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Necroptosis has emerged as a potential mechanism in the pathogenesis of chronic obstructive
pulmonary disease (COPD). Here, we found that markers of necroptosis, including high mobility
group box 1 release and phosphorylation of mixed lineage kinase domain-like protein (p-MLKL),
were markedly induced in the late stage of cigarette smoking-induced (CS-induced) emphysema

in mouse lung tissue as well as in lung epithelial cells and organoids with higher dosage of or more
prolonged exposure to cigarette smoking extract (CSE). Apoptotic signals were also detected and
maximally induced in the early stage of CS-exposed mice and CSE-treated epithelial cells. Inhibition
of apoptosis by Z-VAD, a pan-caspase inhibitor, switched the cellular stress to enhanced necroptosis
in lung epithelial cells and organoids treated with CSE. Depletion or inhibition of receptor-
interacting protein kinase 3 (RIP3) or MLKL attenuated the CSE-induced cell death, suggesting that
necroptosis contributes to CSE-induced cell death. Silencing or inhibition of RIP1 had no protective
effect, indicating a RIP1-independent RIP3 activation pathway. CSE-induced necroptosis released
more damage-associated molecular patterns and evoked greater engulfment but slower clearance
by bone marrow-derived macrophages, leading to enhanced expression of proinflammatory
cytokines Tnfa and Il6. Finally, our in vivo data verified that inhibition of necroptosis by RIP3
inhibitor GSK’872 protected mice from CS-induced emphysema and suppressed the lung
inflammation. In conclusion, we provide evidence that necroptosis contributes to the pathogenesis
of COPD. Targeting RIP3 and its downstream pathway may be an effective therapy for COPD.

Introduction
Chronic obstructive pulmonary disease (COPD) affects more than 10% of the world population over the
age of 40 years and ranks as the fourth leading cause of death worldwide (1, 2). The clinical phenotype of
COPD includes emphysema and chronic bronchitis (3). Emphysema is defined as enlarged airspaces as a
result of inflammation, cell death, and elastic fiber destruction, with inadequate repair (4). The identification
of molecular mediators that trigger lung responses involving inflammation and alveolar cell death will help
develop novel therapies for COPD. Cigarette smoking (CS) is the most significant risk factor for COPD (5).
The airway epithelial layer forms the first physical barrier to inhaled harmful substances, and epithelial cell
death plays an essential regulatory role in the subsequent proinflammatory response (6). Exposure to CS
has been reported to induce epithelial cell death by apoptosis and necroptosis, which also occur in patients
with COPD (7, 8). Compared with apoptosis, necroptosis is considered a type of programmed cell death
involving greater damage-associated molecular pattern (DAMP) release and inflammatory response (9, 10).
Necroptosis is a newer concept of programmed cell death, which is driven by receptor-interacting protein
kinase 1/3 (RIP1/3) and mixed lineage kinase domain-like protein (MLKL) molecular pathway (11, 12).
The release of inflammatory substances in necroptosis contributes to persistent lung inflammation, which
cannot be explained by apoptosis-derived cell death. There is accumulating evidence that necroptosis occurs
in patients with COPD (8, 13), but its role in inflammation and disease pathogenesis is unknown.

In this study, we show that the necroptosis markers phosphorylated MLKL (p-MLKL) and high
mobility group box 1 (HMGBI) release are markedly elevated in patients with COPD, smoking-exposed
mice, and cigarette smoking extract—treated (CSE-treated) lung epithelial cells. Although apoptosis was
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also observed, CSE-induced necroptosis triggered enhanced phagocytosis and production of inflammatory
mediators by macrophages, which is a major source of lung inflammation in COPD (6, 14). Inhibition or
depletion of RIP3 suppressed the CSE-induced necroptosis in vitro, and inhibition of RIP3 attenuated the
emphysema caused by CS in vivo. Therefore, amelioration of RIP3 activation in CS-induced necroptosis
may limit progression of COPD.

