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Mutations of human telomerase RNA component (TERC) and
telomerase reverse transcriptase (TERT) are associated with a
subset of lung aging diseases, but the mechanisms by which
TERC and TERT participate in lung diseases remain unclear. In
this report, we show that knock-out (KO) of the mouse gene Terc
or Tert causes pulmonary alveolar stem cell replicative senes-
cence, epithelial impairment, formation of alveolar sacs, and
characteristic inflammatory phenotype. Deficiency in TERC or
TERT causes a remarkable elevation in various proinflamma-
tory cytokines, including IL-1, IL-6, CXCL15 (human IL-8 ho-
molog), IL-10, TNF-«, and monocyte chemotactic protein 1
(chemokine ligand 2 (CCL2)); decrease in TGF-B1 and
TGEPBRI receptor in the lungs; and spillover of IL-6 and
CXCL15 into the bronchoalveolar lavage fluids. In addition to
increased gene expressions of a-smooth muscle actin and
collagen 1lal, suggesting myofibroblast differentiation,
TERC deficiency also leads to marked cellular infiltrations of
a mononuclear cell population positive for the leukocyte
common antigen CD45, low-affinity Fc receptor CD16/CD32,
and pattern recognition receptor CD11b in the lungs. Our
data demonstrate for the first time that telomerase deficiency
triggers alveolar stem cell replicative senescence-associated
low-grade inflammation, thereby driving pulmonary prema-
ture aging, alveolar sac formation, and fibrotic lesion.

Telomerase is a ribonucleoprotein complex that operates to
maintain telomeres (chromosomal ends), counteracting cell
division-associated telomere shortening in the stem cell com-
partment and cancer (1, 2). Loss-of-function gene mutations on
telomerase subunits occur in a number of diseases (3, 4), includ-
ing dyskeratosis congenita (5, 6), aplastic anemia (7, 8), liver
cirrhosis (9, 10), and idiopathic pulmonary fibrosis (IPF)* (11—
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14). This association of telomerase gene mutations with aging-
related diseases of various tissues may implicate telomerase as
playing a key role in undifferentiated stem cells of different
tissues to prevent the specific tissues from premature aging.
Thus, telomerase loss of function is considered to be a key risk
factor in causing telomere dysfunction and premature replica-
tive senescence of tissue stem cells across different tissues and
organs (3). A syndrome complex has been demonstrated in a
subset of IPF patients with telomerase mutations and increased
incidence of bone marrow failure (11). A comorbidity of aplas-
tic anemia, myelodysplasia, leukemia, and pulmonary fibrosis
has also been shown to involve telomerase mutations (15), but
the mechanisms common to tissue-specific development of
pathologies following telomerase mutations remain unclear
(16,17).

Experimental studies on animals have demonstrated certain
causal roles of telomerase deficiency in compromised tissue
homeostasis and dysfunctional organs (18 —21). Knock-out of
telomerase RNA component (TERC) or telomerase reverse
transcriptase (TERT) causes the phenotypes resembling dysk-
eratosis congenita (22, 23) and bone marrow failure (19, 23, 24).
In the lungs of TERC-deficient mice, elevated apoptosis of alve-
olar stem cells (alveolar epithelial type II cells (AECII)) (25),
hindered tissue growth in partial pneumonectomies (26). Fur-
thermore, an increased susceptibility to cigarette smoke-asso-
ciated emphysematous changes that is independent of cigarette
smoking-induced increases in alveolar macrophages (27) has
been shown. Intriguingly, mice with TERC deficiency and short
telomeres do not show obvious pulmonary fibrosis (27),
whereas mice that have developed pulmonary fibrosis from
bleomycin insult require telomerase activity (28 —30), mirror-
ing the findings that the majority of IPF lung samples showed
increased telomerase activity (30).

phycocyanin; PE, phycoerythrin; AECI and AECII, alveolar epithelial type |
and Il cell(s), respectively; a-SMA, a-smooth muscle actin; Col1a1, collagen
type 1 al; BAL, bronchoalveolar lavage; CCL2, chemokine ligand 2; TIF,
telomere dysfunction-induced focus; SPC, surfactant protein-C; EpCAM,
epithelial cell adhesion molecule; DDR, DNA damage response; HP 1+, het-
erochromatin protein 1+; SALI, senescence-associated, low-grade inflam-
mation; SASP, senescence-associated secretory phenotype; tSASP, telom-
ere-induced SASP; tSALI, telomere-induced SALI; NK, natural killer; G1, G2,
and G3, generation 1, 2, and 3, respectively.

JOURNAL OF BIOLOGICAL CHEMISTRY 30813


mailto:jun-ping.liu@monash.edu
mailto:jun-ping.liu@monash.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.681619&domain=pdf&date_stamp=2015-10-30

Telomerase Deficiency Causes Pulmonary Low-grade Inflammation

To investigate how telomerase participates in the develop-
ment of pulmonary aging-associated disorders, we reasoned
that telomerase deficiency initiates alveolar stem cell telomere
loss-induced replicative senescence and a proinflammatory
microenvironment to drive further abnormalities. Using TERC
or TERT knock-out (KO) mice, we found a significant increase
in the aging populations of AECII with a marked reduction in
the total AECII number in the lungs. Increased gene expres-
sions of a-smooth muscle actin (a-SMA) and collagen type 1 a1
(Collal) occurred to the telomerase-deficient pulmonary
interstitium, and several inflammatory cytokines were mark-
edly increased in the bronchoalveolar lavage (BAL) fluids of
TERC KO mice, including IL-6, CXCL15, tumor necrosis fac-
tor-a (TNF-a), and monocyte chemotactic protein-1 (also
known as chemokine ligand 2 (CCL2)). Furthermore, a number
of cell populations positive for the leukocyte common antigen
CD45, low-affinity Fc receptor CD16/CD32, or pattern recog-
nition receptor CD11b were remarkably detected at significant
levels in the lungs of TERC KO mice. The data demonstrate for
the first time a telomerase deficiency- and telomere shortening-
induced pattern of pulmonary alveolar stem cell replicative
senescence-associated low-grade inflammation in lung tissues.
The innate immune response, including extracellular accumu-
lations of proinflammatory cytokines, mononuclear immune
cells, and differentiated myofibroblasts, may underlie the devel-
opment of pulmonary premature aging and aging-related
disorders.

