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Abstract

The p53/p21 pathway is activated in response to cell stress. However, its role in
acute lung injury has not been elucidated. Acute lung injury is associated with
disruption of the alveolo-capillary barrier leading to acute respiratory distress
syndrome (ARDS). Mechanical ventilation may be necessary to support gas
exchange in patients with ARDS, however, high positive airway pressures can
cause regional overdistension of alveolar units and aggravate lung injury. Here, we
report that acute lung injury and alveolar overstretching activate the p53/p21
pathway to maintain homeostasis and avoid massive cell apoptosis. A systematic
pooling of transcriptomic data from animal models of lung injury demonstrates the
enrichment of specific p53- and p21-dependent gene signatures and a validated
senescence profile. In a clinically relevant, murine model of acid aspiration and
mechanical ventilation, we observed changes in the nuclear envelope and the
underlying chromatin, DNA damage and activation of the Tp53/p21 pathway.
Absence of Cdknla decreased the senescent response, but worsened lung injury
due to increased cell apoptosis. Conversely, treatment with lopinavir/ritonavir led
to Cdknla overexpression and ameliorated cell apoptosis and lung injury. The
activation of these mechanisms was associated with early markers of senescence,
including expression of senescence-related genes and increases in senescence-
associated heterochromatin foci in alveolar cells. Autopsy samples from lungs of
patients with ARDS revealed increased senescence-associated heterochromatin
foci. Collectively, these results suggest that acute lung injury activates p53/p21 as
an anti-apoptotic mechanism to ameliorate damage, but with the side effect of
induction of senescence.

Keywords: Acute lung injury; Mechanical ventilation; Senescence; Apoptosis
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Introduction

The lungs have a stereotypic response to acute injury, which is preserved among
species and many etiological agents. Once damage is inflicted, lung cells trigger a
host response which can include inflammation, matrix remodeling and different
forms of cell death, including apoptosis 1. Although a limited host response may
help to clear the injurious agent and promote lung tissue repair 2, an
overexuberant host response can lead to severe injury and gas exchange
worsening. Therefore, therapeutic strategies aimed to limit lung damage and
interference with lung repair are important.

Lungs are exposed to mechanical load during every breath. In pathologic
conditions, generation of higher pressure gradients necessary for adequate
ventilation may cause excessive cell stretch 3. This is especially relevant during
mechanical ventilation with high pressures, which can lead to the so-called
ventilator-induced lung injury (VILI) 45 In mechanically ventilated patients, a
strategy aimed to limit VILI decreased mortality in patients with the acute
respiratory distress syndrome (ARDS)¢ .

Mechanotransduction is thought to regulate the molecular steps in VILI
pathogenesis 7. The nuclear envelope has been reported as an important cell
mechanosensor and signal transducer 8. Mechanical stretch appears to increase
Lamin-A in the nuclear envelope, leading to nuclear stiffening. These changes in
the nuclear envelope can also activate p53-dependent pathways. Wildtype p53 is a
master regulator of cell homeostasis and fate, and its activation may lead to a
variety of responses, ranging from apoptosis to cell cycle arrest. Inhibition of this
response has been shown to increase p21 (Cdknla) expression and decrease VILI

in an experimental model °.
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p53 and its downstream factor p21 are triggers of senescence 19, a cell response
characterized by an stable arrest of the cell cycle and a switch towards a
senescence-associated secretory phenotype (SASP). It has been proposed that
senescence facilitates the clearance of damaged cells and is required for tissue
repair 11. Interestingly, some of the molecules have a significant overlap with the
proinflammatory response associated with VILI.

We hypothesized that p53-dependent pathways play a role in the maintenance of
lung homeostasis during acute injury, and that senescence could be a side effect of
their activation. To test this hypothesis, we developed a clinically relevant model of
lung injury caused by acid aspiration and VILI to assess the activation of p53 and

its downstream factors.

Material and methods

Meta-analysis of transcriptomic data

To explore the main hypothesis, a pooled analysis of published transcriptomic data
was performed, using a previously validated 55-gene expression signature of
senescence 12 as main endpoint. Datasets reporting lung gene expression in mouse
models of acute lung injury and mechanical ventilation were obtained from public
repositories (Gene Omnibus Expression -https://www.ncbi.nlm.nih.gov/geo/- and
ArrayExpress - https://www.ebi.ac.uk/arrayexpress/-) using the following terms:
“Stretch”, “Cyclic strain”, “Mechanical Ventilation”, “Lung”, and “Alveolar”. Fifty-one
datasets were manually reviewed. Studies lacking a control group with intact,
spontaneously breathing animals and those reporting less than 40 genes from the

endpoint signature were excluded, so 9 datasets were finally used (Supplementary

Table 1). When available, raw data was downloaded and normalized using the
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Robust Multiarray Average method (for Affymetrix microarrays) or normal-
exponential background correction followed by quantile normalization (all the
other platforms).

Normalized datasets were pooled using the Combat-Co-normalization using
controls (COCONUT) algorithm 13. This method normalizes gene expression of the
different datasets using an empirical Bayes fitting, but applied only to control
samples (in this case, spontaneously breathing animals with intact lungs). Then the
obtained normalization parameters are applied to the cases (i.e., those with lung
injury)(Supplementary Figure 1). Three different signatures were studied,
corresponding to 116 genes upregulated by p53, 14 genes downregulated by p21
14 and a set of 50 genes consistently up- and down-regulated in senescence 12. A
meta-score was computed for each sample as the geometric mean of the
upregulated genes minus the geometric mean of the downregulated genes in the
signaturel3. Meta-scores were finally compared among controls and animals with

lung injury and/or mechanical ventilation.