Results

Both apoptosis and necroptosis are induced in human COPD and mice with smoke exposure. To study cell death
signals in COPD, we examined the expression of RIP1, RIP3, MLKL p-MLKL, and cleaved caspase-3 in
the lungs of donors and COPD patients (z = 10 for each group). We found significant upregulation of RIP3
and p-MLKL and occasional induction of cleaved caspase-3 in patients with COPD (Figure 1A), indicating
that strong necroptosis and some apoptosis coexisted in patients with COPD. To confirm the apoptosis and
necroptosis observed in COPD lungs, we analyzed the expression of related proteins in the lung tissues
from C57BL/6J mice with 1 month and 6 months of cigarette smoke exposure and nonsmoking controls.
Both p-MLKL and cleaved caspase-3 were significantly induced upon 1 month of smoking (Figure 1B).
Continued upregulation of RIP3 and p-MLKL and blunted induction of cleaved caspase-3 was found in
mice with 6 months’ smoking where emphysema was observed (15) (Figure 1C). Similarly, mild induction
of microtubule-associated protein 1A/1B-light chain 3 (LC3), the autophagy marker, was found in the ear-
ly stage of CS exposure but absent in the mice with 6 months of smoking (Supplemental Figure 1, A and B;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.144689DS1).
Consistent with immunoblot analysis, increased p-MLKL and cleaved caspase-3 immunostaining was
observed in epithelial cells after 6 months of CS exposure (Figure 1, D and E). The release of HMGB1
into the cytosol, one of the significant necroptosis markers (16), was also detected in the lung tissues from
mice with 6 months of smoke exposure (Figure 1F). These results suggest that the continued induction of
necroptosis over time might contribute to the pathogenesis of COPD.

Cigarette smoke extract induces both apoptosis and necroptosis in vitro. To further delineate necroptosis and
apoptosis with smoking, we next investigated cells exposed to CSE in vitro. We observed that MLE-12 cells
treated with CSE had decreased cell viability in both a dose- and time-dependent manner (Figure 2, A and
B). Phosphorylated-MLKL in the cells and release of HMGBI in cell culture medium, but not HMGB1
in the cells, were also induced by CSE, increasing with both dose and time of exposure (Figure 2, A and
B). In contrast, the expression of cleaved caspase-3 peaked at 8% CSE treatment for 16 hours but dropped
at the higher dosage or more extended treatment time point (Figure 2, A and B). The induction of LC3
happened in much lower dosages (1%~4%) of CSE treatment in MLE-12 cells (Supplemental Figure 1C),
indicating CSE induced autophagy at the very beginning. Inhibition of autophagy by 3-methyladenine (3
MA) did not change the higher dosages (4%~8%)of CSE-induced apoptosis or necroptosis (Supplemental
Figure 1D), indicating that early induction of autophagy did not involve cell death at the later stage of
CSE exposure. CSE treatment also led to the loss of cell viability and escalated expression of p-MLKL and
HMGBI release in Beas-2B cells, a human lung epithelial cell line (Figure 2C), and organoids derived from
mouse lung tissues (Figure 2, D and E). Consistent with the upregulation of caspase-3 cleavage, nuclear
fragmentation, a morphological hallmark of apoptosis, was maximally induced by 8% CSE in MLE-12
cells (Figure 2F). Flow cytometry analysis revealed that CSE treatment induced early apoptosis of MLE-
12 cells (annexin V*PI" cells) that was decreased with greater than 4% CSE (Figure 2G). CSE treatment
continuously increased MLE-12 PI* cells, which included necroptotic and late apoptotic cells (Figure 2G).
To further confirm our data, the human bronchial epithelial cells (HBEs) from normal lung and the lungs
of COPD patients were used. Our results showed that HBEs from COPD patients were more susceptible
to CSE-induced cell loss, with higher induction of p-MLKL but less cleavage of caspase-3 (Supplemental
Figure 2A). Collectively, our results indicate that both apoptosis and necroptosis were triggered by CSE
treatment in vitro, and increased cellular stress by CSE exposure shifted the cell death from early apoptosis
to late apoptosis and eventually to necroptosis.

