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Telomere dysfunction causes alveolar stem cell failure
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Telomere syndromes have their most common manifestation in
lung disease that is recognized as idiopathic pulmonary fibrosis and
emphysema. In both conditions, there is loss of alveolar integrity,
but the underlying mechanisms are not known. We tested the
capacity of alveolar epithelial and stromal cells from mice with
short telomeres to support alveolar organoid colony formation and
found that type 2 alveolar epithelial cells (AEC2s), the stem cell-
containing population, were limiting. When telomere dysfunction
was induced in adult AEC2s by conditional deletion of the shelterin
component telomeric repeat-binding factor 2, cells survived but
remained dormant and showed all the hallmarks of cellular senes-
cence. Telomere dysfunction in AEC2s triggered an immune re-
sponse, and this was associated with AEC2-derived up-regulation
of cytokine signaling pathways that are known to provoke inflam-
mation in the lung. Mice uniformly died after challenge with bleo-
mycin, underscoring an essential role for telomere function in
AEC2s for alveolar repair. Our data show that alveoloar progenitor
senescence is sufficient to recapitulate the regenerative defects,
inflammatory responses, and susceptibility to injury that are char-
acteristic of telomere-mediated lung disease. They suggest alveo-
lar stem cell failure is a driver of telomere-mediated lung disease
and that efforts to reverse it may be clinically beneficial.
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utations in telomerase and telomere genes cause abnormal

telomere shortening. Clinically, this molecular abnormality
manifests in a spectrum of telomere syndromes that recapitulate
features of age-associated pathology (1). In highly proliferative
compartments, such as the bone marrow, telomere dysfunction
causes stem cell exhaustion, and hematopoietic stem cell trans-
plantation can reverse this pathology (1). More commonly, short
telomeres predispose to adult-onset disease in the lung, a tissue
that has slow cell turnover (1). Idiopathic pulmonary fibrosis and
emphysema are the most prevalent clinical manifestations of human
telomere syndromes and account for more than 80% of pre-
sentations (1, 2). The alveolar structures are preferentially affected
in these disorders, and their pathology is marked by inflammation
and mesenchymal abnormalities (3, 4). Affected patients are also
exquisitely sensitive to pulmonary-toxic drugs, which are fatal even
when there is no detectable baseline lung disease (1, 5).

The mechanisms by which telomere defects provoke lung
disease are not understood, but a number of observations have
pointed to lung-intrinsic factors and epithelial dysfunction as
candidate events (6-10). For example, in telomerase-null mice,
DNA damage preferentially accumulates in the air-exposed epi-
thelium after environmentally induced injury, such as with cigarette
smoke (7). The additive effect of environmental injury and telo-
mere dysfunction has been suggested to contribute to the suscep-
tibility to emphysema seen in these mice (7). Moreover, humans
that carry mutations in the surfactant protein C gene, SFTPC,
which is expressed exclusively in type 2 alveolar epithelial cells
(AEC2s), develop lung disease phenotypes similar to those seen
in telomerase mutation carriers (10-12). Pulmonary fibrosis and
emphysema patients have also been noted to have abnormally
short telomeres in AEC2s (6, 7, 13). These observations, along
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with AEC2s’ regenerative capacity (14-16), led us to hypothesize
that telomere dysfunction is sufficient to provoke AEC2 failure
and that this event drives lung disease pathogenesis.

One hurdle to modeling the consequences of telomere dys-
function in a cell type-specific manner is that laboratory mice have
very long telomeres (17). In the absence of telomerase, telomere
dysfunction can be generated only after several generations of
breeding, precluding cell type-specific studies (18). To overcome
this limitation, we designed two experimental systems. First we
examined the role of telomere shortening in purified AEC2s in a
stem cell assay ex vivo. For an in vivo system, we generated a model
in which telomere dysfunction can be induced by deleting telomeric
repeat-binding factor 2 (77f2) (19, 20) exclusively in adult AEC2s.
Trf2 functions to suppress the DNA damage response, and its loss
leads to telomere dysfunction by uncapping, thus allowing cell type-
specific studies within a single generation (19, 20). The latter sur-
rogate model allowed us to test the consequences of acquired
DNA damage and telomere dysfunction in the adult lung. We show
here, in both late-generation telomerase-null mice and in a con-
ditional mutant model, that telomere dysfunction restricted to
AEC2s impairs stem cell function by inducing senescence. This
program recapitulates the inflammatory responses and susceptibility
to injury that are hallmarks of telomere-mediated lung disease.

