Racl pull-down assays
can be found in the data supplement.
Cell lysis and Western blot analysis
were performed as previously described
(16, 25). F/G actin ratio was calculated
using a commercially available kit
following the manufacturer’s instructions
(Cytoskeleton).

Functional Gene Network Analysis
Gene network analysis was performed
from our previously published
microarray data from mice housed
in room air or in normoxic hypercapnic
conditions (10% CO,, 21% O,) for
7 consecutive days (16). Detailed
description can be found in data
supplement.

Luciferase assay, mRNA isolation, and
quantitative PCR can be found in the data
supplement.

Mice

Adult (9-11 wk old) male C57BL/6]
and BALB/c] mice were obtained from
the Jackson Laboratories. CXCL12
transgenic (CXCL12-Tg) mice were a
gift from Dr. Hal Broxmeyer, Indiana
University (26). These CXCL12-Tg mice
endogenously and globally express
CXCLI12 under a Rous sarcoma virus
promoter. All animals were provided
with food and water ad libitum,
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maintained on a 14-hour light/10-hour
dark cycle, and handled according

to National Institutes of Health
guidelines. All of the procedures
involving animals were approved

by the Northwestern University
Institutional Animal Care and Use
Committee (IS00001153). For high
CO, exposure (10% CO,, 21% O,),
animals were maintained in a
Biospherix C-Shuttle Glove Box
(BioSpherix) for up to 13 days, as
previously described (16). None of
the animals developed appreciable
distress. At selected time points,
animals were killed with Euthasol
(pentobarbital sodium-phenytoin
sodium) and trachea was excised.
Then either airway cells were collected
for RNA extraction or tissue was
embedded in Tissue Plus O.C.T
(Fisher Healthcare) and frozen in dry
ice for immunohistochemistry.

Orthotopic Tracheal Transplantation
Orthotopic tracheal transplantation

was performed as previously described
(27-30). Detailed protocol can be found
in the data supplement.

Human Subjects

The study was approved by the institutional
review board at Northwestern University
(STU00088120). Consecutive patients
undergoing lobectomy for stage I lung
cancer were included in the study. Informed
consent was obtained from all patients in the
study. For pleural CXCL12 analysis, 5 ml of
fluid was collected on postoperative Day 1
and analyzed using standardized ELISA
(R&D Systems Inc.). The gas analysis was
performed by connecting a Datex analyzer
(GE Healthcare, Inc.) to the sampling port
of the chest draining system (Atrium, Inc.).
Measurements were performed while

the tubes were on water seal drainage.
Patients were breathing room air with
arterial oxygen saturation >92%. The
analyzer was first connected to the chest
drainage system, and CO, values were
recorded.

Statistical Analysis

Data are expressed as mean * SD. When
comparing two groups versus time,
statistical analysis was performed by two-
way ANOVA with Sidak post hoc test.
For comparisons between two groups,
significance was evaluated by unpaired

245



ORIGINAL RESEARCH

t test. When more than two groups were
compared, one-way ANOVA was used
followed by the Tukey post hoc test. Patient
cohort data were analyzed by Fisher exact
test. Data were considered significant when
P <0.05.

Results

Hypercapnia Delays Monolayer
Wound Closure by Inhibiting Epithelial
Cell Migration

We assessed the effects of hypercapnia
on respiratory epithelial cell wound
closure in primary respiratory
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epithelial cells and epithelial cell lines

in vitro, using well-established scratch
wound assays (31). As shown in

Figure 1 and Figure El in the data
supplement, we found that hypercapnia
delayed wound closure in mouse

and human alveolar epithelial cell

lines (A549 and MLE12), primary
alveolar epithelial cells, and bronchial
epithelial cell line (BEAS-2B).

