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Abstract

Accumulating evidence suggests that fibrosis is a multicellular
process with contributions from alveolar epithelial cells (AECs),

that of control mice treated with bleomycin. Deletion of CCL12
within AECs led to decreased recruitment of exudate macrophages.
Finally, injury to murine and human primary AECs resulted in
increased production of CCL2 and CCL12, in part through activation

recruited monocytes/macrophages, and fibroblasts. We have
previously shown that AEC injury is sufficient to induce fibrosis, but
the precise mechanism remains unclear. Several cell types, including
AECs, can produce CCL2 and CCL12, which can promote fibrosis
through CCR2 activation. CCR2 signaling is critical for the initiation
and progression of pulmonary fibrosis, in part through recruitment
of profibrotic bone marrow-derived monocytes. Attempts at
inhibiting CCL2 in patients with fibrosis demonstrated a marked
upregulation of CCL2 production and no therapeutic response. To
better understand the mechanisms involved in CCL2/CCR2
signaling, we generated mice with conditional deletion of CCL12,

a murine homolog of human CCL2. Surprisingly, we found that mice
with complete deletion of CCL12 had markedly increased
concentrations of other CCR2 ligands and were not protected from
fibrosis after bleomycin injury. In contrast, mice with lung epithelial
cell-specific deletion of CCL12 were protected from bleomycin-
induced fibrosis and had expression of CCL2 and CCL7 similar to

of the mTOR pathway. In conclusion, these data suggest that
targeting CCL2 may be a viable antifibrotic strategy once the
pathways involved in the production and function of CCL2 and
other CCR2 ligands are better defined.
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Clinical Relevance

Our findings demonstrate that CCL2/12 derived from injured
alveolar epithelial cells promotes lung fibrosis. We identify

a novel mechanism by which injury promotes CCL2/12
expression by alveolar epithelial cells. We demonstrate the
importance of alveolar epithelial cell-derived CCL2/12 in
recruiting profibrotic macrophages to the lung.

Pulmonary fibrosis is a devastating
condition resulting from diverse injuries to
the lung or from primary conditions such as
idiopathic pulmonary fibrosis (IPF).
Clinically, IPF results in a rapid and
progressive decline in lung function leading

to a poor quality of life and a median
survival of 3-5 years from the time of
diagnosis (1, 2). Despite intense research
into the pathogenesis of IPF and other
fibrotic disorders, therapeutic options
remain limited. Although a number of

profibrotic pathways have been identified,
clinical trials aimed at targeting these
pathways have mostly led to negative
results (3-6). These negative clinical trial
results may be due to incomplete
understanding of the profibrotic
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mechanisms and the cells involved that
lead to insufficient pathway inhibition,
opposing effects on pro- and antifibrotic
functions in diverse cell types, or the
upregulation of compensatory profibrotic
signaling factors (7). A greater
understanding of specific pathways and the
overall mechanism of lung fibrosis may
allow a refined and improved therapeutic
approach (8-10).

Fibrosis is a multicellular process that
involves contributions from different cell
types (7, 11). In addition to the
accumulation of activated fibroblasts, an
important role for alveolar epithelial cell
(AEC) injury/death and profibrotic
macrophage recruitment into the lung
(12-16) during fibrosis have been
implicated in numerous studies. Although
likely overly simplistic, a unifying model
holds that AEC injury leads to
production of cytokines that function to
recruit and activate bone marrow-derived
cells to the lung, which promotes
fibroblast activation and subsequent
fibrosis (14, 17-19).

Extensive evidence derived from
animal models, as well as human data,
demonstrates that CCL2 is involved in the
pathogenesis of pulmonary fibrosis (20).
CCL2 is a chemoattractant involved in the
recruitment of fibrocytes and profibrotic
macrophages (12, 21-24). Human CCL2
has two murine homologs: CCL2 and
CCL12. Despite the nomenclature, human
CCL2 has greater homology to murine
CCL12 than it does to murine CCL2 (22).
CCL2-null mice have been studied
extensively in many different disease
models; however, to our knowledge, mice
with complete or cell-selective deletion of
CCL12 have not previously been generated
or characterized, indicating that the
understanding of human CCL2 biology
remains inadequately studied in the context
of in vivo murine models. CCL2 and CCL12
both function through binding to their
receptor, CCR2. Other CCR2 ligands, most
notably CCL7, have also been implicated in
fibrosis (25). A fibrogenic role for CCR2
signaling in fibrosis was first demonstrated
in the FITC model of lung fibrosis (21).
Importantly, the profibrotic properties of
CCR2 were subsequently confirmed in
many other complementary models of
pulmonary fibrosis (12, 24). In one study,
neutralizing antibodies to CCL12, but not
to CCL2, prevented fibrosis, suggesting that
CCL12 is the more critical profibrotic

homolog of human CCL2 (22, 26). CCL2
and CCL12 are produced by multiple cell
types, including epithelial cells and

a number of distinct bone marrow—derived
cells, and although macrophages may
account for the highest expression of
CCL2/12 on a per-cell basis, the
functionally important cellular sources of
CCL2/12 during pulmonary fibrosis remain
unclear (26-30). CCL12 expression can be
induced in cultured AECs in vitro after
injury (22, 26); however, the pathways that
regulate CCL2/12 expression remain poorly
defined.