Experimental Procedures

Animals and AECII Isolation—All of the mice used were on
the C57BL/6] genetic background. Wild type mice, homozy-
gous TERT-null mice (31), and homozygous TERC-null mice
(18) were kept in the Animal Experimental Center of Hangzhou
Normal University. Mating of generation 1 (G1 /") mice to
each other generated generation 2 (G27/7), and G2™/~ mice
mated to produce G3~/~ mice. Wild type Tert or wild type
TERC mice were used as control. G2 or G3 TERC-null mice at
2.5-3 months old and G3 TERT-null mice at 9 months old were
tested with comparable ages of WT mice. Animals were housed
in specific pathogen-free (SPF) conditions, bred and main-
tained at the AEC, Hangzhou Normal University. All animal
experiments were approved by the Animal Care and Ethics
Committee at Hangzhou Normal University.

Isolation of murine AECII was done by following the pub-
lished protocol (32, 33). First, Mice were anesthetized with 1%
of sodium pentobarbital through intraperitoneal injection (70
wl/10 g). Then the abdominal aorta was intersected, and mice
were perfused through the right ventricle with 10 ml of PBS to
reduce lung blood content. Dispase (1 ml, 0.25% in DMEM) was
injected into the lung to initiate tissue digestions. The lungs
were removed from the chest, separated from the heart and
thymus, cleaned from connective tissue, and immerged in 1 ml
of 0.25% dispase for incubation at 37 °C for 2 h. The pulmonary
lobes were dissected into small pieces and filtered with a nylon
membrane. The pulmonary cells were stained with APC-la-
beled epithelial cell adhesion molecule (EpCAM) (Biolegend),
PE-CY5.5-CD45 (Biosciences), and PE-T1a (podoplanin) (Bio-
legend) antibodies, followed by elimination of red blood cells
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using a lysis buffer (BD Biosciences). Cells were sorted by a flow
cytometer (Influx, BD Biosciences). AECII were captured as
EpCAM-positive and CD45- and podoplanin-negative cells for
further analysis.

Telomere Fluorescence in Situ Hybridization (FISH)—The
sorted AECII were attached to microscope glass slides using a
cytospin machine (Thermo); fixed at —20°C in 100% cold
methanol for 10 min; dehydrated in ethanol with 70, 95, and
100% EtOH for 5 min consecutively; and air-dried for ~2 min.
A hybridizing solution (70% formamide, 0.5% blocking reagent,
10 mm Tris-HCI, pH 7.2) containing the Cy3-labeled peptide
nucleic acid probe (Panagene, F1002) was added to each slide.
The cells were denatured by heating for 10 min at 80 °C on a
heat block and were incubated in the dark overnight at 4 °C.
Cells were washed twice with 70% (v/v) formamide, 10 mm Tris-
HCI, pH 7.2, before three washes in PBS. The cells were air-
dried for a few minutes before DNA was counterstained with
DAPI. The telomere signals from Cy3-peptide nucleic acid
were captured with an Axiolmager M2 microscope (Carl Zeiss),
a X63 oil objective, and Metafer 4 software (Metasystems,
Germany).

Telomere Dysfunction-induced Focus (TIF) Analysis—Cells
were incubated with primary antibody for 1 h at room temper-
ature and washed in PBS three times for 10 min each, followed
by secondary antibody incubation in blocking solution for 30
min at room temperature. Cells were fixed with 2% (w/v) para-
formaldehyde for 5 min at room temperature; washed in PBS
twice; dehydrated in ethanol with 70, 95, and 100% EtOH for 5
min consecutively; and dried in air. The rest procedure was
same as in the FISH protocol. For statistical analysis, more than
two 53BP1 signals co-localized with telomere signals were cap-
tured with a deconvolution microscope (DeltaVision, Applied
Precision).

Senescence Analysis by B-Galactosidase (B-Gal) Staining—
B-Galactosidase staining was performed to detect senescent
cells by incubating cells with 200 ul of staining mixture per
tissue stock on slides (1 mg/ml X-gal solution, 5 mm potassium
ferrocyanide, 5 mMm potassium ferricyanide, 20 ul of 10X stain-
ing solution, pH 6.0). The stained slides were incubated in a
sealed and wet box at 37 °C for 24 h. Slides were soaked in hot
PBS on a shaker to dissolve the precipitated crystal for a clean
background and counterstained with nuclear fast red solution
for 30 min at room temperature. The cells were rinsed and
sealed by resin for observation under the microscope.

Flow Cytometric B-Galactosidase Activity Analysis—To mea-
sure 3-galactosidase activity in AECII by flow cytometry, pul-
monary lobes were digested by dispase. Pulmonary cell suspen-
sion was incubated with chloroquine at 37 °C for 1 h and then
with fluorogenic substrate C12FDG for 20 min at 37 °C. Mem-
brane-permeable C12FDG is a non-fluorescent substrate of
B-galactosidase and emits green fluorescence after hydrolysis
of the galactosyl residues and becomes confined within the cell
(34). The incubation was stopped with prechilled PBS, which
was followed by incubating the cell suspension with AECII
markers at 4 °C for 40 min. Cells were loaded on a Fotessa flow
cytometer (BD Biosciences). Data were acquired and analyzed
with Flowjo software.
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TABLE 1
Primer sequences used in quantitative PCR analysis