To assess whether the effects of
hypercapnia were due to changes in

cell migration, we analyzed the migration
of A549 and MLEI12 cells using Boyden-
Transwell chambers and found that
A549 (Figure 1D) and MLE12 (Figure
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E1C) cells migrated more slowly across
the chambers in hypercapnic conditions.
We have previously reported that
hypercapnia inhibited the proliferation
rate of alveolar epithelial cells, which
was rescued by overexpression of

IDH2 (25). To determine whether
proliferation played a role in the
delayed wound closure, we performed
scratch wound assays in cells
overexpressing IDH2 (Figure 2A) and in
cells exposed to hypercapnia in the
presence of mitomycin C (inhibitor of
proliferation) (Figure 2B) and found no
reversal of delayed epithelial wound
closure.

Wound area (%)

Figure 1. Hypercapnia delays wound closure by suppressing epithelial cell migration. (A) A549 (n=7), (B) hAT2 (n =5), and (C) BEAS-2B (n = 10) cells were
placed for 24 hours in normocapnia (NC) or hypercapnia (HC) before a scratch wound was made with a sterile pipette tip. Cells were maintained in NC or
HC for the indicated time, and photographs were acquired. Scale bar, 100 pm. Graphs show wound area versus time. Data were analyzed by two-way
ANOVA followed by Sidak multiple comparison test. *P < 0.05, **P < 0.001, and ***P < 0.0001. (D) A549 cells were placed for 24 hours in NC or HC,
trypsinized, and seeded in Boyden chambers. Migration was determined after 4 hours by staining with Hoechst 33342 and counting nuclei (1 =4). Scale
bar, 50 um. Graph shows quantification of migration. Data were analyzed by unpaired t test. **P < 0.01.
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Figure 2. Hypercapnia delays wound closure by suppressing epithelial cell migration independently
of proliferation. (A) A549 cells overexpressing IDH2 (isocytrate dehydrogenase 2) (A549-IDH2) (n=7),
and (B) A549 cells in the presence of 10 wM mitomycin (n = 4) were placed for 24 hours in NC or HC
before a scratch wound was made with a sterile pipette tip. Cells were maintained in NC or HC for the

B mitomycin

9 . - HC
©
o *kk
©
> 50 *kkk
c
>
(]
=
0 T T T d
0 24 48 72

Time (h)

indicated time, and photographs were acquired. Scale bar, 100 um. Graphs show wound area

versus time. Data were analyzed by two-way ANOVA followed by Sidak multiple comparison test.

P <0.01, P <0.001, and ***P 0.0001.

Hypercapnia Inhibits Rac1/Cofilin
Pathway in Uninjured Epithelial Cells
via AMPK

Cell migration requires remodeling

of the actin cytoskeleton via the small
GTPase Racl (32). Activated Racl
participates in the formation of
lamellipodia, the thin cytoplasmic
sheets extended at the front of
migrating cells during tissue repair,

by phosphorylating cofilin, which
promotes F-actin treadmilling driving
directional movements (33, 34). Cofilin

activation in lung epithelial cells

is dependent on Racl, because W56,

a Racl inhibitor, prevents cofilin
phosphorylation (35). We observed
that hypercapnia reduced Racl

activity and cofilin phosphorylation
(Figures 3A and 3B), with an

expected decreased F/G actin ratio
(Figure 3C) (36) in uninjured

resting cells. When we overexpressed an
activated form of Racl (Racl-QL) (37),
it restored cofilin phosphorylation as
well as the delayed wound healing
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(Figures 3B and 3D) under hypercapnia.
To determine the mechanism by

which high CO, decreased Racl
activity, we first focused on AMPK,

a metabolic sensor we have found

to be activated in alveolar epithelial
cells (19, 38) and a known inhibitor

of Racl (39). As depicted in

Figure 3E, we found that uninjured
resting cells infected with an adenovirus
expressing dominant negative AMPK
(DN-AMPK) (19) did not have
decreased cofilin phosphorylation

when exposed to high CO, (37).

This suggested that hypercapnia
suppressed Racl-GTPase in the

resting cells through the upregulation
of AMPK.