Animal models

Male, 12 week old C57Bl/6 mice, kept under pathogen-free conditions with free
access to food and water, were used in all experiments. The Animal Research
Committee of the Universidad de Oviedo evaluated and approved the study.

A two-hit lung injury model, based on chlorhydric acid instillation and mechanical
ventilation, was studied. Animals were anesthetized with intraperitoneal ketamine
and xylazine and orotracheally intubated using a 20G catheter, through which
50pL of chlorhydric acid (0.1N, pH=1.5) were instilled. Two hours after instillation,

mice were randomly assigned to receive mechanical ventilation or not. Mice were
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ventilated with a pressure-controlled mode (peak inspiratory pressure 17 cmH>0,
PEEP 2 cmH:0, respiratory rate 100 breaths/min) for 120 minutes.

Three additional series of experiments were performed. Mice lacking Tp53 or
Cdknla (p21, an endogenous inhibitor of cyclin-dependent kinases involved in the
senescent response triggered by Tp53) and their wildtype littermates were
subjected to the same model of injury, including acid instillation and mechanical
ventilation. Genotypes were confirmed by PCR. In separate experiments, wildtype
animals were treated with a single dose (200/50 mg/Kg) of lopinavir/ritonavir (a
protease inhibitor that inhibits Zmpste24 and disrupts Lamin-A nuclear
scaffolding, activating senescence pathways) or saline, administered
intraperitoneally immediately after acid instillation, and then ventilated with the

parameters described above.

Tissue harvest

Mice were studied in three different conditions: baseline, 4 hours after chlorhydric
acid instillation without mechanical ventilation and 4 hours after acid instillation
including 2 hours of mechanical ventilation. Lungs were removed after
exsanguination of anesthetized animals. A laparotomy was performed, the renal
artery sectioned, the thorax opened and the heart-lungs removed in bloc. The left
lung was instilled with 250 microliters of 4% phosphate-buffered
paraformaldehyde, immersed in the same fixative for 24 hours, and then stored in
50% ethanol. The right lung was immediately frozen at -80°C for biochemical

analyses.

Patient samples



Journal Pre-proof

Paraffin-embedded lung tissue from autopsies of patients were obtained from the
tissue bank at Hospital Universitario Central de Asturias, after signed consent from
patients’ next of kin. ARDS was defined using the Kigali modification of the Berlin
definition 15, to include patients with lung injury but without mechanical
ventilation and those without an arterial line. 13 samples were recovered

(Supplementary Table 2).

Histological studies

After fixation, tissues were embedded in paraffin and three slices with at least
1mm of separation between them were cut and stained with hematoxylin and
eosin. A pathologist blinded to the experimental settings evaluated the degree and
extension of lung damage using a predefined histological score 16.

Additional lung sections were processed as previously described 17 for detection of
myeloperoxidase- and Ki-67-positive cells, using specific antibodies (See
Supplementary Table 3 for references). Images from three random fields (x200)
were taken and then number of positive cells averaged.

For immunofluorescence studies, slides were deparaffinated and antigens
retrieved in citrate buffer 0.1M (pH=9). The autofluorescence of the tissue was
diminished using a Sudan black B solution and sections were permeabilized (0.1%
Triton X-100 in PBS for 15 minutes), blocked (1% BSA in PBS) and incubated
overnight at 4°C with the primary antibody (Supplementary Table 3). After 24
hours, the slices were incubated with the corresponding secondary fluorescent
antibody at room temperature for 1 hour. Images were taken using a confocal
microscopy (Leica SP8) at 400x and 630x. The number of positive and negative

nuclei were automatically quantified using Image] software (NIH, USA).
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Apoptotic cells in lung slices were detected by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) as previously described °. Images
from three random fields were acquired in a Leica SP8 confocal microscope and
the positive nuclei were counted and expressed as percentage of the total nuclei

count.

Western blot

Nuclei were extracted from fresh lung tissues and subsequently homogenized as
described before °. The total amount of protein from nuclear extracts was
quantified (BCA Protein Assay Kit, Pierce) and 15ug of each sample were loaded in
SDS-polyacrylamide gels, electrophoresed at 120mV and electrotransferred onto
PVDF membranes. After blockade with 5% non-fat dry milk, the membranes were
incubated with primary antibodies against Caspase-9, Lamin-A/C, Lamin-B1,
YH2AX, HP1a or H3 (Supplementary Table 3) in 3% non-fat dry milk overnight at
4°C. After 24 hours, the membranes were incubated with the corresponding
peroxidase-conjugated secondary antibodies in 2.5% non-fat dry milk. Proteins
were detected by chemiluminescence in a LAS-4000 Imaging system. The intensity

of each protein band was quantified using Image] software (NIH, USA).

Quantitative PCR

Lung fragments (2 mm x 2 mm) were homogenized with TRIZOL (Sigma, Poole,
UK) and RNA precipitated by overnight incubation in isopropanol at -20°C. After
24 hours, samples were washed with ethanol and the RNA resuspended in RNAse-
free water and quantified. One pg of total RNA was retrotranscribed into

complementary cDNA using an RT-PCR kit (High capacity cDNA rt Kit, Applied
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Biosystems). Quantitative PCRs were carried out in triplicate of each sample using
40 ng of cDNA per well. Expression of Plk3, Gdnf, Meis1, 116, Tp53, Cdknla (p21),
CdknZa (p16), Rb, and Gapdh was quantified using Sybr-green Power up, (Fisher
Scientific) and 10uM of the corresponding primers (Supplementary Table 4). The

relative expression of each gene was calculated as 2-CT(gene of interest)-ACT(GAPDH),

Statistical analysis

Data are shown as mean * standard error of the mean. Differences between two
groups were studied using a T test. Differences among more than two groups were
assessed using an analysis of the variance (ANOVA). For SAHF counts, three slides
per animal were counted (considered as technical replicates) and analyzed using a
mixed-effects ANOVA. When significant, pairwise comparisons were done using
the Tukey’s Honest Significant Difference test. A p-value lower than 0.05 was

considered significant.