Gene name Oligonucleotide name Primer sequence
Spc q-m-Sftpce-f Forward: 5'-CCTCGTTGTCGTGGTGAT-3"
q-m-Sftpc-r Reverse: 5'-GGTAGCGATGGTGTCTGC-3’
Podoplanin (T1a) q-m-Tla-f Forward: 5’ -TCCACCTCAGCAACCTC-3'
q-m-Tla-r Reverse: 5'~-GCTAACAAGACGCCAACTA-3'
P15 q-m-p15-f Forward: 5'-AGATCCCAACGCCCTGAAC-3’
q-m-pl5-r Reverse: 5'-CCCATCATCATGACCTGGATT-3'
Pi6 q-m-pl6-f Forward: 5'-CATCTGGAGCAGCATGGAGTC-3'
q-m-pl6-r Reverse: 5'-GGGTACGACCGAAAGAGTTCG-3’
P21 q-m-p21-f Forward: 5'-CCAATCCTGGTGATGTCCG-3’
q-m-p21-r Reverse: 5'-TCAAAGTTCCACCGTTCTCG-3"
Acta2 (a-SMA) q-m-aSMA-f Forward: 5'-CCGAGCGTGAGATTGTCC-3"
q-m-aSMA-r Reverse: 5'-CGTCAGGCCAGTTCGTAGC-3'
Collal q-m-Collal-f Forward: 5'-CCTACTCAGCCGTCTGTGCC-3'
q-m-Collal-r Reverse: 5'-AGCCCTCGCTTCCGTACTCG-3'
TgfB1 q-m-Tgfbl-f Forward: 5'-GAAGCAGTGCCCGAACC-3'
q-m-Tgfbl-f Reverse: 5'~AGCCACTCAGGCGTATCAG-3'
TgfBri q-m-Tgfbrl-f Forward: 5'-CAGCTCCTCATCGTGTTGGT-3'
q-m-Tgfbrl-r Reverse: 5'-CAGAGGTGGCAGAAACACTG-3"
TgfBrii q-m-Tgfbr2-f Forward: 5'-ATGCATCCATCCACCTAAGC-3'
q-m-Tgfbr2-r Reverse: 5'-TGTCGCAAGTGGACAGTCTC-3’
Bmpria q-m-Bmprla-f Forward: 5'-CTTCTCCAGCTGCTTTTGCT-3'
q-m-Bmprla-r Reverse: 5'-AACGACCCCTGCTTGAGATA-3'
Bmprib q-m-Bmprlb-f Forward: 5'-TGTAAATGCCACCACCACTG-3'
q-m-Bmprlb-f Reverse: 5'-TGACAACAGGCATTCCAGAG-3'
Bmprii q-m-Bmpr2-f Forward: 5'-ACCGCTTTTGCTGCTGTAGT -3’
q-m-Bmpr2-r Reverse: 5'-CAGAAACTGATGCCAAAGCA-3'
Illo q-m-ILla-f Forward: 5'-TCTGCCATTGACCATCTC-3"
q-m-ILla-r Reverse: 5'-ATCTTCCCGTTGCTTGAC-3’
i q-m-IL1b-f Forward: 5’ -GCTGAAAGCTCTCCACCTCA-3'
q-m-IL1b-r Reverse: 5'-AGGCCACAGGTATTTTGTCG-3"
12 q-m-IL2-f Forward: 5'-AAGCTCTACAGCGGAAGCAC-3'
q-m-IL2-r Reverse: 5'-ATCCTGGGGAGTTTCAGGTT-3"
Il6 q-m-IL6-f Forward: 5'-GTTCTCTGGGAAATCGTGGA-3'
q-m-IL6-r Reverse: 5'-TTCTGCAAGTGCATCATCGT -3’
s q-m-IL8-f Forward: 5'-ATCTTCGTCCGTCCCTG-3'
q-m-IL8-r Reverse: 5'-CAACAGTAGCCTTCACCC-3’
1o q-m-IL10-f Forward: 5’ -CAGCCGGGAAGACAATAACT-3'
q-m-IL10-r Reverse: 5'-ATGTTGTCCAGCTGGTCCTT-3"
Tnfo q-m-Tnfa-f Forward: 5'-CCCCAAAGGGATGAGAAGTT-3'
q-m-Tnfa-r Reverse: 5'-CACTTGGTGGTTTGCTACGA-3'
Ccl2 q-m-CCL2-f Forward: 5'-CCCTGTCATGCTTCTGG-3'
q-m-CCL2-r Reverse: 5'-TCATTGGGATCATCTTGC-3’
B-Actin q-m-fB-actin-f Forward: 5’ -CAGCCTTCCTTCTTGGGTAT-3’

q-m-B-actin-r

Reverse: 5'-TGGCATAGAGGTCTTTACGG-3’

Immunofluorescence and Immunohistochemistry Assay—
Paraffin slides were dewaxed first and dehydrated before anti-
gen retrieval. Immunofluorescence was processed by fixing,
blocking, primary antibody, and then secondary antibody incu-
bation, with final sealing. For immunohistochemistry, avidin
was added to the blocking solution, and biotin was added to the
primary antibody solution, followed by ABC regents and
diaminobenzidine color development and dehydration.

Analysis of mRNA Expression—The total RNA was extracted
from mouse pulmonary tissues or other tissues as indicated by
the TRIzol classical RNA extraction method. Reverse transcrip-
tion-PCR was carried out with the primescript™ RT reagent
kit (TAKARA, catalog no. RR047A). Quantitative PCR was car-
ried out on an Applied Biosystems 7500 system, using actin as
the reference gene. Primers for quantitative PCR are listed in
Table 1.

Flow Cytometry and Cell Sorting—Antibodies used for flow
cytometry analysis or cell sorting were purchased from eBiosci-
ence, Biolegend, or BD Biosciences. The antibody clones and flu-
orescent labels for FACS analysis are listed in Table 2. After dispase
digestion, pulmonary lobes were dissected into smaller pieces and
filtered with a nylon membrane. Red blood cells were eliminated
by lysing buffer (BD Biosciences), and cells were stained with dif-
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TABLE 2
Antibodies used in FACS
Catalogue

Fluorescence  Antibody  Clone Company no.
FITC F4/80 BMS8 eBioscience 11-4801-82
FITC CD4 RM4-5  eBioscience 11-0042-81A
PE NK1.1 PK136  BD Biosciences 553165
Percp-Cy5.5 CD16/32 93 eBioscience 45-0161-82
Percp-Cy5.5 CD45 30-F11  eBioscience 45-0451-82
APC Epcam G8.8 BioLegend 118214
APC CD11b M1/70 eBioscience 11-0112-82
APC CDll1c N418 BioLegend 117309
APC CD8a 53-6.7  BD Biosciences 553035

ferent combinations of antibodies. Finally, cells were analyzed on a
flow cytometer (LSRFortessa, BD Biosciences).