CSE-induced apoptosis inhibits necroptosis. The maximal induction of apoptosis and necroptosis in different
stages of CSE treatment suggested the switch of apoptosis and necroptosis. Pretreating MLE-12 cells with
Z-Val-Ala-DL-Asp (OMe)-fluoromethylketone (Z-VAD; Z) did not attenuate CSE-induced cell death (Figure
3A), even though it had its expected effect of inhibiting apoptosis with suppression of cleaved caspase-3 (Figure
3A), fewer fragmented nuclei (Figure 3B), and reduction of early (annexin V*PI") apoptotic cells (Figure 3C).
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Figure 1. Necroptosis and apoptosi

s were detected in the lung tissue from COPD patients and CS treated mice. (A) Western blot analysis of cleaved

caspase-3 (C Casp-3), p-MLKL (5358, p-MLKL), MLKL, RIP3, and RIP1in the lung tissue from donors and patients with COPD. Left, the representative
pictures; right, the quantification of each protein’s expression. (B and C) Western blot analysis of C Casp-3, p-MLKL (5345, p-MLKL), MLKL, RIP3, and RIP1
in the lung tissue from C57BL/6) mice exposed to room air (RA) or CS for 1 month (B) and 6 months (C). Left, the representative pictures; right, the quanti-
fication of each protein’s expression. (D-F) Immunofluorescence staining of p-MLKL (D), C Casp-3 (E), and HMGB1 (F) in lung tissue from mice exposed to
RA or CS for 6 months. Each experiment was repeated 3 times. Original magnification, x400 (D and E), x600 (F). Red arrowheads indicate the immunoflu-

orescence-positive cells. Data repre
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sent the means + SEM. *, P < 0.05; ** P < 0.01. Student’s t test was conducted for each 2-group comparison.

In the absence of apoptosis, CSE-induced necroptosis was enhanced, as indicated by p-MLKL expression
(Figure 3A) and PI* cells analyzed by flow cytometry (Figure 3C). Inhibition of RIP1 with necrostatin (Nec-1,
N) did not affect the total cell death, apoptosis, or necroptosis induced by CSE (Figure 3, A—C). In contrast,
pretreatment with GSK’872, a RIP3 inhibitor, partially protected the MLE-12 cells from CSE-induced cell
loss (Figure 3A), and suppressed p-MLKL (Figure 3A) and PI* cells (Figure 3C), with no effect on markers of
apoptosis (Figure 3, A and B). Pretreatment with Z-VAD, GSK’872, and Nec-1 had similar effects in organoids
exposed to CSE as in MLE-12 cells (Figure 3, D and E). GSK’872, rather than Z-VAD, also attenuated CSE-in-
duced cell loss and p-MLKL signal in HBEs (COPD) (Supplemental Figure 2B). Therefore, our data suggest
that inhibition of apoptosis enhanced CSE-induced necroptosis, which was RIP3, but not RIP1, dependent.
RIP3/MLKL is essential for necroptosis induced by CSE. To further verify the importance of RIP3 but not
RIP1 in CSE-induced necroptosis, we first knocked down RIP1 in Beas-2B cells by siRNA and found that
the absence of RIP1 did not affect CSE-induced cell death, activation of MLKL, or cleavage of caspase-3
(Figure 4A). To confirm the role of RIP3 in CSE-induced necroptosis in lung cells, we generated Rip3-KO
MLE-12 cells by CRISPR/Cas9. Depletion of Rip3 suppressed necroptosis induced by CSE in MLE-12
cells but did not affect apoptosis (Figure 4, B and C). Since MLKL is the downstream effector of RIP3 and
the final executor of necroptosis (12), we further investigated the role of MLKL in CSE-induced necropto-
sis. The depletion of Mkl by CRISPR/Cas9 also protected MLE-12 cells from CSE-induced necroptosis
but not apoptosis (Figure 4, B and C). RIP3 is not significantly expressed in many cell lines, especial-
ly in cancer cells (17). We analyzed A549 and H460 cells and found that they both had relatively lower
expression of RIP3 (Figure 4D) and did not have any response to CSE-induced cell death (Figure 4E).
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Figure 2. Necroptosis and apoptosis were detected in the CSE-treated lung epithelial cells and organoids.