Hypercapnia Inhibits CXCL12 through
the Suppression of the NF-xB
Pathway after Scratch Wounding of
Epithelial Cell Monolayers

Because DN-AMPK rescued Racl-GTPase
and cofilin phosphorylation in the resting
cells, we next hypothesized that this should
rescue scratch wound healing under
hypercapnic conditions. Intriguingly, DN-
AMPK did not rescue wound healing when
the cells were injured (Figure 3F). These
data suggested that hypercapnia might
affect a second pathway necessary for
injury repair. To explore plausible injury
repair pathways affected by hypercapnia,
we performed an unbiased functional
network analysis of genes altered during
exposure to hypercapnia using our
previously published murine lung gene
array (16). The functional gene network
was generated grouping genes on the basis
of known interactions and functional
similarity within hypercapnia signature
(Figure 4A). Using this approach, we
found that CXCL12 was significantly
downregulated in mouse lungs exposed to
hypercapnia. CXCL12 is known to be
secreted after scratch wound by lung
epithelial cells (35), and we found that this
increased transcription was downregulated
in hypercapnic conditions (Figure 4B).
Addition of recombinant CXCLI12 restored
the hypercapnia-induced inhibition of
Racl-GTPase (Figure 5A), decreased
cofilin phosphorylation (Figure 5B),
impaired wound closure (Figures 5C, E2C,
and E2D), and cell migration (Figures

5D and E2A) to normocapnic levels.
Moreover, inhibition of CXCL12

receptor CXCR4, a known activator of
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Figure 3. Hypercapnia impairs epithelial cell migration by inhibiting the Rac1/cofilin pathway via AMPK (AMP kinase). (A) Rac1 pull-down assay was
performed in cell lysates from A549 cells exposed for 24 hours to NC or HC. Graph shows composite from different experiments (n=4). Lower panel
depicts a representative Western blot. Data were analyzed by unpaired t test. **P < 0.01. (B) A549-wild-type (WT) cells and A549-Rac1-QL cells were
exposed for 24 hours to NC or HC, and Western blot against phospho-cofilin (P-cofilin) and total-cofilin (T-cofilin) was performed. Graph shows
quantification of different experiments (n =7-9). Lower panel depicts a representative Western blot. Data were analyzed by one-way ANOVA followed by
Tukey multiple comparison test. *P < 0.05, **P < 0.001, and ***P < 0.0001. (C) F- and G-actin were isolated using a commercially available kit from A549
cells exposed to NC or HC for 24 hours. Graph shows composite from different experiments (n = 4-6) of the F- to G-actin ratio. Lower panel depicts a
representative Western blot. Data were analyzed by unpaired t test. *P < 0.05. (D) A549-WT and A549-Rac1-QL cells were placed for 24 hours in NC or
HC before a scratch wound was made with a sterile pipette tip. Cells were maintained in NC or HC for the indicated times, and photographs were
acquired. Graph shows wound area versus time (n =4). Data were analyzed by two-way ANOVA followed by Sidak multiple comparison test. *P < 0.05
and **P < 0.01 compared with NC. Scale bar, 100 wm. (E) A549 cells were infected with adenovirus expressing DN-AMPK (dominant negative AMPK),
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Figure 4. Hypercapnia decreases CXCL12 (pleural CXC motif chemokine 12) production after
scratch wound in epithelial cell monolayers. (A) Functional gene network of murine lung genes
downregulated during 7-day exposure to HC. (B) A549, MLE-12, hAT2, and mAT2 cells were placed
for 24 hours in NC or HC before a scratch wound was made with a sterile comb with 15 teeth. Cells
were maintained in NC or HC for 24 hours, mRNA isolated, and quantitative PCR (gPCR) for CXCL12
performed. Graph shows fold change in CXCL12 expression compared with nonscratched
monolayers. Data were analyzed by unpaired t test comparing NC versus HC. **P <0.01 and