BAL Fluid Analysis—The lungs were subjected to perfusion
with 1 ml of PBS via a tracheal polyethylene catheter. The BAL
fraction was centrifuged at 1,400 X g for 5 min, and the super-
natant was harvested to measure cytokine expression by ELISA
(35, 36).

Western Blotting—Homogenized lung tissues or isolated
AECII were lysed on ice in radioimmune precipitation buffer.
Protein concentration was determined using the BCA method.
Equal amounts (60 ug) of cell extracts were separated on SDS-
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FIGURE 1. Pulmonary aging induced by TERC or TERT deficiency. A, 3-gal staining of pulmonary sections from TERC-null mice. The left and middle panels are
representative micrographs of B-gal staining observed with a X20 and X40 objective lens. Blue arrows, positive stained cells; asterisks, alveolar sacs. The right
bar graph shows the quantitative data of the B-gal staining from three animals. Data are the mean = S.E. (error bars). B, B-gal staining of the pulmonary sections
from TERT-null mice. The left and middle panels are representative micrographs of B-gal staining observed with a X20 objective lens. Blue arrows, positive
stained cells; asterisks, alveolar sacs. The right bar graph shows the quantitative data of the B-gal staining from three animals. Data are the mean = S.E. C-E,
comparisons of alveolar counts (C), alveolar sac counts (D), and total alveolar areas (E) between WT and G3 TERC-null lungs. Data are mean = S.E. from three
experiments. F-H, SA-B-gal activity in AECII was detected by flow cytometry with incubation of C12FDG and AECII markers. RU, relative units.

PAGE and transferred to PVDF membranes (Millipore) for
antibody blotting. The following antibodies were used: a-SMA
(Sigma, A2547), surfactant protein-C (SPC) (Abcam, 90716),
and p53 (Abcam, ab26). 10,000-30,000 isolated AECII were
lysed with 35 ul of radioimmune precipitation assay buffer and
used in each assay.

Statistical Analysis—Two-tailed or one-tailed unpaired
Student’s ¢ tests were applied for comparisons between the
means of various groups. A p value of <0.05 was considered
statistically significant.
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Results

Deficiency of Terc or Tert Gene Resulted in AECII Replicative
Senescence and Pulmonary Aging—Mice carrying a deletion of
the mTerc or mTert gene on a C57BL/6] background were
examined at the ages of 2.5-3 months for tissue and cellular
markers of aging. In the lung sections stained for -gal in
TERC-null and TERT-null mice (Fig. 1, A and B), microscopic
examination revealed significant changes in morphological
structures in the pulmonary alveoli. These changes involved
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FIGURE 2. TERC or TERT deficiency induced alveolar epithelial cell replicative senescence. A, SPC-positive staining of AECII in TERC-null mice by immu-
nohistochemistry. Red arrows, SPC-positive staining; double yellow arrowheads, thin alveolar walls; asterisks, alveolar sacs. B, quantitation of AECII on the
pulmonary sections from WT, G2, and G3 TERC-null mice. Data are the mean = S.D. (error bars) from three animals. C, SPC mRNA expression in AECII from
TERT-null mice. Data are the mean = S.E. (error bars) (n = 8). D, podoplanin mRNA expression in alveolar epithelial type | cells from TERC-null mice. Data are the
mean * S.E. (n = 4). E, AECIl in the lung of G3 TERC-null mice by flow cytometry labeled with APC-EpCAM and PE-podoplanin. The left and middle panels are
representative of AECII sorting, and the right bar graph shows the pooled data (mean = S.E.) from four animals. F, total alveolar epithelial cells in the lung of G3
TERC-null mice were labeled with APC-EpCAM and analyzed by flow cytometry. The left and middle panels are representative of cell sorting, and the right bar
graph shows the pooled data (mean = S.E.) from four animals.

decreased alveolar numbers (Fig. 1C), detection of alveolar Furthermore, SPC-positive cells were significantly reduced in
fusion and formation of alveolar sacs (Fig. 1D), and increased association with thinner alveolar walls and increased alveolar
total alveolar surface areas (Fig. 1, A, B, and E), indicative of fusions, resulting in alveolar sacs in the mice of both the second
pulmonary epithelial aging and atrophy. 3-Gal staining for cel- and third generations lacking TERC (Fig. 2, A and B). Gene
lular senescence was markedly increased in G3 TERC-null and  expression analysis also showed reduced SPC mRNA in G3
G3 TERT-null lung sections compared with control (Fig. 1, A TERT /" lung to 45% of that in wild type controls (Fig. 2C). In
and B). Upon examination of the alveolar stem cell AECII pop- addition to a compromised AECII population, the reduction in
ulation that express SPC and telomerase activity (25, 32,37), we  podoplanin gene expression in both G2 and G3 TERC-null
found that senescent B-gal-positive cells were significantly —mice to about 60% of that in the wild type controls (Fig. 2D)
increased among the AECII population from G2 TERC-null suggested a possible decline of the AECI population as well. To
and G3 TERT-null animals by flow-$-gal analysis (Fig. 1, F~H).  further verify the altered AECII populations in G3 TERC-null
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FIGURE 3. Telomerase deficiency induced telomere shortening and TIFs in isolated AECII population. A and B, distributions of telomere length in AECII
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mice, AECII were isolated from the mouse pulmonary tissues
using fluorescence-activated cell sorting (FACS) analysis for
immunoreactive EpCAM labeling of the epithelial compart-
ment and podoplanin unlabeling of AECII. AECII were reduced
to ~45% in G3 TERC /" mice in comparison with age- and
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sex-matched wild type (WT) mice (Fig. 2E). The total EpCAM-
positive cells were reduced to about 40% (Fig. 2F).