The strong evidence in support of
a profibrotic role for CCL2/CCR2 signaling
in pulmonary fibrosis led to a phase 2
clinical trial of a CCL2-neutralizing
antibody in patients with IPF (31). In this
trial, the CCL2-neutralizing antibody did
not alter the progression of lung function
decline compared with placebo.
Remarkably, the investigators noted that
the total serum CCL2 concentrations
increased approximately 10-100-fold from
baseline in patients treated with the CCL2-
neutralizing antibody. Perhaps more
striking, the concentration of free CCL2,
unbound to the neutralizing antibody, at 24
and 52 weeks was actually about twofold
higher than the baseline free CCL2
concentration in the patients treated with
CCL2-neutralizing antibody (31). Thus, the
primary conclusions of this clinical trial
were that the neutralizing antibody was not
effective in inhibiting CCL2 activity and
that the clinical impact of effective CCL2
inhibition remains untested. These data
suggest that although inhibition of CCL2
itself may be problematic because of the
compensatory increase in CCL2
production, inhibition of CCL2 activity and
the CCL2/CCR2 pathway has not been
optimally tested in humans and might still
be a viable therapeutic target.

In the present study, we generated mice
with complete and cell-selective conditional
deletion of CCL12. We found that complete
loss of CCL12 led to a dramatic
compensatory increase in expression of
other CCR2 ligands and had no overall effect
on fibrosis. Conversely, AEC-specific loss of
CCL12 led to a muted compensatory
response, reduced accumulation of
profibrotic macrophages, and attenuated
fibrosis. We also found that diverse injuries
to AECs can induce expression of CCL12
through the mTOR signaling pathway,
suggesting that the pathways which lead to
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AEC production of CCR2 ligands might be
a viable therapeutic target.

Methods

Mice

Floxed CCL12 mice were generated by
Ingenious Targeting Laboratory using

a targeting vector purchased from the
KOMP Repository. The flippase recognition
target (FRT)-flanked region of the resulting
mice was removed by crossing with
cytomegalovirus (CMV)/B-actin promoter-
FlpO mice purchased from The Jackson
Laboratory. The resulting floxed CCL12
mice were then backcrossed for at least 10
generations onto a C57BL/6 background.

To generate CCL12-null mice, floxed
CCL12 mice were crossed with mice
expressing Cre by the CMV/B-actin promoter,
resulting in recombination and deletion of
the floxed CCL12 gene in all cells, including
germ cells. The mice carrying the CCL12-null
allele were subsequently crossed to breed out
the CMV/[-actin promoter Cre transgene
and to generate CCL12-null homozygous
mice. The extent of floxed CCLI12 gene
recombination was verified by qPCR using
primers flanking the floxed region,
5'-CGATACCACGATATCAACAAG-3’
(forward) and 5'-CTCAGACCTAAC
TTCGTATAATG-3' (reverse), and
normalized using primers outside of the
floxed region, 5'-GGCTCTTACCTC
ATCCTT-3' (forward) and 5'-CGAAA
TGAAAGCTAGAGGAG-3' (reverse). AEC-
specific loss of CCL12 was generated by
crossing floxed CCL12 mice with surfactant
protein-C promoter-reverse tetracycline
transactivator (SPC-rtTA)/CMV promoter tet
operator Cre (tetO-Cre) transgenic mice (32),
and the mice were maintained on
doxycycline-containing chow during breeding
to specifically and permanently delete ccl12 in
lung epithelial cells and their derivatives. Mice
were used at 6-8 weeks old. All mice were
housed under specific-pathogen—free
conditions. The institutional animal care and
use committee at the University of Michigan
approved all the experiments.