Results

Transcriptomic signatures of p53/p21 activation and senescence in lung injury

To test the hypothesis that the p53/p21 pathway is activated during acute lung
injury and to identify early markers of a switch towards a senescent phenotype,
data from 9 datasets of mouse lung injury and mechanical ventilation
(Supplementary Table 1) were pooled and gene expression analyzed (Figure 1A).
Three different transcriptomic signatures related to p53-dependent upregulation
(116 genes, 85 available in the pooled data), p21-dependent downregulation (14

genes, 12 available) 14 and senescence 12 (55 genes, 44 available) were analyzed. A

10
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meta-score of expression of these genes was computed for each sample and
compared to assess the effect of lung injury and mechanical ventilation.

Animals subjected to acid aspiration lung injury and mechanical ventilation
showed higher expression of p53-dependent genes (ANOVA p-value<0.001, Figure
1B), lower expression of p21-downregulated genes (ANOVA p-value<0.001, Figure
1C) and a higher metascore (Figure 1D) in the senescence signature than
spontaneously breathing controls (ANOVA p-value<0.001, Figure 1D). The
expression of each gene of these signatures is shown in Supplementary Figure 2.
These results support the notion that lung injury and mechanical ventilation
activate p53/p21 pathways and the molecular mechanisms of senescence in

acutely injured lungs.

Activation of the p53/p21 pathway in a clinically relevant model

To explore the mechanisms involved in the activation of p53-dependent signals, an
experimental model of acid aspiration- and mechanical ventilation induced lung
injury was tested. Chlorhydric acid instillation and mechanical ventilation induced
a significant increase in lung damage and inflammation, assessed by histological
scores (Figure 2A), neutrophilic infiltrates (Figure 2B) and /16 expression (Figure
2C). Lung damage increased the proportion of both proliferating and apoptotic
cells in lung parenchyma (Figures 2D-E and Supplementary Figure 3).
Immunohistochemical studies revealed that TUNEL-positive staining was localized
in all the explored cell types, including type I and Il pneumocytes, fibroblasts and
endothelial cells (Supplementary Figure 4). In line with these findings, the
abundance of cleaved caspase-9 in lung tissue was increased with lung injury

(Figure 2F)

11
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We then explored the putative activators of this response to acute injury. Lamins in
the nuclear envelope act as cell mechanosensors, regulating chromatin
organization in response to mechanical stress. We observed that Lamin-A/Lamin-
B ratio increased after mechanical stretch (Figure 2G). Immunofluorescence
studies confirmed the increase in Lamin-A in the nuclear envelope after
mechanical stretch, but not after hydrochloric acid instillation alone (Figure 2H).
These changes in the nuclear envelope coexisted with an increase in YH2AX (Figure
21) and HP1a (Figure 2J), markers of DNA damage and chromatin remodeling
respectively, in nuclear extracts from ventilated animals. Panel 2K shows
representative Western blots of these parameters.

The expression of the canonical responders to DNA damage CdknZa (p16) and
Tp53 (p53) and their corresponding downstream factors Rb and Cdknla (p21) was
also assessed. There were no differences in the levels of CdknZa (Figure 2L),
whereas expression of Rb was significantly decreased (Figure 2M). However, we
observed significant increases in Tp53 (Figure 2N) and Cdknla (Figure 20)
expression with lung injury. The increase in P21 protein was observed mainly in
type-1I and type-II alveolar epithelial cells (positive for Aquaporin-5 or Surfactant-
protein C respectively), and not in fibroblast or endothelial cells (positive for

vimentin or Von-Willebrand factor respectively) (Supplementary Figure 5).

Increased lung damage in mice lacking p21

To address the role of p53 and p21 in acute lung damage, Tp537/-, Cdknla~/- mice
and their wildtype counterparts were subjected to acid instillation followed by
mechanical ventilation. In preliminary experiments, absence of Tp53 did not

modify lung injury (histological score 2.4+1.6 vs 2.3*¥1.2, n=4/group, p=0.91,

12
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Supplementary figure 6), so we focused on the downstream factor p21. In absence
of p21, the mice had worse lung injury (Figure 3A) and higher counts of apoptotic
cells (Figure 3B) and cleaved caspase-9 abundance (Figure 3C) compared to their
wildtype counterparts. There were no differences in 116 or Tp53 expression nor in

abundance of YH2AX or HP1a between genotypes (Figures 3D-G respectively).

Lopinavir increases p21 and decreases lung damage

We have previously shown that HIV-protease inhibitors modify the nuclear
response to mechanical stretch and protect against VILI 9, an effect that could be
due to the inhibition of the Lamin-A protease ZMPSTEZ24 18, In our double-hit
model, treatment with lopinavir/ritonavir impaired the structure of the nuclear
lamina, decreasing the abundance of Lamin-A (Figure 4A), and decreased lung
injury (Figure 4B), apoptotic cell count (Figure 4C) and cleaved caspase-9 (Figure
4D). Although abundance of yYH2Ax was not modified by this treatment (Figure 4E),
there was a marked decrease in HP1a (Figure 4F). Panel 4G shows representative
blots of these measurements. Finally, treatment with lopinavir/ritonavir caused an
increase in 116 expression (Figure 4H), with no changes in Tp53 expression (Figure

41) but an increase in Cdknla (p21, Figure 4]).