Significance

Idiopathic pulmonary fibrosis and emphysema are leading
causes of mortality, but there are no effective therapies. Mu-
tations in telomerase are the most common identifiable risk
factor for idiopathic pulmonary fibrosis. They also predispose
to severe emphysema in smokers, occurring at a frequency
similar to «-1 antitrypsin deficiency. The work shown here
points to alveolar stem cell senescence as a driver of these
pathologies. Epithelial stem cell failure was associated with
secondary inflammatory recruitment and exquisite suscepti-
bility to injury from “second hits.” The findings suggest that
efforts to reverse the stem cell failure state directly, rather than
its secondary consequences, may be an effective therapy ap-
proach in telomere-mediated lung disease.
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Fig. 1. Short telomeres in AEC2s, but not in stromal cells, limit alveolo-
sphere formation. (A) Design of experiments to test the role of telomere
length in alveolosphere formation. The H&E-stained image represents a
single alveolosphere that was imaged 14 d after AEC2 were plated.
(B) Colony-forming efficiency for Pdgfra* cells that were sorted from wild-
type, mTR™"~ first-generation (mTR™-G1), and mTR™~ fourth-generation
(mTR™~G4) mice that were plated with Sftpc lineage-labeled wild-type AEC2s.
Alveolosphere colonies were counted in triplicate on day 14 for each mouse.
(C) AEC2s were sorted from wild-type, mTR™~G1, and mTR™'~G4 mice, mixed
with lineage-labeled Pdgfra* cells, and counted as in B. (D) 53BP1 foci were
enumerated in AEC2s marked by ATP-binding cassette subfamily A member
3 (Abca3) by immunofluorescence (n = 6 mice per group). Data are expressed
as mean + SEM. *P < 0.05, **P < 0.01, Student's t test.

Results

Short Telomeres in AEC2s Limit Alveolosphere Formation. We had
previously shown that telomerase-null mice, mTR™~, with short
telomeres are more susceptible to cigarette smoke-induced lung
injury because of lung-intrinsic defects (7). We therefore first
tested the capacity of alveolar stromal cells and AEC2s derived
from these mice to support alveolar regeneration in vitro. In this
system, primary AEC2s are cultured with freshly isolated stro-
mal cells marked by platelet-derived growth factor receptor o
(Pdgfra) to generate clonally derived, organoid colonies termed
“alveolospheres” (Fig. 14) (14). These structures are comprised
exclusively of AEC2s that have both self-renewed and differen-
tiated into type 1 alveolar epithelial cells (AEC1s) (14). We
found that Pdgfra* stromal cells isolated from mTR™~ mice with
short telomeres supported normal colony formation when cultured
with wild-type AEC2s (Fig. 1B). In contrast, AEC2s derived from
late-generation mTR ™~ mice generated significantly fewer colonies
when cultured with wild-type stromal cells (P = 0.038) (Fig. 1C).
This defect was dependent on telomere length and did not depend
on telomerase deletion, because only AEC2s from mTR ™'~ fourth-
generation mice that had short telomeres and an up-regulated
DNA damage response had this impairment, while AEC2s from
first-generation mice had intact colony-forming capacity (Fig. 1
C and D and Fig. S14). These data indicated that abnormally
short telomeres preferentially limited AEC2 regenerative ca-
pacity and that this defect was cell-autonomous.