Mice were injured with bleomycin as
described before (15, 33). Briefly, mice were
administered 40 .l of saline or bleomycin
(3 U/kg) dissolved in saline via
oropharyngeal aspiration (34). At the
indicated time points after injection, mice
were killed for collection of BAL, cells, and
lung tissue.
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Antibodies and Other Reagents
Antibodies against CCL12 were obtained
from R&D Systems. ELISA kits for human
CCL2, murine CCL2, and murine CCL12
were purchased from R&D Systems. ELISA
kits for murine CCL7 were obtained from
Abcam. Antibodies against mouse CD45,
CD16/32, Ly6C, and CD11b were ordered
from BD Biosciences. Antibodies against
murine CD11¢, CD45, and CD16/32 were
purchased from BioLegend. Anti-Scr
antibody was obtained from EMD
Millipore. Antibody for raptor (regulatory
associated protein of mTOR) was
purchased from Cell Signaling Technology.
Purified TGF-B1 (transforming growth
factor-B1) was obtained from R&D
Systems. Tunicamycin was purchased
from Sigma-Aldrich. Other reagents for
type II AEC isolation and culture were
described previously (18). Antibodies used
for flow cytometry are listed in Table E1 in
the data supplement and were described
before (12).

Hematoxylin and Eosin Staining and
Masson’s Trichrome Assay

Lung sections were analyzed as previously
described (35). Briefly, mice were killed
with CO,. Their lungs were inflated with
formaldehyde to a pressure of 25 cm H,0O
and fixed overnight. Tissues were
embedded in paraffin, sectioned, and
stained with hematoxylin and eosin or
Masson’s trichrome by McClinchey
Histology Labs.

Hydroxyproline Assay

A hydroxyproline assay was performed as
described before (36, 37). Briefly, either
entire lung lobes or right lung lobes were
isolated and homogenized at 3 weeks after
bleomycin administration. Tissue was
baked in 12N HCI overnight at 120°C.
Aliquots of tissue samples were neutralized
with citrate buffer and incubated with
chloramine T solution at room temperature
for 20 minutes. The samples were further
mixed with Erlich’s solution at 65°C for

15 minutes. Absorption at 540 nm was
measured. Total hydroxyproline content
was quantified by comparison against

a standard curve.

Isolation and Culture of Type Il AECs
Primary human type II AECs were
purchased from Cell Biologics. Primary
murine type II AECs were harvested as

624

described previously (11, 14, 32). Briefly,
lungs were perfused and lavaged after mice
were killed with CO,. Lungs were filled with
dispase for incubation at room temperature
for 45 minutes. Lungs were teased apart
and then incubated with DNase for 10
minutes. The digested samples were serially
passed through 70-pum, 40-pm, and 20-pm
filters. The cell suspension was incubated
with CD16/32 and CD45 antibodies at 37°C
for 30 minutes. A negative selection was
applied through a magnetic separator. The
remaining cells were further negatively
selected by plating on a plastic Petri dish for
1-2 hours. AECs were cultured in a 37°C,
5% CO, incubator. Some AECs were
treated with TGF-B (4 ng/ml), tunicamycin
(500 ng/ml), H,O, (500 wM), or
appropriate vehicle control. In some
experiments, AECs were pretreated with
Torin (100 nM) or vehicle control for

1 hour before treatment with TGF-B or
tunicamycin.

In some experiments, cells were first
treated with lentivirus encoding shRNA to
raptor versus scrambled shRNA as a control
as previously described. Briefly, the shRNA
vector was purchased from Open
Biosystems, and lentivirus was generated by
the University of Michigan Vector Core.
Lentivirus (5 pfu/cell) was used on Days 2
and 3 after AEC isolation to inhibit
expression of raptor (vs. lentivirus
encoding scrambled shRNA). After an
additional 24 hours, cells were analyzed
for expression of raptor by immunoblotting
or treated with tunicamycin or TGF-B as
before (36).

Gene Expression Analysis

Gene expression was analyzed through qRT-
PCR as described before (18, 36). Briefly,
RNA was isolated from either cells or lung
tissues with TRIzol reagent (Invitrogen)
according to the manufacturer’s
instructions. cDNA was synthesized with
the SuperScript IIT First-Strand Synthesis
Kit (Invitrogen). The POWER SYBR Green
PCR Master Mix Kit (Applied Biosystems)
was applied for RT-PCR on the Applied
Biosystems 7000 sequence detection
system. The fold changes in gene
expression were normalized to the
housekeeping genes B-actin and GAPDH.
Primer sequences used were as follows:
arginase, 5'-CAGAAGAATGGAAGA
GTCAG (forward) and 5'-CAGATATG
CAGGGAGTCACC (reverse); CCL2,
5-TTCTGGGCCTGCTGTTCACAG

(forward) and 5'-CTACTCATTG
GGATCATCTTGC (reverse); CCL7,
5'"-TGCTTTCAGCATCCAAGTGTG
(forward) and 5'-GGACACCGACTA
CTGGTGATC (reverse); CCL12, 5'-TAGC
TACCACCATCAGTCCTC (forward) and
5'-GGGACACTGGCTGCTTGTGAT
(reverse); CCR2, 5'-CCTTGGGAATG
AGTAACTGTGTGA (forward) and

5'- GACAGGATTAATGCAGCAGTGTGT
(reverse); and Scr, 5'-CATCGTTGTGTA
TGACTACCA (forward) and 5'-CCTGGA
AGTTCTGGAGTTTTCT (reverse).