Early markers of senescence in acute lung injury

Then, we tried to identify early markers of senescence in our acute model. Acid
aspiration and mechanical ventilation-induced lung injury was associated with an
increase in the number of nuclei positive for Macro-H2A, a marker of senescence-

associated heterochromatin foci (SAHF, Figure 5A), and changes in PIk3 (Figure

13
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5B), Gdnf (Figure 5C), and Meisl (Figure 5D), the genes from the senescence
signature with the highest differential expression in the previous pooled analysis.
These markers of senescence were modified by manipulation of the p21 pathway.
Mutant animals lacking Cdknla exhibited a decreased number of SAHF after acid
instillation and mechanical ventilation (Figure 5E) and in expression of the
senescence-related gene Plk3 (Figure 5F). In opposite, treatment with
lopinavir/ritonavir (that increased Cdknla expression, Figure 4]) was related to
lower counts of SAHF (Figure 5G), but increased PIk3 expression (Figure 5H)
Finally, to confirm the incidence of SAHF in patients, lung tissue from autopsies of
critically-ill patients with and without lung injury and mechanical ventilation
(Supplementary Table 2) were stained with antibodies against Macro-H2A. There
were no differences in age between the three groups of patients (626, 61+11 and
54+10 years for patients without ARDS or mechanical ventilation, with ARDS but
without mechanical ventilation and ARDS and ventilation respectively, p=0.17 in
ANOVA). Similarly to the animal model, nuclear Macro-H2A increased in those
with severe lung injury and mechanical ventilation (Figure 5I).

Collectively, these findings suggest that lung injury and mechanical stretch trigger
the appearance of early markers of senescence. The severity of lung injury and the
abundance of senescence markers showed an inverse correlation after

manipulation of p21 levels.

Discussion
We provide evidence that acute lung injury and its treatment with mechanical
ventilation alters the nuclear envelope and causes DNA damage, activating the

p53/p21 pathway. Activation of p21 plays a homeostatic role, limiting the extent of

14
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apoptosis in response to injury. Moreover, this effect can be pharmacologically
activated to ameliorate lung injury in a clinical setting. In spite of this beneficial
effect, this pathway also leads to the appearance of early markers of senescence in

lung tissue. Figure 6 summarizes the findings of this work.

The p53/p21 axis in acute injury

P53 and its downstream transcription factor p21 are major regulators of cell
homeostasis. It has been shown that p53 regulates permeability in lung endothelial
cells after an inflammatory insult 1° Similarly, activation of this pathway in
response to hypertonic saline decreased lung injury and inflammation in human
airway epithelial cells 20. However, our observations in Tp537/- mice showed no
differences in lung injury. Given the pleiotropic effects of p53 in cell homeostasis,
this could be due to the existence of both protective and pathogenetic mechanisms.
One of the main effects of the cyclin kinase inhibitor p21 is the blockade of
apoptosis 21, Several pro-apoptotic pathways are activated during acute lung injury
22 as shown in our model. In this setting, p21 may have a compensatory role by
avoiding the loss of a large amount of epithelial cells. Our observation of massive
cell death in Cdknla/- mice suggests this homeostatic role. It has been proposed
that caspase-9 is the downstream target responsible for the anti-apoptotic effects
of p21 23, Overexpression of p21 increases the resistance to apoptosis of alveolar
epithelial cells 24, and the beneficial effects of lopinavir/ritonavir in VILI could
represent the effects of the overexpression of this gene and the observed decrease
in caspase-9. In contrast, absence of p21 was associated with more severe lung

injury and increased numbers of apoptotic cells, as previously suggested 2>.

15
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The role of mechanical stretch

Mechanical overstretch could be an important pathogenic factor involved in
p53/p21 activation. The experimental model using a ventilatory strategy within
the limits of protective ventilation (driving pressure 15 cmH20, avoidance of zero
end-expiratory pressure) was chosen to increase the translational significance of
our work. Although ventilation with very high inspiratory pressures and allowing
expiratory collapse induces severe lung damage in less than one hour, even in
healthy lungs, the clinical translation of these findings is less straightforward.
Several mechanisms have linked the mechanical load toa lung biological response,
including oxidative stress and MAPK activation 26. We focused on the role of the
nuclear envelope as a critical structure regulating both mechanosensing and
senescence. The mechanical load is transmitted from the extracellular matrix to
the cytoskeleton and then to the nuclear membrane 27. This causes a change in the
nuclear lamina, reorganization of the underlying chromatin and DNA damage 28,
either mediated by MAPK activation 2° or by a direct mechanical effect 39. DNA
damage is one of the triggers of the p53 pathway. In smooth muscle cells, stretch
leads to p53 activation and upregulation of senescence markers 31, resembling our
findings. Similarly, HIV protease inhibitors, such as lopinavir/ritonavir, inhibit
ZMPSTE-24, a protease responsible for Lamin-A maturation 18, preserving nuclear
compliance, increasing p21 expression and decreasing stretch induced apoptosis
and VILI °.

Our immunohistochemical studies suggest that although apoptosis occurs in all the
explored cell lines (alveolar epithelium, endothelium and fibroblasts), activation of
p21 pathway take place in the alveolar epithelium. Preexisting epithelial damage

caused by acid instillation could amplify the mechanical load over the epithelium

16
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by increasing heterogeneity of the lung parenchyma. Moreover, previous results in
subacute models of lung damage have shown the need for two synergic hits to

induce lung senescence 32.