**P < 0.001. FC =fold change.

Racl-GTPase, with AMD-3100 prevented
the beneficial effects of CXCL12 in
hypercapnia (Figures 5C, 5D, and E2).
Taken together, this suggested that
hypercapnia suppresses Racl-GTPase
through upregulation of AMPK as well as
inhibiting CXCL12 release on injury.
However, sufficient amounts of exogenous

CXCL12 can overcome the suppression of
both pathways by hypercapnia.
Hypercapnia is known to inhibit the
NE-kB pathway (40, 41), which is essential
for the production of CXCL12 (42). High
CO; has been shown to impair NF-kB
activity by cleaving the NF-kB member
RelB through a process sensitive to the

proteasome inhibitor MG-132 (41).
Accordingly, we found that preincubation
with MG-132 prevented the hypercapnia-
induced suppression of NF-«kB activation
after scratch wounding of the alveolar
epithelial cells monolayer (Figure 6A), the
decreased CXCL12 production (Figure 6B),
and the consequent delayed wound closure
(Figure 6C).

CXCL12 Rescues Hypercapnia-
mediated Wound Healing Delay

in @ Murine Orthotopic Tracheal
Transplantation Model

Because of the potential clinical relevance,
we developed a murine model to
investigate whether hypercapnia-induced
suppression of CXCL12 is causally linked
to hypercapnia-mediated impaired wound
healing. We used a murine orthotopic
tracheal transplantation model in which a
six-ringed native tracheal segment is
replaced with a donor graft (28-30). The
recipient epithelium migrates into the
transplanted donor graft, from both
proximal and distal ends, repopulating

it entirely within 11 days (28-30). As
shown in Figure 7A, after tracheal
transplantation, wild-type allograft
recipients had increased CXCLI2 mRNA
expression in the tracheal epithelial cells.
In contrast, murine tracheal allograft
recipients had decreased CXCL12
production when kept in hypercapnic
conditions (Figure 7A). The wild-type
mice kept at room air conditions had
complete epithelial repopulation into the
donor segment by Day 11 (Figure 7B). In
contrast, wild-type transplant recipients
exposed to hypercapnic conditions had a
delay of 2 days in epithelial repopulation,
which was completed by Day 13. When
we performed wild-type orthotopic
tracheal transplantation into CXCL12-Tg
recipient mice in which the CXCL12 was
not suppressed during hypercapnia
(Figure 7A), transplanted donor tracheas
were repopulated by Day 12 under
hypercapnic conditions, thus representing
a partial rescue (Figure 7B).

Figure 3. (Continued). exposed for 24 hours to NC or HC, and Western blot against P- and T-cofilin was performed. Graph shows quantification of
different experiments (n=3). Lower panel depicts a representative Western blot. HA (hemagglutinin) shows expression of the DN-AMPK. Data were
analyzed by one-way ANOVA followed by Tukey multiple comparison test. *P < 0.05, **P < 0.01, and ***P < 0.001. (F) A549-WT and A549 cells infected
with adenovirus expressing DN-AMPK were placed for 24 hours in NC or HC before a scratch wound was made with a sterile pipette tip. Cells were
maintained in NC or HC for the indicated times, and photographs were acquired. Graph shows wound area versus time (n = 3). Data were analyzed by
two-way ANOVA followed by Sidak multiple comparison test.
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Figure 5. CXCL12 rescues the hypercapnia-inhibited Rac1/cofilin pathway as well as the delayed wound closure and migration. (A) Rac1 pull-down assay
was performed in cell lysates from A549 cells exposed for 24 hours to NC or HC and incubated in the presence or absence of vehicle (control [CT]) or 100
ng/ml CXCL12 for 15 minutes. Graph shows composite from different experiments (n = 6-9). Lower panel depicts a representative Western blot. *P <0.05
and **P < 0.01. (B) A549 cells were exposed for 24 hours to NC or HC and incubated in the presence or absence of vehicle (CT) or 100 ng/ml CXCL12 for
15 minutes. Western blot against P- and T-cofilin and B-tubulin as loading control was performed. Graph shows quantification of different experiments
(n=5-6). Lower panel depicts a representative Western blot. **P < 0.01. (C) A549 cells were placed for 24 hours in NC or HC before a scratch wound was
made with a sterile pipette tip. Cells were incubated with 100 ng/ml CXCL12 in the presence or absence of 6 png/ml AMD-3100 (AMD) for the indicated
times, and photographs were acquired. Scale bar, 100 wm. Graph shows wound area versus time (n =6). Data were analyzed by two-way ANOVA
followed by Sidak multiple comparison test. ****P < 0.001 HC + CXCL12 + AMD compared with the other two groups. (D) A549 cells were placed for
24 hours in NC or HC, trypsinized, and seeded in Boyden chambers. Cells were incubated with 100 ng/ml CXCL12 for 15 minutes in the presence
or absence of 6 wg/ml AMD. Migration was determined after 4 hours by staining with Hoechst 33342 and counting nuclei (n =3-5). Scale bar, 50 pm.