ELISA

CCL2, CCL7, and CCL12 were measured in
AEC supernatants or lung homogenates by
using ELISA kits from R&D Systems and
Abcam according to the manufacturers’
protocols.

Immunoblot Assay

Immunoblot analysis was performed
using lung tissues or cells lysed in
radioimmunoprecipitation assay buffer as
described before (32, 38). Scanned
immunoblots are representative of at least
three independent experiments.

Single-Cell Lung Leukocyte Flow
Cytometry

Lungs from killed mice were minced and
digested with proteolytic enzymes to obtain
a single-cell suspension of leukocytes as
previously described (39). The flow
cytometric analysis and gating strategy used
to identify lung leukocyte subsets were
described in detail before (12), and
fluorochrome-conjugated antibodies used
for cell staining are listed in Table E1.
Briefly, cells were first stained with a fixable
viability dye (Zombie aqua; BioLegend)
following the manufacturer’s protocol.
After Fc receptors were blocked using anti-
CD16/32 antibody (clone 93; BioLegend),
cells were stained for cell surface markers
and then fixed with 2% formaldehyde
(Thermo Fisher Scientific) in PBS. Data
were acquired using an LSR II or
LSRFortessa flow cytometer (both from
BD Biosciences) and analyzed using
FlowJo software (FlowJo, LLC). At least
150,000 events in the CD45" gate were
acquired per lung sample. Thereafter, the
gating strategy detailed in Figure E5 was
used to identify Ly6C™" monocytes as
CD457CD3~CD19 Ly6G~ SSC**"Siglec

F CD11c CD11b" Ly6C™". Alveolar
macrophages were identified as CD45 ™"
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CD3~CD19 Ly6G ~FSC™/Pighgiglec
F*CD11¢"CD11b ™, and exudate
macrophages were identified as
CD457CD3~ CD19” Ly6G~ FSC™¥&hgjglec
F~ autofluorescent " CD11c"CD11b*. To
determine the number of cells in each
population of interest in each sample, the
corresponding percentage was multiplied by
the total number of viable CD45 ™" cells in that
sample. The latter value was calculated for
each sample as the product of the percentage
of viable CD45" cells and the original
hemocytometer count of total viable cells
identified within that sample. Cell sorting for
interstitial macrophages (defined as
CD11b"CD64%) was performed using

a FACSAria III cell sorter (BD Biosciences)
within the University of Michigan Biomedical
Research Core Facilities.

Statistical Analysis

Data are expressed as box-and-whisker
plots in which the middle line represents
the median, the box indicates the 25th and
75th percentiles, and the whiskers represent
the minimal and maximal values. For
evaluation of group differences, a two-tailed
Student’s t test was used, assuming equal
varjance. P < 0.05 was accepted as
significant.

Results

AEC Injury Leads to Increased
Expression of CCL2 and CCL12
Although increased concentrations of
CCL2 and CCL12 have been observed in
a number of models of pulmonary fibrosis,
whether these chemokines are produced
by AECs in vivo has not been well
demonstrated. We first injured wild-type
(WT) mice with bleomycin (or saline
control). In a time-course experiment, we
found that CCL2 and CCL12 expression
peaked at 10 days after bleomycin, and this
time point was chosen for subsequent
experiments (Figure E1). Ten days after
bleomycin, we found increased expression
of CCL2 and CCL12 mRNA and protein in
bleomycin-treated mice, consistent with
prior reports (Figures 1A and 1B) (23). To
further demonstrate upregulation of
CCL2/12 in AECs in vivo, 10 days after
bleomycin, AECs were isolated, and they
were also found to have increased CCL2
and CCL12 mRNA by qPCR and protein
by immunoblot analysis (Figures 1C and
1D). Purity of AECs isolated from saline-
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Figure 1. Injury promotes alveolar epithelial cell (AEC) production of CCL2 and CCL12. (A and B) Ten
days after intrapulmonary saline or bleomycin administration to wild-type (WT) mice, lungs were
analyzed for expression of CCL2 and CCL12 by gPCR (A) and ELISA (B). n=5-8. *P <0.05
compared with saline-treated mice. (C and D) Ten days after intrapulmonary saline or bleomycin
administration to WT mice, AECs were harvested and analyzed for expression of CCL2 and
CCL12 by gPCR (C) and immunoblotting (D). n=5-8. *P < 0.05 compared with saline-treated.
Concentrations of Scr (SPC) were similar. (E) Conditioned media from primary AECs injured with
TGF-B (transforming growth factor-g), tunicamycin, or H>O, were analyzed for CCL2 and CCL12 by
ELISA. n=6. *P <0.05. bleo = bleomycin; gPCR = gquantitative PCR.