Senescence in lung diseases

One of the known consequences of p53 activation is the cell switch towards a
senescent phenotype. Lipopolysaccharide or bleomycin-induced lung injury
increases the number of SA-B-galactosidase-positive cells and leads to cell cycle
arrest 33, It has been shown that this activation has no detrimental effects in acute
inflammation. However, blockade of the cell cycle has been associated with
increased collagen deposition 34 and SASP may perpetuate lung inflammation 35.
Therefore, main features of abnormal lung repair after acute injury (limited cell
proliferation, chronic inflammation and fibrosis) could be explained by a
persistent senescent response 36, Inhibition of this response by selective deletion
of Tp53 in Club cells ameliorated lung damage related to chronic inflammation 33,
suggesting a novel mechanism amenable to treatment of lung diseases.

The acute nature of our model and its short-term lethality does not allow the
identification of canonical senescence markers such as Senescence-associated -
galactosidase, as these require from days to weeks to be positive 37. However, we
identified a set of early markers including changes in chromatin structure and gene
expression. In a model of repair after VILI, lung Cdknla expression remained
elevated up to two days of spontaneous breathing after injury °. Although it is
unclear if these mechanisms may precipitate a full-blown senescent response in
the long term, our results highlight the involvement of this molecular machinery in

the early phase, and could be a therapeutic target to avoid late consequences.

17
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Clinical implications

Our findings have several implications regarding the pathogenesis of lung injury
and its long-term consequences. First, the described p21 response may be
beneficial in the acute phase, and could be pharmacologically manipulated using
lopinavir. In a recent clinical trial in patients with lung disease caused by the SARS-
CoV-2 coronavirus, lopinavir did not reduce mortality, but decreased the risk of
ARDS development 38. However, the associated senescent response could worsen
lung repair and long-term outcomes. Survivors after a prolonged ICU stay may
have deleterious and prolonged sequels, including respiratory impairment 39,
neuropsychological disturbances 40 and muscle atrophy 41, particularly the elderly
42 The mechanisms responsible for these sequels are largely unknown and no
effective therapies are currently available. Local activation of senescence and its
paracrine/systemic spread could contribute to the pathogenesis of these sequels
43, As previously discussed, senescence may contribute to disordered lung repair.
The confirmation of this framework could lead to the use of senolytics 44() in
critically ill patients. However, due to the protective nature of senescence in the
early phase %5, these treatments should be time-coordinated and modulated to

optimize their effectiveness.

Conclusions

We provide new evidence suggesting that acute lung damage activates p21 to limit
apoptosis. This response appears to be trigged by the induction of DNA damage
and linked to chromatin changes caused by mechanical overstretch. Interaction

with the nuclear lamina may enhance this anti-apoptotic response. Although p21

18
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activation may be beneficial in the acute phase of lung injury, the long-term effects
must be taken into consideration as they could explain some of the long term

sequels of critically ill patients.

Acknowledgements

Funding: Supported by grants from Centro de Investigacion Biomédica en Red
(CIBER) and Instituto de Salud Carlos III (PI20/01360, Co-funded by European
Regional Development Fund/European Social Fund). L.A.R. is the recipient of a
grant from Instituto de Salud Carlos III (CM16/00128). C.H.F. is the recipient of a
grant from Instituto de Salud Carlos III (CD16/00033). Instituto Universitario de
Oncologia del Principado de Asturias is supported by a grant from Fundacién
Cajastur-Liberbank. Work in the laboratory of P.J.F.M. was funded by the IMDEA
Food Institute, by the AECC and Ramon Areces Foundations and by grants from the
Spanish Minisitry of Science, Innovation and Universities, co-funded by the
European Regional Development Fund (ERDF) (SAF2017-85766-R and RYC-2017-
22335). Work in the laboratory of M.S. was funded by the IRB, by “La Caixa”
Foundation, and by grants from the Spanish Ministry of Economy co-funded by the
European Regional Development Fund (ERDF) (SAF2017-82613-R) and from the
European Research Council (ERC-2014-AdG/669622). ].1.S. is supported by NIH

grants HL-147070, HL-71643 and AG-49665.

Conflicts of interest: All authors have read the journal’s authorship agreement and
policy on disclosure of potential conflicts of interest. The authors have no conflicts

of interest to disclose.

19



Journal Pre-proof

Brief commentary:

Background: P53 and its downstream factor p21 are involved in the cell response
to stress. In addition, they are drivers of senescence. Although these pathways
have been studied in chronic lung diseases, their role in acute lung injury has not

been systematically explored.

Translational significance: Our findings show that the anti-apoptotic effects of p21
counteract the pro-apoptotic response triggered by acute lung injury and
mechanical ventilation. Drug-induced overexpression of p21 decreases lung injury
in this setting. However, activation of p21 also leads to an early senescent response

within the lung, that may favor long-term side effects.

Authors’ contributions

JBP, CHF, ILA and GMA designed the study. ]BP, CHF, ILA, LAR, PMV, CLM, IC, CP
and PJFM performed the experiments. GMA did the bioinformatic analysis. ]BP,
ILA, CHF, LAR, PJFM and GMA analyzed the results. CHF, ILA, LAR, PJFM, MS, JIS
and GMA discussed the significance of the results. JIS, MS and GMA wrote the
paper. GMA is the responsible of the integrity of the whole work.

Data statement

Raw data and R code used in this work are available from the corresponding
author (GMA) upon reasonable request.