(A) MLE-12 cells were treated with the indicated concentration of CSE for 16 hours. Upper, the cell viability was
analyzed by MTS assay; lower, the expression of indicated proteins in cell lysates and HMGB1 in cell supernatant
was analyzed by Western blot. (B) MLE-12 cells were treated with 8% CSE for the indicated time. Upper, the cell
viability was analyzed by MTS assay; lower, the expression of indicated proteins in cell lysates and HMGB1 in cell
supernatant was analyzed by Western blot. (C) Beas-2B cells were treated with the indicated concentration of CSE
for 16 hours. Upper, the cell viability was analyzed by MTS assay; lower, the expression of indicated proteins in

cell lysates and HMGB1 in cell supernatant was analyzed by Western blot. (D) The organoids derived from mouse
lungs were treated with indicated concentrations of CSE for 16 hours. The representative pictures of organoids
were shown. (E) The organoids were treated as in D. Upper, the cell viability was analyzed by MTS assay; lower, the
expression of indicated proteins in cell lysates and HMGB1 in cell supernatant was analyzed by Western blot. (F)
The nuclei fragmentation of MLE-12 cells treated with the indicated concentration of CSE for 16 hours was analyzed
using Hoechst 33258 staining. Etoposide (Vp-16) (25 uM) was used as a positive control. Left, the representative
pictures; right, the percentage of fragmented nuclei was counted. Original magnification, x600. Arrow indicates
the fragmented nuclei. (G) The apoptosis and necroptosis of MLE-12 cells treated with indicated concentrations

of CSE were analyzed by annexin V/PI staining followed by flow cytometry analysis. The representative data were
shown. Data represent the means + SEM. Each experiment was repeated 3 times. PI, propidium iodide.
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Figure 3. Inhibition of CSE-induced apoptosis enhanced necroptotic stress. (A) MLE-12 cells pretreated with 10 uM
Z-VAD (Z), 5 uM GSK'872 (G), or 10 uM necrostatin-1 (N) were treated with 8% CSE for 16 hours. Upper, the cell viability
was analyzed by MTS assay; lower, the expression of indicated proteins in cell lysates was analyzed by Western blot.
(B) The nuclei fragmentation of MLE-12 cells treated as in A was analyzed using Hoechst 33258 staining. (C) The
apoptosis and necroptosis of MLE-12 cells treated as in A were analyzed by annexin V/PI staining followed by flow
cytometry analysis. The representative data were shown. (D) The organoids derived from mouse lung were treated
with as in A. Upper, the cell viability was analyzed by MTS assay; lower, the expression of indicated proteins in cell
lysates was analyzed by Western blot. (E) The representative pictures of organoids treated as in A. Each experiment
was repeated 3 times. Data represent the means + SEM. * P < 0.05; ** P < 0.01; *** P < 0.001. One-way ANOVA with
Tukey’s multiple-comparison test was conducted.

Enhanced expression of RIP3 in A549 cells by transfection of a RIP3 expression vector sensitized them to
CSE-induced cell death, as did a traditional necroptosis inducer, a mixture of TNF-a, cycloheximide, and
Z-VAD (Figure 4F). Collectively, our results suggest that CSE-induced necroptosis in lung epithelial cells is
mediated by RIP3/MLKL, rather than RIP1.