Consistent with replicative senescence, (Fig. 2), deletion of
either G2 TERC or G3 TERT resulted in significant shortening
of telomere length in AECII (Fig. 3, A and B). Moreover, we
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noted a significant rise in TIFs in the G2 TERC- or G3 TERT-
deficient lung sections (Fig. 3, C-E), consistent with telomere
DNA damage response (DDR). In association with shortened
telomere length and telomere DDR in the AECII (Figs. 3 and
4A), p15 and p21 were both increased significantly in the lungs
of G3 TERC™/~ mice compared with the control samples from
WT mice (Fig. 4, Band C), and p15, p16, and p21 were increased
significantly in the lungs of G3 TERT '~ mice (Fig. 4, D-F).
Examination of pl6 in the AECII of mouse lung sections
showed that the levels of immunoreactive p16 were increased
by more than 3-fold in the G3 TERT '~ mice compared with
the WT animals (Fig. 4G). Moreover, we analyzed the levels of
heterochromatin protein 1y (HP1vy), a marker for senescence-
associated heterochromatin foci, and found that immunoreac-
tive HP1y was also markedly increased, with the level of HP1y
in G3 TERT /~ AECII being more than 2.5 times that in WT
control animals (Fig. 4H) and the level of HP1y in TERC '~
AECII being more than 4 times that in WT control (Fig. 54).
Thus, these data indicated that loss of telomerase resulted in
AECII replicative senescence and premature pulmonary aging
in mice.

Deficiency in TERC Induced the Increases in a-SMA and
Collal Gene Expressions in the Lungs—The lung tissues of G3
TERC ™/~ mice showed no apparent phenotype of fibrosis, con-
sistent with previous findings (26, 27, 30, 38). However, exam-
inations for gene expressions of the fibrotic markers, a-SMA
and Collal, in the lungs of 3-month-old G3 TERC ™/~ mice
revealed that both a-SMA and Collal were significantly
increased in the G3 TERC ™/~ mice compared with control ani-
mals (Fig. 5, C-H). Staining for immunoreactive a-SMA
showed that significant levels of a-SMA were detectable in the
pulmonary interstitium of the G3 TERC ™/~ mice, without co-
localization with AECII marker SPC (Fig. 5, C and D). To show
the induced gene expression of a-SMA in the lungs of
TERC™/~ mice, a-SMA mRNA was measured by real-time
quantitative PCR in G2 and G3 TERC ™/~ mice and controls. As
shown in Fig. 5E, the level of a-SMA gene expression was
increased significantly in the lungs of both G2 and G3 mice
lacking TERC, in comparison with WT controls. Whereas the
level of a-SMA mRNA in the lungs of G2 TERC /™ mice was
greater than that in the WT controls (1.24 versus 1.0, p =
0.0267, n = 4), the level of a-SMA mRNA in the lungs of G3
TERC ™/~ mice was higher than that in both WT controls (1.54
versus 1.0, p = 0.0016, n = 5) and G2 TERC™/~ mice (1.54
versus 1.24, p = 0.0385) (Fig. 5, C—E). Western blotting con-
firmed a 1.5-fold increase in a-SMA in association with
decreased SPC and increased p53 in the lung tissue of G2
TERC-null mice (Fig. 5F).

In addition to a-SMA, we also examined the fibrotic marker
Collal in the lungs of G3 TERC ™/~ mice. We found that the
immunoreactive Collal was detected at significant levels in
the pulmonary tissues of WT mice, but the levels in the lungs
of G3 TERC ™/~ mice were significantly greater than that in
WT animals (303 versus 393 arbitrary units, p < 0.001, n = 3)
(Fig. 5, G and H). These data suggest that disruption of either
TERC or TERT with shortened telomeres and telomere DDR
incurred an elevation of myofibroblast activity in the pulmo-
nary interstitium.
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Loss of Telomerase Caused Altered Levels of Cytokines and
Growth Factors in the Bronchoalveolar Lavage Fluids and Pul-
monary Tissues—Because of the enhanced expression of
a-SMA and Collal in the pulmonary interstitium of G3 TERC-
null mice, to shed light on a potential mechanism of the partic-
ipation of TGF-B (39, 40), we measured gene expressions of
TGE-B and its receptors. However, we observed significant
decreases in TGF-B1, TGFBRIL and TGFBRI receptors (Fig. 6,
A-C) but an increase in BMPRIb receptor despite unaltered
BMPRII and BMPRIa levels in G3 TERT /™ mice compared
with WT (Fig. 6, D—F). Consistently, we found that there was a
significant decrease in immunoreactive TGF-1 in response to
lipopolysaccharide (LPS) in the BAL fluids of G3 TERC '~
mice (Fig. 6G). In contrast, there were marked increases in
immunoreactive IL-6 and CXCL15 in both TERC™’~ and
TERT /™ mice, with IL-6 being more than 7-fold and CXCL15
more than 10-fold higher than in control mice (Fig. 6, H-K).

In the G2 TERC™/~ mouse lungs, we observed significant
increases in the gene expressions of a number of cytokines:
IL-1B (2.6-fold), IL-2 (1.9-fold), IL-6 (0.4-fold), CXCL15 (0.5-
fold), CCL2 (2.2-fold), TNF-«a (1.6-fold), and IL-10 (1.5-fold)
(Fig. 7A). Similarly, in the G2 TERT /" mouse lungs, there
were dramatic increases in IL-1« (2.5-fold), IL-18 (3-fold), IL-2
(9.6-fold), IL-6 (2.9-fold), CXCL15 (3-fold), CCL2 (16-fold),
TNE-a (3-fold), and IL-10 (4.5-fold) (Fig. 7B). These data dem-
onstrated a striking phenotype of AECII- and pulmonary-spe-
cific senescence-associated secretory phenotype (SASP) in
both TERC ™/~ and TERT /" lungs.