Telomere Dysfunction in Adult AEC2s Preferentially Induces Senescence.
To test the consequences of epithelial-restricted telomere dysfunc-
tion on alveolar homeostasis, we generated a model in which it can
be induced in adult AEC2s. Telomere shortening is gradual in the
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absence of telomerase, and because laboratory mice have long
telomeres, telomere dysfunction occurs only after four to six gen-
erations of breeding, thus precluding cell type-specific studies (17,
18). We generated a conditional model in which DNA damage at
telomeres can be induced in a single generation by deleting 7rf2.
We crossed Sfipc-CreER mice with mice carrying a floxed allele of
Trf2 (20-22), and compared Trf2"";Sfipc-CreER experimental mice
with Trf2"";Sfipc-CreER controls. Administration of tamoxifen ef-
ficiently deleted Trf2, as indicated by its low mRNA levels in AEC2s
isolated from Trf2" ir 'Sfipc-CreER mice (4% and 7% of control
levels on days 7 and 21, respectively) (Fig. S1 B—F). The deletion of
Trf2 resulted in a robust induction of the DNA damage response at
telomeres as evidenced by p53-binding protein 1 (53BP1) foci
(Fig. 2.4 and B). The telomere dysfunction was specific, because the
DNA damage foci were detected only in AEC2s and not in neigh-
boring bronchiolar epithelial cells (Fig. 2B). The p53 pathway was
also activated, as evidenced by up-regulation of its target genes in
freshly isolated AECs, including p21, Bax, Ccngl, and Mdm?2; this
signal was detected in vivo for days after 7if2 deletion (Fig. 2C).
These data indicated that the induction of the DNA damage re-
sponse was specific and durable in adult AEC2s.

We examined the consequences of telomere dysfunction on
AEC?2 survival but found no increase in apoptosis [TUNEL assay
and cleaved caspase-3 (CC3) (Fig. S1 G and H)). Instead, the
Trf2-deleted AEC2s persisted when we lineage traced their fate
using a reporter line (Fig. 2D). When we measured the pro-
liferation rate, we found that EdU (a BrdU analog) incorporation
was significantly lower in AEC2s from Trf2""",Sfipc-CreER mice
than in AEC2s from controls (14-d label, P < 0.001, Fig. 2E). No-
tably, although the baseline proliferation rate in tamoxifen-treated
mice was higher than we had documented previously in tamoxifen-
free mice (7), the proliferation in AEC2s with dysfunctional telo-
meres was significantly blunted (Fig. 2E). Taken together, the up-
regulated DNA damage response, p53 pathway signaling, and the
persistence of AEC2s suggested that AEC2s with Tif2 deletion
preferentially activated a cellular senescence program in vivo.

Trf2 Deletion Limits Self-Renewal and Differentiation of Alveolar
Stem Cells. To test whether the loss of telomere function af-
fected the regenerative potential of AEC2s, we isolated lineage-
labeled cells from Trf2f"*Sfipc-CreER lungs and examined
their capacity to self-renew and differentiate in the alveolosphere
assay. Cre-expressing AEC2s were labeled with a GFP reporter,
allowing us to track their fate in culture. At baseline, the fraction of
GFP* AEC2s in vivo was similar in control and experimental mice
(Fig. 2F). However, once the AEC2s were seeded and challenged
to generate colonies, 7Trf2-deleted AEC2s failed to form alveolo-
spheres (0.3 vs. 209 and 0.5 vs. 425 per 5,000 AEC2s on days 7 and
14, respectively; P < 0.001) (Fig. 2 G and H). Moreover, although
control AEC2s formed clonally derived AEC2s and AECls, Trf2-
depleted cells did not differentiate and remained arrested on day 21
(Fig. 2 I and J). These data established that telomere dysfunction
induced by T7f2 deletion caused alveolar stem cell failure because of
a proliferative arrest, the hallmark of cellular senescence.