Graph shows quantification of migration. Data from A, B, and D were analyzed by one-way ANOVA followed by Tukey multiple comparison test.

Pleural Hypercapnia Is Associated
With Decreased CXCL12 and Delayed
Lung Healing after Lung Resection

We have previously reported that

pleural hypercapnia is associated with
alveolopleural fistula, which manifests as
ongoing air leak from the lung surface (23),
and that lower levels of CXCL12 are
associated with delayed healing after lung
resection (24). On the basis of our studies
described above, we further tested whether
pleural hypercapnia causes delayed lung
healing by inhibiting pleural CXCL12 levels

250

in patients undergoing lung resection.
Toward this, patients undergoing video-
assisted thoracoscopic lobectomy for stage I
lung cancer were assessed for pleural CO,,
pleural CXCL12, and duration of air leak
from the lung. Our hypothesis was that
higher levels of CO, in the pleural space
would be associated with reduced local
CXCL12 production and increased
duration of air leak from the resected lung,
reflective of delayed lung wound healing.
The demographic profile of the patients is
depicted in Table 1. Pleural CO, levels were

inversely related to the CXCL12 levels
(Figure 7C) in the pleural fluid, consistent
with our observations that hypercapnia
can suppress production of CXCL12 in
response to injury (Figure 4). Higher levels
of CO, were associated with increased
duration of air leak from the resected lung
(Figure 7D), indicating that hypercapnia
suppresses lung wound closure, which is
necessary for the resolution of air leak.
Finally, pleural CXCL12 levels inversely
correlated with duration of air leak,
supporting our findings from the cell
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Figure 6. Inhibition of the NF-«kB pathway by hypercapnia is responsible for the decreased CXCL12
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or absence of MG-132 and NF-kB activity after wound scratch was measured with a luciferase assay.
Graph shows composite from different experiments (n = 6-7). Data were analyzed by unpaired t test.
*P < 0.05. n.s. =not significant. (B) A549 cells were placed in NC or HC in the presence or absence of
MG-132 before a scratch wound was made with a sterile comb with 15 teeth. Cells were maintained
in NC or HC for 24 hours, mRNA isolated, and gPCR for CXCL 12 performed. Graph shows fold
change in CXCL 12 expression compared with nonscratched monolayers (n = 3). Data were analyzed
by one-way ANOVA followed by Tukey multiple comparison test. *P < 0.05. (C) A549 cells were
placed for 24 hours in NC or HC in the presence or absence of MG-132 before a scratch wound was
made with a sterile pipette tip. Cells were kept in NC or HC for the indicated times and photographs
were acquired. Scale bar, 100 wm. Graph shows wound area versus time (n = 6). Data were analyzed
by two-way ANOVA followed by Sidak multiple comparison test. **P < 0.05 and ***P < 0.01.

culture and murine models (Figure 7E).
Taken together, these clinical observations
indicate that hypercapnia suppresses
CXCL12 production and delays lung
wound healing.