References

1. Herold S, Gabrielli NM, Vadasz I. Novel concepts of acute lung injury and
alveolar-capillary barrier dysfunction. Am ] Physiol Lung Cell Mol Physiol.
2013;305(10):L665-681. doi:10.1152/ajplung.00232.2013

2. Blazquez-Prieto ], Lopez-Alonso I, Amado-Rodriguez L, et al. Impaired lung

20



Journal Pre-proof

repair during neutropenia can be reverted by matrix metalloproteinase-9. Thorax.
2018;73(4):321-330. doi:10.1136/thoraxjnl-2017-210105

3. Perlman CE, Bhattacharya ]. Alveolar expansion imaged by optical
sectioning microscopy. ]  Appl Physiol. 2007;103(3):1037-1044.
doi:10.1152/japplphysiol.00160.2007

4, Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl | Med.
2013;369(22):2126-2136.d0i:10.1056/NEJMra1208707

5. Corbridge TC, Wood LD, Crawford GP, Chudoba M], Yanos ], Sznajder ]I
Adverse effects of large tidal volume and low PEEP in canine acid aspiration. Am
Rev Respir Dis. 1990;142(2):311-315. doi:10.1164 /ajrccm/142.2.311

6. The Acute Respiratory Distress Syndrome Network. Ventilation with lower
tidal volumes as compared with traditional tidal volumes for acute lung injury and
the acute respiratory distress syndrome. N Engl ] Med. 2000;342:1301-1308.

7. Spieth PM, Bluth T, Gama De Abreu M, Bacelis A, Goetz AE, Kiefmann R.
Mechanotransduction in the lungs. Minerva Anestesiol. 2014;80(8):933-941.

8. Swift ], Ivanovska IL, Buxboim A, et al. Nuclear lamin-A scales with tissue
stiffness and enhances matrix-directed differentiation. Science.
2013;341(6149):1240104. doi:10.1126/science.1240104

0. Lopez-Alonso |, Blazquez-Prieto ], Amado-Rodriguez L, et al. Preventing loss
of mechanosensation by the nuclear membranes of alveolar cells reduces lung
injury in mice during mechanical = ventilation. Sci Transl Med.
2018;10(456):eaam7598. doi:10.1126/scitranslnied.aam7598

10. Varela I, Cadinanos |, Pendas AM, et al. Accelerated ageing in mice deficient
in Zmpste24 protease is linked to p53 signalling activation. Nature.
2005;437(7058):564-568. doi:10.1038 /nature04019

11.  Mufioz-Espin D, Serrano M. Cellular senescence: from physiology to
pathology. Nat Rev Mol Cell Biol. 2014;15(7):482-496. doi:10.1038/nrm3823

12. Hernandez-Segura A, de Jong TV, Melov S, Guryev V, Campisi ], Demaria M.
Unmasking Transcriptional Heterogeneity in Senescent Cells. Curr Biol CB.
2017;27(17):2652-2660.e4.d0i:10.1016/j.cub.2017.07.033

13.  Sweeney TE, Wong HR, Khatri P. Robust classification of bacterial and viral
infections via integrated host gene expression diagnostics. Sci Transl Med.
2016;8(346):346ra91. doi:10.1126/scitranslmed.aaf7165

14.  Fischer M. Census and evaluation of p53 target genes. Oncogene.
2017;36(28):3943-3956. d0i:10.1038/0nc.2016.502

15. Riviello ED, Kiviri W, Twagirumugabe T, et al. Hospital Incidence and
Outcomes of the Acute Respiratory Distress Syndrome Using the Kigali
Modification of the Berlin Definition. Am J Respir Crit Care Med. 2016;193(1):52-59.
doi:10.1164/rccm.201503-05840C

16. Blazquez-Prieto ], Lopez-Alonso I, Amado-Rodriguez L, Batalla-Solis E,
Gonzalez-Lopez A, Albaiceta GM. Exposure to mechanical ventilation promotes
tolerance to ventilator-induced lung injury by Ccl3 downregulation. Am J Physiol
Lung Cell Mol Physiol. 2015;309(8):L847-56. doi:10.1152/ajplung.00193.2015

17. Gonzalez-Lopez A, Astudillo A, Garcia-Prieto E, et al. Inflammation and
matrix remodeling during repair of ventilator-induced lung injury. Am J Physiol
Lung Cell Mol Physiol. 2011;301(4):L500-9. doi:10.1152 /ajplung.00010.2011

18. Coffinier C, Hudon SE, Farber EA, et al. HIV protease inhibitors block the
zinc metalloproteinase ZMPSTE24 and lead to an accumulation of prelamin A in
cells. Proc  Natl Acad Sci U A 2007;104(33):13432-13437.

21



Journal Pre-proof

doi:10.1073/pnas.0704212104

19.  Barabutis N, Dimitropoulou C, Gregory B, Catravas JD. Wild-type p53
enhances endothelial barrier function by mediating RAC1 signalling and RhoA
inhibition. J Cell Mol Med. 2018;22(3):1792-1804. doi:10.1111/jcmm.13460

20.  Gamboni F, Anderson C, Mitra S, et al. Hypertonic Saline Primes Activation
of the p53-p21 Signaling Axis in Human Small Airway Epithelial Cells That
Prevents Inflammation Induced by Pro-inflammatory Cytokines. /| Proteome Res.
2016;15(10):3813-3826.d0i:10.1021/acs.jproteome.6b00602

21. Fielder E, von Zglinicki T, Jurk D. The DNA Damage Response in Neurons:
Die by Apoptosis or Survive in a Senescence-Like State? | Alzheimers Dis.
2017;60(s1):S107-S131. doi:10.3233/JAD-161221

22. Martin TR, Hagimoto N, Nakamura M, Matute-Bello G. Apoptosis and
epithelial injury in the lungs. Proc Am Thorac Soc. 2005;2(3):214-220.