Given the marked increases in inflammatory cytokines in
the lungs of TERC ™/~ and TERT /™ mice, we determined the
potential inflammatory cell responses in the lungs of the
TERC ™/~ mice. Consistent with increased chemotactic effects
of the secreted cytokines, increased cell populations positive for
CD45 and CD16/CD32 but negative for EpCAM were observed
in the lungs of G3 TERC™/~ mice compared with WT controls
(Fig. 8, A and B). The average number of CD45-positive cells in
G3 TERC /" lungs appeared to be double that in the lungs of
WT controls (Fig. 84), and CD16/CD32-positive cells were also
double the control levels (Fig. 8B). Furthermore, there was a
significant increase in a cell population positive for CD11b (Aka
CR3, iC3b receptor) (Fig. 8C). It is important to note that
CD11b is an active constituent of the innate immune response
of the host, with functions of a pattern recognition receptor
recognized by ligands including fibrinogen, Factor X, intercel-
lular adhesion molecule 1 (ICAM-1), Saccharomyces cerevisiae,
Staphylococcus epidermidis, Hislasma capsulatum by opsoniz-
ing phagocytosis, neutrophil aggregation, adhesion, and che-
motaxis (41, 42). In the same pulmonary tissues of G3 TERC '~
mice, however, we found no significant change in the numbers
of macrophage, NK cells, or dendritic cells (Fig. 8, D—F). No
significant changes were found in B cells (17.78 * 4.69% versus
16.6 * 5.75%, n = 4, p > 0.05), CD4™" T cells (5.65 = 0.9083%
versus 5.825 = 0.3902%, n = 4, p > 0.05), or CD8 " T cells (5.2 =
1.004% versus 5.775 £ 0.5662%, n = 4, p > 0.05). Taken
together, these data are suggestive of a telomere shortening-
induced pulmonary atypical phenotype of low-grade inflamma-
tory processes in association with alveolar stem cell replication
senescence.
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sections from G2 TERC-null mice, with representative micrographs (A) and the quantitative data (B) (mean = S.D.) of 3-5 animals. C and D, a-SMA expression in lung
tissue of TERC-null mice detected by immunofluorescence staining using specific antibodies. Enlarged images of WT and TERC-null are shown in D. E, the a-SMA mRNA
levels were measured by quantitative real-time PCR from TERC-null mice lungs. Data are the mean = S.E. (error bars) from at least five animals. F, Western blotting
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Telomerase Deficiency-induced Cell Senescence Did Not
Cause Altered Gene Expression of Proinflammatory Cytokines
in AECII—To determine whether senescent AECII contributed
the markedly increased proinflammatory cytokines, we

assessed the gene expression levels of several key proinflamma-
tory cytokine between WT, G2 TERC, and G3 TERT-null mice.
As shown in Fig. 9, A and B, whereas the gene expression of
a-SMA and SPC did not differ between WT and G2 TERC KO

FIGURE 4. Shortening of telomeres and increases in p15, p16, and p21 genes in telomerase-deficient lungs. A, quantitative FISH experiment result for
isolated AECII from G3 TERC-null mice. The telomere length is represented by fluorescence intensity in scatter plot style. Band C, the mRNA levels of p15 (B) and
p21 (C) were determined by quantitative real-time PCR from three WT or G3 TERC-null animals as indicated. D-F, the mRNA levels of p15 (D), p16 (E), and p21
(F) were determined by quantitative real-time PCR from three WT or G3 TERT-null animals as indicated. G, P16 and SPC expression by immunostaining on
pulmonary sections from G3 TERT-null mice. The left panels are representative micrographs, and the right bar graph shows the quantitative data (mean = S.D.
(error bars)) of three experiments. H, HP1+y and SPC staining on pulmonary sections from G3 TERT-null mice using specific antibodies. The left panels are
representative micrographs, and the right bar graph shows the quantitative data (mean = S.D.) of three experiments.
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FIGURE 6. TERC or TERT deficiency resulted in reduced gene expression of TGF-31 and canonical receptors in pulmonary tissues. A-C, the mRNA levels
of TGF-B1 (A), TGFBRII (B), and TGF BRI (C) were determined by quantitative real-time PCR from at least four animals, as indicated. D-F, the mRNA levels of BMPRII
(D), BMPRIa (E), and BMPRIDb (F) were determined by quantitative real-time PCR from at least four animals, as indicated. G, TGF31 levels detected by ELISA using
specific antibodies from BAL fluid of TERC-null mice. H and /, IL-6 and CXCL15 levels measured by ELISA from BAL fluid of TERC-null mice. J and K, IL-6 and
CXCL15 levels measured by ELISA from BAL fluid of TERT-null mice. All data are the mean = S.E. (error bars) of multiple representative experiments.

AECII (Fig. 9, A and B), isolated AECII from G2 TERC- and G3
TERT-null animals had significantly increased gene expression
of p15 and p21 and decreased gene expression of Ki67 in com-
parison with control, consistent with telomerase deficiency-
induced AECII senescence. However, the gene expression of
IL-1e, IL-1B, IL-6, CXCL15, IL-10, TNF-o, TGF-B, TGFBRII,
TGEBRIL BMPRII, and BMPRI was not changed in AECII from
G2 TERC or G3 TERT-null animals compared with control
(Fig. 9, C and D). These data suggest that the markedly
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increased proinflammatory cytokines in the TERC- or TERT-
deficient lungs are largely from other unidentified cells rather
than from senescent AECIIL

Discussion

Gene mutations of TERC and TERT cause telomere shorten-
ing, which is significantly associated with the clinical manifes-
tations and pathologies of dyskeratosis congenita, bone marrow
failure, and pulmonary fibrosis, among others (25-30). A causal
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role of either TERC or TERT deficiency has been established in  cellular mechanisms underlying telomerase gene mutation-in-
mouse models, including phenotypes resembling dyskeratosis ~duced lung injuries and to determine whether AECII undergo
congenita and bone marrow failure (23). To understand the replicative senescence, we examined various cellular markers,
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FIGURE 8. TERC deficiency resulted in inflammatory cell infiltration in pulmonary tissues. A, TERC deficiency induced increases in CD45-positive mono-
nuclear cells. The left bar graph shows summarized data presented as the mean = S.D. (error bars) from three flow cytometric analyses. The middle and right
panels are representative plots of cell distributions labeled by Percp-cy5.5-CD45 but not by EpCAM. B, TERC deficiency induced increases in CD16/32-positive
mononuclear cells. The left bar graph shows summarized data presented as mean = S.D. from at least three animals. The middle and right panels are
representative plots of cell distributions labeled by APC-CD11b. C, TERC deficiency induced increases in CD11b-positive mononuclear cells. The left bar graph
shows summarized data presented as mean = S.D.from at least three animals. The middle and right panels are representative plots of cell distributions labeled
by FITC-F1/80, PE-NK1.1,and APC-CD11c (D-F). TERC deficiency resulted in no changes in the ratios of macrophages (D), NK cells (E), or dendritic cells (F) by flow
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including extracellular factors such as TGF-f3, in SPC-positive low-grade inflammation incurred by telomerase deficiency and
cell populations in TERC ™/~ and TERT /™ mice. Our findings  telomere damage.