Epithelial-Restricted Defects Are Sufficient to Recruit Inflammation.
We next examined whether telomere dysfunction in adult AEC2s
affected lung function. Tr2":Sfipc-CreER and Tif2""*;Sfipc-CreER
mice were treated with tamoxifen, and lung function was assessed
21 d later. T2, Sfipc-CreER mice had no respiratory distress or
weight loss, but pulmonary function studies showed they acquired an
expanded total lung capacity and residual volume (Fig. 34 and Fig.
S2 A and B). These abnormalities were accompanied by an increase
in lung compliance (Fig. S2C). Although mean linear intercepts were
statistically similar on average, in 2 of 30 (7%) of the experimental
mice, there was significant air space enlargement (>2 SDs above the
mean in controls) (Fig. 3B). Bronchoalveolar lavage fluid from ex-
perimental mice contained a significantly increased leukocyte
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fraction that was composed predominantly of macrophages but
also included lymphocytes (Fig. 3 C and D). There was also pa-
renchymal inflammation that was graded as moderate or severe in
four of nine experimental mice (compared to 1 of 13 controls),
and quantification of macrophages by immunohistochemistry
documented an increase (P = 0.04) (Fig. 3 E-I). The inflammatory
infiltrates were prominent in perivascular areas surrounding the
distal bronchioles, as is consistent with systemic recruitment (Fig.
3 G and H). The macrophages were notably iron-laden (Fig. 3F);
this abnormality is associated with cigarette smoke-induced lung
disease and diffuse alveolar damage in humans. The lymphocytic
infiltrate was CD3*, consistent with T-cell recruitment (Fig. S2
D-F), and also similar to the patterns seen in human smokers
with lung disease (23). These data established that DNA damage
at telomeres in adult AEC2s is sufficient to recruit a robust
inflammatory response.

AEC2s with Telomere Dysfunction Up-Regulate Immune-Signaling
Pathways. To define the mechanism by which epithelial-restricted
telomere damage recruits inflammation, we performed a gene-
expression microarray analysis on sorted AEC2s isolated from
tamoxifen-treated Trf2/"";Sfipc-CreER and Trf2""*;Sfipc-CreER
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Fig. 2. Telomere dysfunction in AEC2s provokes
senescence. (A) Telomere FISH using a labeled
peptide nucleic acid probe that contains the telo-
mere sequence (TTAGGG), and staining for 53BP1
shows telomere-induced DNA damage foci in sorted
R AEC2s 4 d after a single tamoxifen dose. (B) Rep-
¢ resentative images and quantification of 53BP1
foci. 53BP1 foci (green) were enumerated in AEC2s,
identified by Abca3 staining, and in Club cells,
identified by Club cell secretory protein (also known
as CCSP/CC10). Immunofluorescence was performed
on day 5 after tamoxifen (n = 3 mice per group).
(C) mRNA levels of p53 targets in sorted AEC2s on
days 7 and 21 after tamoxifen as measured by
quantitative real-time PCR (gRT-PCR) and nor-
malized to hypoxanthine phosphoribosyltransfer-
ase (Hprt) levels (n = 3 mice per group). (D) Lineage
trace of AEC2s. Trf2"*;mTmG;Sftoc-CreER and
Trf2f":mTmG;Sftpc-CreER mice were given a single
injection of tamoxifen (TAM), and lungs were
harvested 7, 14, and 21 d later. The fraction of
lineage-labeled GFP* AEC2s, marked by Sftpc, is
quantified (n = 3 mice per group). (E) The pro-
liferating fraction of AEC2s following Trf2 de-
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50 letion. Proliferation was measured after a 14-d
400+ EdU label, and proliferating AEC2s were identified
by costaining for Sftpc and EdU (n = 5-7 mice per

3004 group). (F-H) Tri2™"*;mTmG,Sftpc-CreER and Trf2";
2004 mTmG@G;,Sftpc-CreER mice were given a single in-
jection of tamoxifen, and lungs were harvested 7 d

100+ later. (F) Histogram of GFP* lung cells 1 wk after
04 lineage labeling was induced. (G) Low-power im-
0 7 14 ages of alveolospheres growing in the Matrigel/

Days in culture Transwell system. (Scale bars: 50 pm.) (H) Quantifi-
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3?3 80 (/) Immunohistochemical staining of alveolospheres
ETE after 14 d in culture. Lineage-labeled cells were
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are expressed as mean + SEM. *P < 0.05, **P < 0.01,
***P < 0.001, Student's t test.
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mice. We found an altered profile with 162 differentially up-
regulated and 1,361 down-regulated genes in 77f2-deleted AEC2s
(Fig. 3/). Among the differentially up-regulated genes, Il17c,
encoding interleukin 17c, and Mif, encoding macrophage in-
hibitory factor, were notable because they are known to trigger
epithelial-derived innate immune responses in the lung (24-26)
(real-time PCR confirmation is shown in Fig. S2G). Moreover, the
highest-fold up-regulated genes fell in immune-signaling and in-
flammation pathways in addition to the DNA damage response
(Fig. 3K and Table S1). Specifically, one-fourth of the pathways with
the highest statistical significance (6 of 23) fell in immune-cytokine
signaling even though these pathways represented only a minority of
the total examined (significance defined as P < 0.1, Fisher’s exact
test). Notably among them was 1115 signaling, which has been im-
plicated in T-cell recruitment in the lung (Fig. 3K) (27). These
observations indicated that the telomere dysfunction induced by
Trf2 deletion altered the AEC2 transcriptome globally and up-
regulated immune-signaling pathways.