Discussion

Delayed lung healing leading to
alveolopleural or bronchopleural fistulae is a
major cause of morbidity and mortality after
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lung resection (1, 3, 4). Cell migration is a
fundamental biological process necessary
for wound healing. In this study, we
uncover a pathway by which hypercapnia
impairs airway as well as alveolar epithelial
cell migration, which results in delayed
wound healing after injury. Hypercapnia
inhibited both the production of CXCL12
and Racl activity, which contribute to
delayed cell migration and wound closure.
As such, our data provide a mechanistic
link into the findings that pleural
hypercapnia is associated with prolonged
alveolopleural fistula in patients undergoing
lung resection (6, 23).

We have previously reported that
hypercapnia inhibits alveolar epithelial
cell as well as fibroblast proliferation
by impairing ATP production via the
inhibition of IDH2 (25). However,
in the present study we found that the
hypercapnia-mediated inhibition of
alveolar epithelial cell migration and wound
healing was not rescued by overexpression
of a constitutively active form of IDH2,
suggesting that alternative pathways
regulate the impaired wound healing. We
found that the migration of alveolar
epithelial cells was dependent on Racl-
dependent cofilin phosphorylation,
which hypercapnia inhibited, whereas
overexpression of the constitutively active
isoform of Racl rescued the effects of
hypercapnia on wound healing.
Furthermore, suppression of Racl in
resting cells under hypercapnia was
mediated by AMPK, a metabolic sensor
that our group has found activated in
hypercapnic conditions in multiple cell
types (19, 20). However, although DN-
AMPK restored the Rac1-GTPase and
phospho-cofilin levels to normal levels in
resting cells, it did not rescue scratch
wound healing, suggesting that an alternate
injury repair response mechanism in
epithelial cells was suppressed by
hypercapnia.

CXCL12 is stimulated during injury
and has been shown to promote cell
migration in different cell lines (43, 44).
Indeed, CXCLI2 null mice die in utero,
suggesting a critical role in mouse
development (45). Here, we report that
both alveolar and airway epithelial cells
produce CXCLI12 in response to injury,
which contributes to cell migration and
wound healing through its receptor
CXCR4; this is consistent with prior
findings about CXCR4 (35). We have
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Figure 7. Hypercapnia and CXCL12 in a murine orthotopic tracheal transplantation model and after lung resection in humans. (A) MRNA was isolated
from airways from tracheas from WT and CXCL 72-transgenic (CXCL12-Tg) mice exposed to NC or HC for 10 days, and gPCR for CXCL12 was
performed. Data were analyzed by one-way ANOVA followed by Tukey multiple comparison test. *P < 0.05 and ***P < 0.001 (n =5-8). (B) Representative
immunofluorescent images from postorthotopic tracheal transplantation in the indicated times showing donor tracheal segments (BALB/cJ mice, green)
and recipient trachea (C57BL/6J mice, red). Scale bar, 1,000 wm (n=5-8). (C) Graph represents CO, versus CXCL12 levels at a given time. (D) Graph
represents CO, levels versus time after lung resection. (E) Graph represents CXCL12 levels versus time after lung resection. Patient cohort data were

analyzed by Fisher exact test. Rg=R-squared.