that a significant population of AECII undergoes replicative Previous studies have indicated that telomerase activity is
senescence, that increased a-SMA and Collal expression operative in normal AECII (25, 32, 37) and is stimulated by
(markers of myofibroblast differentiation) occurs in the telom-  silica inhalation and bleomycin instillation, which causes pul-
erase-deficient pulmonary interstitium, and that a marked monary fibrosisin rodents (43, 44). Whereas disruption of Terc
increase in proinflammatory cytokines in the telomerase-defi- or Tert leads to inhibition of telomerase activity and shortening
cient lung tissues, with a significant spillover into the BAL flu-  of telomeres in mouse AECII (25, 45), the damaging effect of
ids, together with recruitment of inflammatory cells in the telomere ablations on cellular homeostasis remains to be deter-
innate immune response, may constitute a signature of chronic mined. We demonstrate in the present study that disruption of
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Terc or Tert initiates telomere DDR with decreased telomere
length; increased TIFs; increased p15, p16, and p21; and induc-
tions of AECII replicative senescence characteristic of reduced
total numbers of AECII and increased populations of AECII
positive for HP1y and 3-gal staining. In addition, we demon-
strate pulmonary premature aging in either TERC- or TERT-
deficient mice, consistent with previous studies indicating that
TERC deficiency results in decreased AECII, in association with
alveolar wall thinning and air sac formation (25). It is thus pos-
sible that lack of telomerase support in telomere maintenance
compromises AECII proliferative potential, resulting in disre-
pairs of alveolar epithelium. Consistently, we show a 60%
reduction in total epithelial cell compartment positive for
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EpCAM staining in the absence of TERC. Although the mech-
anisms mediating AECI senescence are intriguing, our data
lend support to the recent discoveries that telomerase defi-
ciency renders pulmonary tissues susceptible to damage caused
by cigarette smoke, potentially underpinning emphysema with
or without pulmonary fibrosis (27, 46, 47), thus indicating that
telomerase is required for AECII and is responsible for AECII
renewal and proliferation in adult animal pulmonary inter-
stitium (48, 49).

The subpopulations of AECII have been demonstrated in
both humans and mice. Analysis of E-cadherin low and high
AECII subpopulations demonstrates that E-cadherin low
AECII represent a major population of AECII positive for
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telomerase activity, proliferative, and resistant to damage,
whereas E-cadherin high AECII is a minor population that is
negative for telomerase and quiescent in mouse lungs (32). In
humans, by contrast, a significant minor subpopulation of
AECII is positive for telomerase, and a large population is
telomerase-negative in the normal areas of lungs, but low or
negative telomerase correlates with high apoptotic signals in
AECII of IPF (50). The difference in the size of mouse versus
human AECII telomerase-positive and -negative subpopula-
tions is interesting, indicating a limitation of the present study
using mouse models to recapitulate the phenotypes of IPF. Fur-
ther investigations are required to characterize additional
lesions of genetic and environmental factors in and beyond
AECII subpopulations in different species. Nevertheless, our
findings that more than half of the retained AECII population in
telomerase-deficient lungs undergoes senescence are consis-
tent with the notion that a major subtype of AECII is telomer-
ase-positive, with telomere homeostasis playing a key role in
regulating AECII proliferative and differentiating potentials
in mice. Withdrawal of telomerase activity plays a large part in
alveolar stem cell replicative senescence, pulmonary aging, and
disordered cellular conditions, as seen in emphysema and IPF
(32, 47, 48, 51).

Recent studies also indicate that regulation of AECII by
extracellular signaling predominantly dictates AECII response
to injury signals and that only about 1% of mature AECII divide
intermittently, with an approximately 40-day doubling time,
supporting an overall renewal rate of 7% of alveoli/year (49).
Injuries to the AECI population, together with EGF receptor
activation, induce AECII broad stem cell functions (49).
Whereas activation of the Ras-ERK pathway stimulates prolif-
eration (49) and inhibits differentiation (52) of AECII, inhibi-
tion of the Ras-ERK pathway is essential for TGF-f1-induced
AECII differentiation (52). Interestingly, we and others showed
previously that whereas mitogens up-regulate telomerase activ-
ity by Ets transcriptional activation of the TERT gene (53, 54),
TGEF-B family members down-regulate telomerase activity by
Smad3 transcriptional repression of TERT in epithelial cell
lines (55—57). These data together suggest that the EGF-Ets and
TGF-B-Smad3 pathways regulate the TERT gene and prolifer-
ative potential of AECII in a reciprocally opposing manner.
However, in opposition to our hypothesis that TGF-f3 is stim-
ulated to participate in telomere dysfunction-induced epithe-
lial to mesenchymal transition, we note in our present study
that TGF-B1 and its receptors are down-regulated (rather than
up-regulated) in the lungs of TERT knock-out mice. Given that
TGEF-Bis implicated in autocrine regulation of telomerase (57),
our findings of down-regulated TGF-@ and its canonical recep-
tors are consistent with a compensatory negative feedback on
the Tgf-B and TgfBri genes. Noting the unexpected findings of
low TGE-P signaling from the present study, several questions
remain to be addressed, including whether cytokine regulation
confers stemness upon AECII at least in part by mechanisms
dependent on regulated telomerase maintenance of telomere
functionality.