Telomere Dysfunction in AEC2s Predisposes to Fatal Lung Disease
After Injury. To test whether telomere dysfunction in AEC2s
was relevant to the response to injury, we challenged mice with
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Fig. 3. Telomere dysfunction in AEC2s recruits inflammation and impairs repair after injury. (A-/) TerF”*;Sftpc—CreER and Trf2F”F’,'Sftpc—CreER mice were
treated with tamoxifen and examined 21 d later. (A) Total lung capacity (n = 6-8 mice per group). (B) High-power image of air space enlargement seen
occasionally in Trf2":Sftpc-CreER mice. (Scale bars: 50 pm.) (C) Bronchoalveolar lavage cellularity. (D) Representative Cytospin images showing macro-
phages and lymphocytes (marked by arrowheads). (Insets) Differential counts. For C and D, n = 5 mice per group. For differential counts, 250 cells were counted
per mouse. (E-H) Representative images from control (E) and Trf2-deleted lungs showing pigmented macrophages (F, arrow) and peribronchiolar (G), and peri-
vascular (H) inflammation. (Scale bars: 100 pm in E and F; 25 pm in G and H.) br, bronchiole; bv, blood vessel. (/) Macrophage quantification per high-powered field
(HPF) by Mac-3 immunohistochemistry (n = 4 or 5 mice per group; P value is one-sided). (/) Heat map of gene-expression microarray data from purified AEC2s from Trf2%+;
Sftpc-CreER and Trf2™":Sftpc-CreER mice (n = 3 mice per group) 7 d after tamoxifen. Red indicates up-regulated genes; blue indicates down-regulated genes. The fold-
change based on color is shown in the key below. (K) Pathways identified by Ingenuity analysis of the up-regulated genes. Pis calculated by Fisher's exact test (right-tailed);
R is the ratio of the number of genes in the indicated pathway divided by the total number of genes that make up that pathway. (L and M) Mice treated with tamoxifen
1 wk before bleomycin challenge, were weighed every other day (L), and their survival was monitored (M). The log-rank test was used in the Kaplan-Meier survival
analysis. (N) EdU incorporation of AEC2s following bleomycin challenge. Mice were challenged with bleomycin and injected with EdU for 3 d before harvest on day 14
(n =5 mice per group). Data are expressed as mean + SEM. *P < 0.05. Unless otherwise noted, Student's t test was used to calculate P values.

bleomycin. We chose this model because patients with telomere
syndrome are exquisitely susceptible to pulmonary-toxic drugs, such
as bleomycin and busuflan, (1, 28). Trf2"*":Sfipc-CreER mice that
were given bleomycin developed a severe systemic illness marked by
accelerated weight loss (Fig. 3L). This pathology was associated
with increased mortality, and 100% of mice died by day 29 (11 of 11
in the experimental group vs. 10 of 19 in the control group; P =
0.003, log-rank test) (Fig. 3M). The early mortality in the first 2
weeks in a majority of experimental mice (64%) suggested that
acute epithelial injury was a likely cause of respiratory failure. In the
mice that we could study premortem, there was no difference in
collagen content, apoptosis, or burden of inflammation. How-
ever, Trf2-depleted AEC2s showed proliferative defects similar
to those we saw in the absence of injury (P = 0.037) (Fig. 3N).