and bleomycin-treated mice was verified
by confirming expression of Scr (Figures
1D and E2), and isolated AECs were not
contaminated with CD45-expressing
leukocytes (Figure E3). AEC injury is
known to occur in the bleomycin model
through a number of pathways relevant to
human disease, including endoplasmic
reticulum stress, oxidative stress, and
TGF-B (3, 15, 32). Murine primary AECs
were cultured and treated with
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tunicamycin (an inducer of endoplasmic
reticulum stress), TGF-B (an inducer of
AEC injury/apoptosis), and H,0, (an
inducer of oxidative stress). After 24
hours, conditioned media from injured
AECs were found to have increased
concentrations of CCL2 and CCL12
after induction of endoplasmic reticulum
stress and TGF- exposure (Figure 1E).
Oxidative stress resulted in a trend
toward increased concentrations of CCL2
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and CCL12, but the increased expression
did not reach statistical significance.
Collectively, these studies demonstrate
that various AEC insults, both in vitro and
in vivo, lead to increased production and
release of CCL2 and CCL12.

Generation of CCL12-Null Mice and
Mice with AEC-Specific Deletion of
CCL12

To determine the importance of AEC-
specific CCL12, we generated floxed
CCL12 mice using a targeting vector from
the KOMP Repository. The FRT-flanked
neomycin selection cassette was removed
from the resulting mice by crossing with
a transgenic mouse constitutively
expressing FlpO. The FIpO transgene was
bred out, and the resulting floxed CCL12
mice (Figure 2A) were backcrossed for at
least 10 generations onto a C57BL/6
background. Floxed CCL12 mice were
crossed with a CMV-Cre transgenic
mouse, resulting in recombination of the
floxed CCL12 allele in all cells including
the germline. These mice were crossed to
breed out the Cre transgene and to yield
homozygous mice with complete deletion
of CCL12. Deletion of CCL12 was
confirmed by immunoblotting from

lung lysate of CCL12-null mice

(Figure 2B) as well as other tissue (not
shown). AEC-specific deletion of CCL12
was achieved by crossing floxed CCL12
mice with transgenic mice in which
expression of the reverse tetracycline
transactivator is regulated by the SPC
promoter (SPC-rtTA) with expression of
Cre regulated by a CMV-tetO promoter
(tetO-Cre). Breeding pairs were
maintained on doxycycline chow to
remove CCL12 expression in lung
epithelial cells of developing SPC-
rtTA/tetO-Cre/floxed CCL12 (SCccl12)
mice. AEC-specific deletion of CCL12
was confirmed by immunoblot analysis
(Figure 2C) demonstrating preserved
concentrations of CCL12 in lung lysate
and alveolar macrophages, as well as
near-complete loss of CCL12 in

AECs. Furthermore, CD64"CD11b™"
interstitial macrophages from CCL12-null
mice demonstrated complete
recombination of the floxed CCL12 gene,
whereas interstitial macrophages from
SCccl12 mice demonstrated no
recombination of the floxed CCL12

by qPCR (Figure E4).
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Figure 2. Generation and validation of mice with complete and AEC-specific deletion of CCL12.
(A) Schematic of the floxed CCL12 allele. Cells expressing Cre recombinase will have removal of exon
2, leading to a frameshift and lack of expression thereafter. (B) Floxed CCL12 mice were crossed with
mice expressing a constitutive Cre recombinase resulting in a CCL12-null allele. Homozygous
CCL12-null mice have complete loss of CCL12, demonstrated by immunoblot from whole

lung. (C) Floxed CCL12 mice were crossed with mice carrying the Scr reverse tetracycline
transactivator (SPC-rtTA) and tetO-cytomegalovirus-Cre (tetO-Cre) alleles. SPC-rtTA/tet-O
Cre/floxed CCL12 (SCccl12) mice have reduced expression of CCL12 in the whole lung, normal
expression of CCL12 in macrophages isolated from the lungs, and loss of CCL12 from isolated
AECs. loxP = locus of X-over P1; mac = macrophages.