TGEF-B is a key player in antagonizing AECII proliferation
but stimulating AECII differentiation (40, 58 — 64). To date, it is
still unclear which transcriptional targets downstream of
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TGE-B signaling mediate AECII differentiation and whether
TGEF-B-induced Smad3-mediated telomerase down-regulation
plays a part in suppressing AECII proliferation and allowing
AECII to undergo differentiation. In the absence of telomerase,
although both TGEF-f and its receptor are down-regulated, we
found increased a-SMA and Collal in the telomerase-defi-
cient lungs but not in AECII (Fig. 5). Previous studies showed
increased expression of a-SMA in AECII as a marker of AECII
undergoing the gene expression involved in myofibroblasts by
epithelial to mesenchymal transition (52, 61, 65). Because
anomalous expression of a-SMA and Collal in AECII is
among the features of AECII trans-differentiation to myofibro-
blasts and is suggestive of a fibrotic lesion of pulmonary fibrosis
(61, 65), further investigations are required to characterize the
regulatory mechanisms underlying the limited tempo-spatial
processes and scales of AECII trans-differentiation triggered by
telomere dysfunction. Recent studies have shown that TGF-f3
stimulates a-SMA gene expression through Smad3 interaction
with B-catenin on the a-SMA gene promoter in AECII (66).
In addition, TGF-B activates the TRPV4 (transient receptor
potential vanilloid 4) channels and actin polymerization, result-
ing in the formation and nuclear translocation of the myocar-
din-related transcription factor:serum response factor complex
and the subsequent stimulation of the a-SMA gene transcrip-
tion (67). In the face of telomere dysfunction and down-regu-
lated TGF-p signaling in this study, it is conceivable that in
addition to the accelerated cellular senescence prompted by
telomere DDR, a second hit of genetic or environmental insults
may be accountable for full development of IPF-like pheno-
types (68, 69).

As demonstrated in the current study, inflammatory cyto-
kines are markedly increased in the lungs of mice deficient in
either TERC or TERT (Figs. 7 and 8). The concentrations of
IL-6, CXCL15, and TNF-« in the pulmonary parenchyma are
increased severalfold with a significant spillover into the BAL
fluids in telomerase-deficient mice. These findings of telomere
dysfunction-caused SASP profiles of altered cytokines and
growth factors in the mouse pulmonary tissues are consistent
with persistent telomere DDR in both human and mouse stud-
ies (70-72). The findings of markedly increased IL-la and
IL-1 are consistent with their regulatory roles in increased
IL-6 and IL-8 (72). Although we have confirmed the previous
findings that IL-10 is increased along with TNF-« in the set-
tings of telomere DDR (73), we also found that increased CCL2
is significantly involved in the microenvironment of telomere-
induced AECII senescence, probably with a fundamental
role in the recruitment of NK cells (74). In an attempt to
address a link between AECII senescence and proinflamma-
tory cytokine rise in the lungs of telomerase-deficient mice, we
examined whether senescent AECII contributed the increase of
proinflammatory cytokines with increased gene expression in
the senescent AECIL Our finding that telomerase deficiency-
induced senescent AECII had no significant change in proin-
flammatory cytokine gene expression suggests that senescent
AECII interact with other cells in eliciting increased proinflam-
matory cytokines.

Although the isolated senescent AECII showed no significant
rise in certain proinflammatory cytokine gene expressions (Fig.
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9), the possibility cannot be ruled out that senescent cells
release an unidentified signal in SASP that engages another cell
type to provoke proinflammatory cytokine storms. SASP may
represent an initial step to signal the intermediate mediators of
the sterile senescence-associated low-grade inflammation in
aging-related disorders. Consistently, there is a large heteroge-
neous population of mononuclear inflammatory cells that are
positive for CD45 and/or CD16/32 in the TERC-deficient
lungs. Together, these data reveal a novel phenotype character-
istic of telomere-induced, stem cell senescence-associated,
low-grade inflammation (SALI). Because telomere DDR trig-
gers the permanent exit of the cell cycle in the stem cells defi-
cient in telomerase, SALI may represent a potential mechanism
by which other cells of the same and differentiated types, such
as AECI, undergo cellular senescence. In support of this
hypothesis, recent studies have demonstrated that chronic
inflammation is sufficient to induce telomere dysfunction and
accelerates aging in mice (75). Thus, as a predominant means of
eliciting differentiated AECI senescence and accelerating that
of AECII, SALI may be both the effect of telomere DDR in some
senescent foci and the cause of telomere DDR in other senes-
cent foci, representing a cellular mechanism of the tissue senes-
cence-inducing circuit spreading cellular senescence in pulmo-
nary aging.

In addition to mediating senescence transmission across
different senescent foci, SALI may also serve as a pivotal switch
in the full development of aging-related disorders by provoking
the transitions from cellular senescence to tissue pathologies
involving the processes of cell de-differentiation, trans-differ-
entiation, death, immortalization, and transformation. By
bridging and mediating the development of tissue pathology,
SALI may thus represent a critical window of intervention by
molecular targeting in aging-related disease. Although little is
known of how telomere-induced SASP (tSASP) and subsequent
tSALI are regulated, it is tempting to postulate three possible
pathways through which tSASP progresses to tSALI: first,
telomere shortening in a particular cell type unchecks the
telomere position effect on the transcriptions of the genes
encoding inflammatory cytokines and pathogenic factors at dif-
ferent chromosomes, given the recent demonstrations of
telomere position effect operation over long distances (76); sec-
ond, telomere shortening in responsible cells renders epige-
netic alterations of heterochromatin formation, resulting in
activation of a specific group of gene expressions (77); third,
telomere DNA fragments shed off of chromosomes into the
extracellular environment serve as damage-associated molecu-
lar patterns that perpetuate the tSALI response, by analogy to
mitochondrial and mammalian DNA molecules acting as dam-
age-associated molecular patterns (78, 79).

In summary, we demonstrate that telomerase deficiency
causes AECII alveolar stem cell telomere shortening and repli-
cative senescence underlying pulmonary aging in mice. We
show that telomere shortening not only instigates tSASP of
AECII alveolar stem cells, but also drives low-grade inflamma-
tion (tSALI) with extensive proinflammatory cytokine spillover
and particular inflammatory cell infiltration in pulmonary tis-
sues in vivo in mice. The tSASP of AECII stem cells and tSALI
may represent crucial steps toward telomerase mutation-asso-
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ciated pathological changes, providing strategies for therapeu-
tic intervention.
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