CSE-induced necroptosis promotes inflammation. COPD is characterized by chronic inflammation in the
lung that results in progressive and irreversible airflow obstruction (14, 18). Apoptosis is thought to be anti-
inflammatory, or at least not promote inflammation, while necroptosis leads to robust inflammation (19).
The release of HMGBI1, S100A4, and ATP, the critical DAMP markers, in CSE-treated MLE-12 cells or
organoids was enhanced by Z-VAD but suppressed by GSK’872 pretreatment (Figure 5A and Supplemental
Figure 3, A and B), indicating higher DAMP release by CSE induced necroptosis. When CSE-treated MLE-
12 cells were cocultured with bone marrow—derived macrophages (BMDMs), we observed marked increases
in the engulfment of dying MLE-12 cells by BMDMs (Figure 5, B and C, and Supplemental Figure 3C).
Phagocytosis of CSE-treated MLE-12 cells by BMDMs was compromised by pretreatment with GSK’872
but enhanced by pretreatment with Z-VAD (Figure 5, B and C, and Supplemental Figure 3C). A similar sce-
nario was observed in the MLE-12 and alveolar macrophage (AM) coculture system (Supplemental Figure
3D). However, the live video of the phagocytosis showed that BMDMs more efficiently digested dead MLE-
12 cells treated with CSE in combination with GSK’872, as compared with those cells treated with CSE in
combination with Z-VAD (Supplemental Videos 1 and 2). These data indicated that CSE-induced necro-
ptotic cells were more difficult to clear (i.e., degrade) by BMDMs, even though necroptosis triggered more
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Figure 4. CSE-induced necroptosis is mediated by RIP3/MLKL. (A) Beas-2B cells transfected with control or RIP1siRNA were treated with 8% CSE for

16 hours. Upper, the cell viability was analyzed by MTS assay; lower, the expression of indicated proteins in cell lysates was analyzed by Western blot.

(B) WT, RIP3-KO, and MLKL-KO CRISPR/Cas9-deleted MLE-12 cells were treated with 8% CSE for 16 hours. Upper, the cell viability was analyzed by MTS
assay; lower, the expression of indicated proteins in cell lysates was analyzed by Western blot. (C) The apoptosis and necroptosis of WT, RIP3-KO, and
MLKL-KO MLE-12 cells treated as in B were analyzed by annexin V/PI staining followed by flow cytometry analysis. The representative data were shown.
(D) The expression of RIP3 in Beas-2B, A549, and H460 cells. (E) Beas-2B, A549, and H460 cells were treated with 8% CSE for 16 hours. The cell viability
was analyzed by MTS assay (left) and crystal violet staining (right). (F) A549 cells transfected with control (pcDNA3.1) or RIP3 (pcDNA3.1V5-RIP3) plasmids
were treated with 8% CSE or 20 ng/mL TNF-a+1 ug/mL cycloheximide+10 pM Z-VAD (TCZ) for 16 hours. The cell viability was analyzed by MTS assay. Each
experiment was repeated 3 times. Data represent the means + SEM. NS, P > 0.05; * P < 0.05; ** P < 0.01. Two-way ANOVA with Tukey’s multiple-compar-
ison test was conducted (A, B, and F). Student’s t test was conducted for each 2-group comparison (E).

engulfment by BMDMSs. The mRNA expression of proinflammatory cytokines Tnfa and /6 significantly
increased in BMDMs cocultured with CSE-treated MLE-12 cells in comparison with BMDMs cocultured
with nontreated MLE-12 cells or alone (Figure 5, D and E). The increased expression of Tnfa and 1/6 in
BMDMs cocultured with CSE-treated MLE-12 cells was enhanced by Z-VAD but suppressed by GSK’872
pretreatment (Figure 5, D and E). Together, these in vitro results indicated that CSE-induced necroptosis is
more proinflammatory and likely contributes to lung damage in COPD.