CCL12-Null Mice Are Not Protected
from Fibrosis

We first injured CCL12-null and WT
control mice with bleomycin. After 3 weeks,
fibrosis was assessed by examining
trichrome-stained lung sections and

by hydroxyproline assay. Surprisingly,
CCL12-null mice were not protected from
fibrosis. To determine if there was
compensatory upregulation of other CCR2
ligands, we measured concentrations of
CCL2 and CCL7, which are both CCR2
ligands that have been implicated in fibrosis
(25). CCL12-null and WT mice were
injured with bleomycin as before. After 10
days, lungs were analyzed for CCL2, CCL7,
and CCL12 expression by qPCR and
ELISA. As expected, lungs from WT mice
exhibited a marked increase in CCL2,

CCL7, and CCLI12 expression after
bleomycin injury. Lungs from CCL12-null
mice, however, exhibited a much more
robust increase in CCL2 and CCL7
expression after bleomycin than those from
WT mice (Figure 3).

Mice with AEC-Specific Deletion of
CCL12 Are Protected from Fibrosis
Next, SCccl12 mice (or littermate control
animals lacking one of the transgenes) were
injured with saline or bleomycin. After

3 weeks, fibrosis was assessed as before.
SCccl12 mice with AEC-specific deletion of
CCL12 had an attenuated fibrotic response
to bleomycin (Figure 4). As with the
CCL12-null mice, SCccl12 mice were
analyzed for expression of CCL2 and CCL?7.
As expected, control mice had a marked
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Figure 3. CCL12-null mice are not protected from bleo-induced fibrosis. (A-D) Trichrome staining of lung sections of WT (A and C) or CCL12-null

(B and D) mice 21 days after saline (sal) (A and B) or bleo (C and D). Scale bars: 200 pm. (E) Hydroxyproline assay of WT control and CCL12-null mice
21 days after sal or bleo. n=5-8 per group. (F) Lung expression of CCL2, CCL7, and CCL12 by gPCR of WT control (ctl) or CCL12-null mice 10 days
after sal or bleo injury. n=4-6 per group. *P < 0.01 compared with ctl mice treated with bleomycin. (G) Concentrations of CCL2, CCL7, and CCL12
measured by ELISA from lung lysates of ctl or CCL12-null mice 10 days after saline or bleomycin. n=4-8 per group. *P <0.01 compared with

WT mice treated with bleo.

increase in expression of CCL2, CCL7, and
CCL12 after bleomycin injury. SCccl12
mice had an attenuated increase in CCL12
expression. Concentrations of CCL2 and
CCL7 in SCccl12 mice injured with
bleomycin trended higher than those in
control mice injured with bleomycin, but
the differences were not statistically
significant. Collectively, these results
indicated that SCccll12 mice injured

with bleomycin exhibit a muted
compensatory upregulation of CCL2 and

CCL7 lung expression compared with
control mice.

AEC-derived CCL12 Is Involved in
Recruitment of Exudate

Macrophages

We and others have shown that fibrosis is
associated with recruitment of bone
marrow-derived cells into the lung and that
many of these cells are monocytes which
subsequently differentiate into monocyte-
derived “exudate” macrophages that display

Yang, Agarwal, Ling, et al.. CCL2/12 from Injured AECs Promotes Fibrosis

a profibrotic phenotype (12, 16, 24, 40-42).
CCR2 signaling is critical for recruitment of
bone marrow-derived cells, such as exudate
macrophages, during fibrosis (12).
However, the important ligand or the
cellular source of the ligand remains
unknown. To determine if CCL12
specifically released from AECs influenced
accumulation of bone marrow-derived cells
into the lung, SCccl12 and littermate
control mice were injured with bleomycin
(or saline). Ten days after bleomycin
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mice treated with bleo.

treatment, lung single-cell leukocyte
suspensions from WT and SCccl12 mice
were analyzed by flow cytometry as
previously described (Figure E5) (12, 43).
As expected, WT mice injured with
bleomycin had a significant increase in both
Ly6C-positive monocytes and exudate
macrophages, which have previously been
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associated with lung fibrosis (12). SCccl12
mice demonstrated a significantly
attenuated increase in the numbers of
exudate macrophages and a trend toward
decreased concentrations of Ly6C"&"
monocytes after bleomycin compared with
control mice treated with bleomycin
(Figure 5).