Telomere Dysfunction in Sftpc* Cells Signals Mesenchymal Abnormalities.
We next generated a congenital model surmising that telomere
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dysfunction during development in epithelial cells would cause se-
vere lung defects and that this model would allow us to examine the
downstream effectors of telomere dysfunction. We studied Trf2!"*";
Sftpc-Cre mice in which Cre recombinase is expressed constitu-
tively and 77f2 is thus deleted in epithelial progenitors during lung
development. Mice were born at Mendelian ratios, but Trf2" EL-Sfipc-
Cre mice died from cyanosis and a lung morphogenesis defect within
hours after birth, whereas their 7 l/ *:Sfipc-Cre littermates survived
and had no abnormalities (Fig. 4 A and B and Fig. S34). Similar to
the adult model, the DNA damage response and p53 pathway ac-
tivation were restricted to epithelial cells (Fig. 4C and Fig. S3 B and
(). However, in this developmental context, the response to telo-
mere dysfunction was more severe and manifested in a profound
proliferative defect as well as apoptosis (Fig. 4 F and G and Fig. S3
D and E). Importantly, there was extensive secondary mesenchymal
apoptosis even though the DNA damage response was limited
to epithelial cells (Fig. 4G and Fig. S3G). Trf2"*:Sfipc-Cre
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Fig. 4. Telomere dysfunction in epithelial cells signals mesenchymal abnormalities via p53. (A) Pups showing cyanosis in mutants after birth (Right). (B) Newborn
lungs showing a morphogenesis defect (Right). (C) E-cadherin staining identifies epithelial luminal cells; the remaining panels show DNA damage signaling marked
by YH2AX, p53°¢"'%, and p21 immunohistochemistry. (Scale bars: 50 um.) (D) E-cadherin staining identifies luminal branches during lung morphogenesis. Images were
used for quantification shown in E. (Scale bars: 100 microns.) (E) Lung branching was quantified by enumerating the number of E-cadherin* lumina per lung area
(n = 3-8 mice per group). (F) Number of apoptotic epithelial and mesenchymal (G) cells (n = 2-8 mice per group). (H and /) mRNA quantification of p53 target genes
(n = 4 mice per group). (J) E-cadherin whole-mount staining typical of the embryo lungs analyzed (n = 4 per group). (Scale bar: 500 um.) Unless otherwise noted,
studies shown were performed on embryonic day 14.5 lungs. Data are expressed as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Student's t test.

mice that were bred to the Rosa-mTmG reporter line also
confirmed epithelial-restricted Cre expression (Fig. S3H). These
data indicated that telomere dysfunction in epithelial cells is
sufficient to signal mesenchymal abnormalities.

The Epithelial-Derived Paracrine Signal Is p53 Dependent in the
Developing Lung. Because the response to telomere dysfunction
is mediated by p53 in some contexts (29-31), we generated
compound mutant Trf2" "FL.Sftpc-Cre mice that were also null for
p53. The p53 deletion resulted in significant amelioration of the
lung morphogenesis defect (Fig. 4 D and E). The rescue oc-
curred because p53 deletion abrogated the apoptotic response in
epithelial and mesenchymal cells simultaneously, while effec-
tively abolishing p53 downstream effectors including p21 and
Bax (Fig. 4 F-I). However, the p53-mediated rescue was partial
and did not sustain the survival of newborn pups. To test whether
the mesenchymal survival advantage was the result of an epithelial-
derived p53 signal, we generated Tvf2"".Sfipc-Cre;p53"/F7
mice in which p53 deletion was limited to Sftpc-expressing cells. In
this experiment, we found the conditional deletion recapitulated the
lung morphogenesis rescue seen in constitutively p53~'~ mice and
was also sufficient to rescue mesenchymal cell survival (Fig. 4 D-G).
These data, taken together, indicated that telomere dysfunction in
Sftpc* cells signaled mesenchymal abnormalities in a paracrine
manner that was p53 dependent.