23. Sohn D, Essmann F, Schulze-Osthoff K, Janicke RU. p21 blocks irradiation-
induced apoptosis downstream of mitochondria by inhibition of cyclin-dependent
kinase-mediated caspase-9 activation. Cancer Res. 2006;66(23):11254-11262.
doi:10.1158/0008-5472.CAN-06-1569

24. Inoshima I, Kuwano K, Hamada N, et al. Induction of CDK inhibitor p21 gene
as a new therapeutic strategy against pulmonary fibrosis. Am J Physiol Lung Cell
Mol Physiol. 2004;286(4):L727-733. doi:10.1152/ajplung.00209.2003

25.  Yamasaki M, Kang H-R, Homer R], et al. P21 regulates TGF-betal-induced
pulmonary responses via a TNF-alpha-signaling pathway. Am J Respir Cell Mol Biol.
2008;38(3):346-353.d0i:10.1165/rcmb.2007-02760C

26.  Correa-Meyer E, Pesce L, Guerrero C, Sznajder JI. Cyclic stretch activates
ERK1/2 via G proteins and EGFR in alveolar epithelial cells. Am J Physiol Lung Cell
Mol Physiol. 2002;282(5):L883-91.

27.  Maurer M, Lammerding ]. The Driving Force: Nuclear Mechanotransduction
in Cellular Function, Fate, and Disease. Ann Rev Biomed Eng. 2019;21:443-468.
doi:10.1146/annurev-bioeng-060418-052139

28.  Yang Z, Maciejowski J, de Lange T. Nuclear Envelope Rupture Is Enhanced
by Loss of p53 or Rb. Mol Cancer Res. 2017;15(11):1579-1586. doi:10.1158/1541-
7786.MCR-17-0084

29. Upadhyay D, Correa-Meyer E, Sznajder ]I, Kamp DW. FGF-10 prevents
mechanical ' stretch-induced alveolar epithelial cell DNA damage via MAPK
activation. Am | Physiol Lung Cell Mol Physiol. 2003;284(2):L350-359.
doi:10.1152 /ajplung.00161.2002

30. Nava MM, Miroshnikova YA, Biggs LC, et al. Heterochromatin-Driven
Nuclear Softening Protects the Genome against Mechanical Stress-Induced
Damage. Cell. 2020;181(4):800-817.e22. do0i:10.1016/j.cell.2020.03.052

31. Mayr M, Hu Y, Hainaut H, Xu Q. Mechanical stress-induced DNA damage and
rac-p38MAPK signal pathways mediate p53-dependent apoptosis in vascular
smooth muscle cells. FASEB J. 2002;16(11):1423-1425. doi:10.1096/fj.02-0042fje
32. Mosteiro L, Pantoja C, Alcazar N, et al. Tissue damage and senescence
provide critical signals for cellular reprogramming in vivo. Science.
2016;354(6315).doi:10.1126/science.aaf4445

33. Sagiv A, Bar-Shai A, Levi N, et al. p53 in Bronchial Club Cells Facilitates
Chronic Lung Inflammation by Promoting Senescence. Cell Rep. 2018;22(13):3468-
3479.doi:10.1016/j.celrep.2018.03.009

34. Waters DW, Blokland KEC, Pathinayake PS, et al. Fibroblast senescence in

22



Journal Pre-proof

the pathology of idiopathic pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol.
2018;315(2):L162-L172. doi:10.1152/ajplung.00037.2018

35. Kumar M, Seeger W, Voswinckel R. Senescence-associated secretory
phenotype and its possible role in chronic obstructive pulmonary disease. Am J
Respir Cell Mol Biol. 2014;51(3):323-333. d0i:10.1165/rcmb.2013-0382PS

36. He Y, Thummuri D, Zheng G, et al. Cellular senescence and radiation-
induced pulmonary fibrosis. Transl Res. 2019;209:14-21.
doi:10.1016/j.trs1.2019.03.006

37. Tominaga T, Shimada R, Okada Y, Kawamata T, Kibayashi K. Senescence-
associated-3-galactosidase staining following traumatic brain injury in the mouse
cerebrum. PloS One. 2019;14(3):e0213673. d0i:10.1371/journal.pone.0213673

38. Cao B, Wang Y, Wen D, et al. A Trial of Lopinavir-Ritonavir in Adults
Hospitalized with Severe Covid-19. N Engl ] Med. 2020;382:1787-1799.
doi:10.1056/NEJM0a2001282

39. Heyland DK, Groll D, Caeser M. Survivors of acute respiratory distress
syndrome: relationship between pulmonary dysfunction and long-term health-
related quality of life. Crit Care Med. 2005;33(7):1549-1556.