CCL2 and CCL12 Production after
Injury Is Mediated through the mTOR
Pathway

A recent report suggests that epithelial cell
production of CCL2 can be regulated
through a noncanonical mTOR pathway
(44). The mTOR pathway has been
implicated in fibrosis, but the precise
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mechanism remains unclear (45). To
explore the possibility that mTOR signaling
is involved in expression of CCL2 and
CCL12 by AECs, primary murine AECs
were cultured and injured with TGF-$ or
tunicamycin as before. Some wells were
pretreated with the mTOR inhibitor Torin
(100 nM) or vehicle control for 1 hour
before treatment with TGF-$ or
tunicamycin. As before, we observed
increased concentrations of CCL2 and
CCL12 in the conditioned media of AECs
treated with TGF-3 and tunicamycin. AECs
pretreated with Torin had a marked
reduction in CCL2 and CCL12 production
(Figure 6), supporting a role for the mTOR
pathway in CCL2 and CCL12 expression.
To confirm these results in human AECs,
primary human AECs were cultured and
treated with tunicamycin, TGF-f, and
Torin. Similar to the murine AECs, primary
human AECs demonstrated a marked
increase in CCL2 production that was
blocked by mTOR inhibition. Finally, to
substantiate a role for the mTOR pathway,

we used lentivirus-mediated shRNA against
raptor, which is part of the mTORC1
complex. Primary AECs treated with
shRaptor had decreased concentrations of
raptor verified by immunoblotting

(Figure 7A). As with AECs treated with
Torin, AECs with suppressed expression of
raptor had an attenuated upregulation of
CCL2 and CCL12 in response to TGF-
and tunicamycin (Figures 7B and 7C).

Discussion

Numerous animal model and human
sample studies have suggested that
CCL2/CCL12 signaling through CCR2 is

a prominent profibrotic pathway (21, 23, 31,
39, 46). However, the cellular source, the
pathways involved in CCR2 ligand
production, and the profibrotic function of
CCR2 activation remain unclear. We found
that mice with complete deletion of CCL12
are not protected from fibrosis, whereas
mice with lung epithelial cell-specific
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deletion of CCL12 are protected from
fibrosis. CCL12-null mice exhibit a much
more robust compensatory increased
expression of CCL2 as well as CCL7, which
is also a ligand for CCR2 and other C-C
chemokine receptors (47), than do SCccl12
mice or control mice. Both of our
transgenic mouse models displayed
different degrees of compensatory cytokine
expression. Although the degree of
compensation of CCR2 ligand expression
was less in the SCccl12 mice, these mice still
expressed increased concentrations of
CCL2 and CCL7 (compared with control
mice), which may have contributed to the
incomplete inhibition of fibrosis. Notably,
CCLY7 has been implicated as a profibrotic
cytokine, and increased concentrations

of CCL7 have been observed in IPF

lung tissue (25). It is unclear if a
monocyte/macrophage autocrine negative
feedback loop regulates expression of
CCR?2 ligands leading to the marked
overexpression of CCL2 and CCL7 in mice
with total deletion of CCL12 compared
with mice with AEC-specific deletion of
CCLI12 or if there is a threshold effect below
which there is a more prominent response
in expression of CCR2 ligands. In contrast
to complete deletion of CCL12 in this
study, inhibition of CCL12 with

a neutralizing antibody was effective at
attenuating fibrosis in a mouse model (22),
which could support a threshold effect, and
there may be a narrow therapeutic window
within which CCL12 signaling is inhibited
without a resulting upregulation of other
CCR2 ligands. Potentially, this therapeutic
window may narrow further as
upregulation of CCR2 ligand expression
continues over time. This notion is
consistent with a recent phase 2 clinical
trial of carlumab, a CCL2-neutralizing
antibody that did not reduce the
progressive decline in lung function that is
characteristic of patients with IPF (31).
Similar to results of other clinical trials
targeting CCL2, patients with IPF treated
with a CCL2-neutralizing antibody
demonstrated a marked compensatory
increase in serum concentrations of total
and free CCL2, suggesting that direct
inhibition of CCL2 as therapy is
problematic because of loss of negative
feedback regulation of CCL2 expression.
Further attempts at inhibiting the
CCL2/CCR2 pathway for fibrotic therapy
could be directed at the chemokine
receptors. For example, there is currently
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interest in dual inhibition of CCR2
and CCR5 as a potential antifibrotic
treatment (48).

Other approaches to inhibiting CCR2
signaling might focus on production of
CCR?2 ligands, which would require
a greater understanding of the cellular
source of the CCR2 ligands and the signaling
pathways involved in their expression. We
have previously shown that primary AECs
can respond to TGF-f by undergoing
apoptosis (11, 15, 32). Others have reported
that endoplasmic reticulum stress is
another inducer of AEC injury and
apoptosis in the context of fibrosis. AEC
injury is a common theme in fibrotic
diseases and in animal models of fibrosis,
but the mechanism by which epithelial cell
injury promotes fibrosis remains unknown.
We found that, during injury, AECs
respond by producing profibrotic CCL2.
The in vivo relevance of AEC-derived CCL2
has not previously been adequately studied,
owing to lack of an appropriate animal
model with targeted deletion of CCL12,