Discussion

Telomere Dysfunction in AEC2s Recapitulates Features of Telomere-
Mediated Disease. The data we report here shed light on how
telomere dysfunction disturbs alveolar homeostasis in disease
and point to an important role for alveolar stem cell failure.
Short telomeres limited alveolar regenerative capacity in telo-
merase-null mice, indicating a cell-autonomous defect. In a
conditional model, telomere dysfunction and the consequent
induction of DNA damage provoked alveolar stem cell
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senescence. The conditional model we developed allowed us
to overcome an intrinsic hurdle to studies in telomerase-null
mice and to dissect the driving events in telomere-mediated lung
disease (Table S2). Induction of telomere dysfunction in adult
AEC2s was sufficient to provoke lung function abnormalities, sec-
ondary inflammation, and catastrophic responses to pulmonary
toxic drugs, all features of telomere-mediated lung disease. These
observations, in light of our data in telomerase-null mice, indicate
that alveolar stem cell failure alone can recapitulate key features of
telomere-mediated lung pathology. Dysfunctional telomeres and
biomarkers of senescence have been well documented in alveolar
epithelial cells from diseased human lungs (6, 13). However, the
complexity of the human pathology, in both fibrosis and emphy-
sema, does not distinguish driver from secondary bystander
events. Our data in genetically defined animal models indicate
that AEC2-dependent telomere dysfunction and senescence limit
alveolar repair and can signal mesenchymal abnormalities.

Senescence Is a Preferred Response to Telomere Dysfunction in
Alveolar Epithelial Cells. The data we present here highlight a con-
trast in the response to telomere dysfunction between high- and low-
turnover tissues. In the hematopoietic system, telomere dysfunction
causes stem cell failure because of replicative exhaustion, and this
phenotype is clinically evident in mice and limits their survival
(32-35). In contrast, when telomere dysfunction is restricted to
AEC2s, a population with a comparatively slow turnover, the
clinical phenotype is fairly well tolerated de novo. However, after
injury with a “second hit,” the response is catastrophic, as we saw
after bleomycin challenge. Human telomere-mediated lung disease
similarly represents an attenuated clinical phenotype that becomes
symptomatic in late adulthood, on average four decades later than
bone marrow failure, reflecting a more slowly evolving process (36).
However, in telomerase mutation carriers, exposure to cigarette
smoke and pulmonary toxic drugs are known to provoke exacer-
bations and functional declines that culminate in respiratory failure
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(7, 8, 36, 37). The cellular responses to telomere dysfunction are
also distinct. In high-turnover epithelial tissues such as the intestinal
tract, telomere dysfunction preferentially induces apoptosis (32, 33,
38). On the other hand, AEC2s, in both short-telomere mice (7)
and in the conditional model we generated, preferentially undergo
senescence. The cellular senescence response may be particularly
advantageous in the alveolar space because epithelial cells serve a
critical barrier function, and their persistence, even when they
have activated a senescence program, preserves the integrity of
air exchange.

AEC2 Senescence Signals Secondary Paracrine Abnormalities. A syn-
thesis of the data we show supports a model in which AEC2
senescence simultaneously causes cell-autonomous defects and
up-regulates secondary paracrine signals. In addition to the
profound proliferative defects we observed in and ex vivo, we
documented evidence of epithelial-derived paracrine signaling
that induced inflammation and secondary mesenchymal abnor-
malities. Telomere-mediated senescence has been associated
with altered gene expression as well as an in vitro secretory
phenotype (known as “SASP”) in cultured human cells (39, 40).
The data we report here show that telomere dysfunction causes
senescence-associated paracrine signaling in vivo within the al-
veolar space that is marked by global transcriptional alterations.
This program may be a primary driver of the inflammatory
pathology seen in telomere-mediated lung disease. Although more
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work is needed to characterize the immune responses driven by
epithelial senescence, it is noteworthy that the macrophage and
T-cell predominance of the infiltrates recapitulate those seen in
cigarette smoke-induced lung disease (23). These results raise the
possibility that inhibiting inflammation, without reversing the up-
stream alveolar epithelial defect, may not change the natural history
or improve clinical outcomes significantly for patients with telo-
mere-mediated lung disease. Instead, therapy strategies aimed at
restoring telomere function or reestablishing epithelial regenerative
capacity may be more beneficial.

Methods

Mice were housed at the Johns Hopkins University School of Medicine
campus, and procedures were approved by its Institutional Animal Care and
Use Committee. Detailed methods outlining the mouse strains, animal
studies, alveolar cell isolation along with the immunostaining and RNA
analyses are supplied in S/ Methods.
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