40.  Girard TD, Thompson ]JL, Pandharipande PP, et al. Clinical phenotypes of
delirium during critical illness and severity of subsequent long-term cognitive
impairment: a prospective cohort study. Lancet Respir Med. 2018;6(3):213-222.
doi:10.1016/5S2213-2600(18)30062-6

41. Dos Santos C, Hussain SNA, Mathur S, et al. Mechanisms of Chronic Muscle
Wasting and Dysfunction after an Intensive Care Unit Stay. A Pilot Study. Am ]
Respir Crit Care Med. 2016;194(7):821-830. d0i:10.1164/rccm.201512-23440C

42.  Heyland DK, Garland A, Bagshaw SM, et al. Recovery after critical illness in
patients aged 80 years or older: a multi-center prospective observational cohort
study. Intensive Care Med. 2015;41(11):1911-1920. doi:10.1007/s00134-015-
4028-2

43. Koons B, Greenland JR, Diamond JM, Singer JP. Pathobiology of frailty in
lung disease. Transl Res. 2020;221:1-22. d0i:10.1016/j.trs1.2020.04.001

44.  Paez-Ribes M, Gonzalez-Gualda E, Doherty G], Mufioz-Espin D. Targeting
senescent cells in translational medicine. EMBO Mol Med. 2019;11(12):e10234.
doi:10.15252/emmm.201810234

45.  Chu X, Wen ], Raju RP. Rapid senescence-like response after acute injury.
Aging Cell. Published online August 2, 2020:e13201. doi:10.1111/acel.13201

23



Journal Pre-proof

Figure legends.

Figure 1. Expression of gene signatures. A: Overview of the analysis. Eleven
datasets (128 samples) reporting gene expression in animal models of lung injury
were pooled and analyzed to calculate different Meta-scores summarizing the
expression of genes included in specific signatures. B: Meta-score of a p53-
dependent signature for each experimental group (2nd hit refers to any model of
lung injury other than mechanical ventilation). C: Meta-score of a transcriptomic
signature including genes downregulated by p21. D: Meta-score of a senescence-
specific signature. Gray lines mark significant differences among groups (p<0.05 in

Tukey’s post-hoc tests).
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Figure 2. Characterization of lung injury. A: Acid instillation and mechanical
ventilation caused lung damage assessed using a histological score (scale
bar:100p). B: Myeloperoxidase-positive cell counts in histological sections,
showing an increase of neutrophils in the injured lung. C: Expression of 116 in lung
tissue. D: Quantification of Ki-67 positive cells in histological sections, as a marker
of proliferation. E: TUNEL-positive cells in histological sections. F: Abundance of
cleaved Caspase-9 in lung homogenates. G-H: Changes in Lamin-A/Lamin-B1 ratio
in nuclei from lung tissue (G) and representative immunohistochemical sections
(H, scale bar: 25u). I-J: Abundance of YH2AX (I) and HP1a (J), markers of DNA
damage and heterochromatin respectively, in nuclei from lung tissue. K:
Representative western blots of the previous quantifications. L-O: Changes in
expression of the canonical senescence inducers CdknZa (p16, L), Rb (M), Tp53 (N)
and Cdknla (p21, O). N=4-6 animals per group. Gray lines mark significant

differences among groups (p<0.05 in Tukey’s post-hoc tests).
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Figure 3. Lung injury in wildtype and Cdknla”/- animals. A: Histological score of

lung damage in both genotypes (scale bar: 100u). B: Percentage of apoptotic

(TUNEL+) cells (scale bar: 50 p). C: Abundance of cleaved caspase-9 in lung

homogenates from both genotypes. D-E: Expression of 116 (D) and Tp53 (E) in

wildtype and mutant mice. F-G: Abundance of yH2AX (F) and HPla (G), with

representative western blots, in lung homogenates. N=4-6 animals per group. Gray

lines mark significant differences among groups (p<0.05 in T tests).
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Figure 4. Effects of Lopinavir/Ritonavir on lung injury. A: Lamin-A abundance and
staining in vehicle- and lopinavir/ritonavir treated animals (scale bar: 25u). B:
Histological score of lung damage (scale bar: 100u). C: Apoptotic (TUNEL+) cell
counts in both groups (scale bar: 50u). D-F: Abundance of Caspase-9 in tissue
homogenates (D), yYH2AX (E) and HP1a (F), with representative western blots (G)
in lung homogenates. H-J: Expression of 116 (H), Tp53 (I) and Cdknla (p21,]). N=7-
10 animals per group. Gray lines mark significant differences among groups

(p<0.05in T tests).
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Figure 5. Identification of early senescence markers in experimental models and
patients. A: Counts of Senescence-associated heterochromatin foci (SAHF) in the
experimental model of lung injury of acid instillation and mechanical ventilation
(scale bar: 50u). B-D: Expression of Plk3, Gdnf, and Meis1 in lung tissue. These
senescence-associated genes were identified in the genomic analysis as those with
the largest differences between control and injured samples. E-F: SAHF counts (E)
and PIk3 expression (F) in wildtype and Cdknla~/- mice after lung injury. G-H: SAHF
counts (G, scale bar: 25u) and Plk3 expression (H) in vehicle and
lopinavir/ritonavir (LPV)-treated mice after lung. I: Appearance of SAHF in
autopsy samples from critically ill patients who died in the Intensive Care Unit
with or without mechanical ventilation and acute respiratory distress syndrome
(ARDS) (scale bar: 50u). N=4-7 animals per group, with three slides per animal as
technical replicates in SAHF counts. Gray lines mark significant differences among

groups (p<0.05 in Tukey’s post-hoc or in T tests).
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Figure 6. The role of p21 pathway on apoptosis and senescence after acute lung
injury. A: In control mice, lung injury and mechanical stretch cause DNA damage
and changes in the nuclear envelope, activating the cell senescence program. The
amount of apoptotic cells depends on the equilibrium between the activation of
pro-apoptotic responses triggered by injury itself and the anti-apoptotic effects of
the senescence inducer Cdknla (p21). B: In mice lacking Cdknla, absence of this
anti-apoptotic factor leads to an increase in apotosis and a more severe lung injury.
C: Treatment with Lopinavir/ritonavir blocks the Lamin-A mediated chromatin
remodeling, triggering a senescence-like response that increases p21 expression,

thus decreasing apoptosis and lung damage.
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