a murine homolog of human CCL2. In the
present study, we found that mice with
AEC-specific deletion of CCL12 were
protected from fibrosis and had reduced
recruitment of exudate macrophages to the
lung. A recent report suggested that
mTOR/mTORCI is a novel pathway which
regulates expression of CCL2 in malignant
epithelial cells and is involved in
recruitment of tumor-associated
macrophages (44). Furthermore, mTOR
itself has been implicated as a profibrotic
pathway. We similarly found that
expression of CCL2 by injured primary
murine and human AECs is mediated
through an mTOR pathway. Interestingly,
mTOR inhibition did not influence the
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expression of CCL2 or CCL12 by
macrophages (data not shown), suggesting
that AECs and macrophages regulate CCL2
and CCL12 expression by distinct
mechanisms. Although several reports have
indicated that AECs can upregulate CCL2
and CCLI12 after insult, not much is known
about the pathways involved in expression
of CCL2 or CCL12 in AECs. Future studies
could focus on mechanisms involved in
CCL2 expression that might offer
additional targets for fibrotic therapy. In
human epithelial cancer cells, CCL2
transcription was mediated by the
transcription factor FOXK1 (forkhead
box protein K1) downstream of
mTOR/mTORCI signaling (44). Whether
this is also true in AECs after injury or if
activation of mTOR/mTORCI leads to
induction of CCL2/CCL12 expression
through different transcription factor(s)
will be the subject of future studies.

In this study, we found that AECs are
a critical source of CCL2/CCL2 during
fibrosis. Recent single-cell RNA sequencing
analysis from human and murine normal
and fibrotic lungs indicated that interstitial
macrophages express high concentrations of
CCL2 and CCL12, whereas fewer AECs
express CCL2 or CCL12 (29, 30).
Interestingly, there does appear to be
increased expression of CCL2 in AECs
isolated from fibrotic IPF lung compared
with normal human AECs (29), consistent
with the results of this study. The numbers
of CCL2/CCL12-expressing AECs may be
underrepresented in these reports, because
injured AECs or AECs in the early stages of
apoptosis may be particularly vulnerable to
cell death and loss during the single-cell
isolation protocol. Furthermore, recent
studies have indicated that single-cell

RNA-sequencing analysis has a fairly high
lower limit of detection, known as the
“dropout effect” (49-51). Therefore, AECs
may express lower concentrations of CCL2
and CCL12 below the detection limit of
single-cell RNA-sequencing analysis, but
they may still account for a significant
amount of total CCL2/CCL12, given the
abundance of AECs in the lung. Although
we cannot exclude the possibility that
nonspecificity of the SPC-rtTA/tetO-Cre
transgenes are targeting recombination and
removal of cell types other than lung
epithelial cells, we believe that this is less
likely, given the extensive literature
describing this approach, the lack of
contaminating macrophages in our AEC
preparation (Figure E2), and the lack of
recombination of floxed CCL12 within
alveolar and interstitial macrophages in
SCccl12 mice (Figures 2 and E4).

Finally, the effector cells and the
mechanisms by which CCR2 activation
causes fibrosis remain unclear. Prior reports
have suggested that CCR2 activation is
required for accumulation of profibrotic
hematopoietically derived cells. The
signaling mechanisms involved in CCR2-
dependent chemotaxis and the function of
these cells remain unclear and could be
additional targets for fibrosis. We found that
exudate macrophages are recruited to the
lung by a mechanism dependent on AEC-
derived CCLI12. This is consistent with our
prior report in which AEC-specific injury
results in accumulation of exudate
macrophages and fibrosis in a CCR2-
dependent mechanism (12). Interestingly,
in both our prior report and the present
study, there were no differences in the
numbers of alveolar macrophages,
suggesting that recruited exudate
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group. *P < 0.01 compared with AECs treated with shScr.

macrophages are an important cell type in
supporting fibrosis. Recently, numerous
studies have suggested an important role
for monocyte-derived macrophages in
fibrosis (12, 16, 40, 52). Most of these
studies have shown an association between
fibrosis and accumulation of these bone
marrow—-derived cells. The function of these
cells in the direct contribution of matrix

deposition and/or supporting other
fibrogenic effector cells through
paracrine activities remains controversial
(38, 53).

Collectively, our data show that CCL2
and CCL12 are produced by AECs after
injury, leading to exudate macrophage
recruitment and subsequent lung fibrosis.
Our studies suggest that targeting the

CCL2/CCR2 pathway may be a viable
therapeutic target after gaining a better
understanding of the pathways involved in
expression of CCL2 and the mechanisms
involved in compensatory cytokine
production. H

Author disclosures are available with the text
of this article at www.atsjournals.org.
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