previously reported that CXCL12 levels are
decreased in delayed lung healing after
surgery (24), and in the present report we
found that hypercapnia inhibits CXCL12,
as suggested by unbiased analysis of lung
mRNA and quantitative analysis of
epithelial cells. The NF-«kB pathway

has been shown to be highly sensitive to
high CO, (40, 46), in particular the
noncanonical pathway involving IKKa
and RelB (41, 47). Interestingly,
expression of CXCLI12 is dependent on
the NF-«kB noncanonical pathway, which
explains the decreased CXCL12 observed
in the present study (42, 48). RelB, a
member of the NF-kB family, confers
transcriptional activity by associating
primarily with p52. However, the
precursor protein for p52 is p100, which
has predominantly inhibitory functions.
Controlled degradation of the C-terminal
inhibitory domain of the p100 precursor
protein within p100:RelB complex leads
to the formation of the transcriptionally
active p52:RelB heterodimer and
secretion of CXCL12 (49). Intriguingly,
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hypercapnia increases the cleavage and
nuclear localization of RelB. However, the
RelB translocated to the nucleus under
hypercapnia is cleaved in a different
position, leading to abnormal
transcriptional activity (41). Furthermore,
cleavage of RelB to the abnormally short
protein, as well as p100 translocation
under hypercapnia, is mediated by
activation of proteasome and could be
reversed by the proteasomal inhibitor
MG-132 (41). Our findings indicating
that MG-132 reverses hypercapnia-
mediated suppression of CXCL12 and
wound closure are, therefore, consistent
with previously published reports.
Together, we hypothesize that
hypercapnia suppresses Rac-1GTPase
through upregulation of AMPK as well as
inhibition of CXCL12 after injury.

We also found that CXCL12
improved wound healing in vivo in a
murine orthotopic tracheal transplant.

In this transplant model, there is
reepithelialization of the transplanted
donor segment with the recipient

Table 1. Characteristics of Study
Patients

Variable Overall (n=20)
Age, yr 59.8 +13.6
Female 9 (45)
BMI, kg/m? 28.9+9.6
Smoking history 13 (65)
CKD 1(5)
Pulmonary function

FEV1% 73.1x21.0
VC% 67.4+15.6
DLco% 67.1+19.8
Laboratory

Hemoglobin, g/dI 13.2+21
WBC, 1,000/l 8.7+6.5
Platelets, 1,000/l 291.2 +104.0
Sodium, mEg/L 138.6 +3.8
Creatinine, mg/dl 0.8+0.4
BUN, mg/dl 17.3+6.7
Albumin, g/dl 3.7+x0.7
INR 1.2+1.1

Definition of abbreviations: BMI=body mass
index; BUN = blood urea nitrogen; CKD = chronic
kidney disease; FEV, =forced expiratory volume
in 1 second; INR =international normalized ratio;
VC = vital capacity; WBC = white blood cell.
Data are shown as mean = SD or n (%).
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epithelium (28, 29, 50). The tracheal
epithelial cells isolated from the recipients
after the tracheal transplant demonstrated
increase in CXCL12, similar to the
epithelial cells in vitro, which was inhibited
in hypercapnic conditions. Furthermore,
the CXCLI12-Tg mice, in which CXCL12 is
constitutively expressed (26), did not have a
decrease in CXCL12 and improved
reepithelialization despite being in
hypercapnic conditions (24). The CXCL12-
Tg mice did not achieve a complete reversal
of wound healing compared with mice kept
at room air, which is likely due to the
inhibitory effects of hypercapnia on
epithelial cell proliferation or other effects
that were not rescue in these mice, because
CXCL12 does not affect epithelial cell

proliferation (24). Alternatively, it may be
possible that the constitutive production of
CXCL12 in this model is not sufficient to
overcome the suppressive effect of AMPK
on Racl-GTPase under hypercapnia. Our
patient data demonstrating a strong reverse
association between pleural hypercapnia
and pleural CXCL12 levels as well as lung
healing further provide clinical relevance
for our findings.

In summary, we demonstrate a
mechanistic link between hypercapnia,
cell migration, and alveolopleural and
bronchopleural leak resolution after lung
resection. We provide evidence of a
novel pathway of hypercapnia-mediated
inhibition of lung wound healing. Our data
are supportive of therapies to decrease

pleural hypercapnia to improve lung wound
healing after lung resection and reduce the
time course of alveolopleural/bronchopleural
leak. M
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