Inhibition of necroptosis by RIP3 inhibitor suppresses the CS-induced COPD in mice exposed to long-term
cigarette smoke. Because the CSE exposure system does not contain any nonaqueous constituents and
cannot mimic the in vivo conditions for the gas-to-liquid compound exchange, we further validated
the role of necroptosis in emphysema by exposing the mice to CS for 6 months. WT C57BL/6J mice
exposed to CS had significant airspace enlargement in the lung when compared with RA-treated con-
trols (Figure 6, A and B). After 2 months of CS exposure, GSK’872 was administered for an additional
4 months, and this suppressed airspace enlargement in the CS group with no effect on lung morphol-
ogy in the RA group (Figure 6, A and B). In contrast, injection of Nec-1 with the same treatment
schedule did not protect the mice from airspace enlargement by CS but mildly increased the airspace in
both CS and RA treatment groups (Figure 6, A and B). The induction of p-MLKL in the CS group was
reduced by GSK’872 injection but not affected by Nec-1 injection (Figure 6C). Regarding apoptosis,
neither GSK’872 nor Nec-1 had any effects on the cleaved caspase-3 induction by CS (Figure 6C). We
next investigated the impact of inhibiting necroptosis by GSK’872 on the lung inflammation induced
by CS. Macrophage accumulation by F4/80 staining in the lungs of mice exposed with 6 months’ CS
was reduced by GSK’872 pretreatment but not Nec-1 (Figure 6D). Administration of GSK’872 also
attenuated CS-induced accumulation of neutrophils in both bronchoalveolar lavage (BAL) and lung
tissues (Figure 6E and Supplemental Figure 4, A and B), as well as CD8"* T cells in the lung tissues
(Supplemental Figure 4, A and C). CS exposure also enhanced the secretion of HMGBI1 and IL-6 in
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Figure 5. CSE-induced necroptosis is the major source of inflammation. (A) The HMGB1 release in the supernatant medium in MLE-12 (upper) and
organoids (lower) treated with 8% CSE in combination with 10 uM Z-VAD (Z) or 5 uM GSK'872 (G) for 16 hours. (B and €) MLE-12 cells were treated as in A
and stained with CellTrace Far Red (red), then cocultured with BMDMs stained with CellTrace CFSE (green) for 8 hours. BMDM phagocytosis was analyzed
by flow cytometry (B) and confocal microscopy (C). Representative phagocytosis was shown. Original magnification, x1000. (D and E) MLE-12 cells treated
as in B were cocultured with BMDMs. The mRNA level of TNF-o. (B) and IL-6 (E) in MLE-12 cells or MLE-12 and BMDM coculture system was analyzed. Each
experiment was repeated 3 times. Data represent the means + SEM. * P < 0.05; **, P < 0.01. One-way ANOVA with Tukey’s multiple-comparison test was
conducted. N/A, untreated BMDMs.

the serum of treated mice, which was suppressed by GSK’872 pretreatment (Figure 6, F and G). Col-
lectively, our results suggested that RIP3-mediated necroptosis contributes to lung inflammation and
airspace enlargement in COPD.

Discussion
There is an appreciation for the role of cell death in COPD (8, 13), but it remains unclear how different forms
of programmed cell death contribute alone and in combination to COPD. Our current study confirms that
both apoptosis and necroptosis can be detected in the lungs of human COPD patients, in CS-treated mice,
and in lung epithelial cells exposed to CSE. Importantly, necroptosis appears to play a central role in COPD
pathogenesis. Using CSE-treated lung epithelial cells or organoids, we found that the CSE-induced necro-
ptosis depended on RIP3/MLKL, not RIP1. Moreover, inhibition of RIP3 by GSK’872 attenuated inflam-
mation and subsequent emphysema in mice exposed to 6 months’ smoking, indicating that targeting the
necroptosis signaling pathway might be a potential therapeutic strategy for patients with COPD (Figure 7).
Apoptosis and necroptosis are 2 primary forms of regulated cell death, which commonly coexist (20,
21). Here, we show that CS-induced epithelial cell death switched from apoptosis to necroptosis with
increasing exposure time and dosage both in vivo and in vitro, indicating different functions of apoptosis and
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Figure 6. RIP3-dependent necroptosis contributes to airspace enlargement during CS exposure in vivo. C57BL/6) mice were exposed to RA (n = 5 for each
group) or CS (n =10 for each group) for 2 months and injected with control vehicle (4% DMSO), Nec-1 (5 mg/kg), or GSK’'872 (0.75 mg/kg) 1 hour before CS
exposure for an additional 4 months. The experiment was repeated twice. (A) Chord lengths (left) and alveolar area (right) of mouse lungs in indicated
groups were calculated. (B) Representative pictures of lung. Original magnification, x200. (C) The expression of indicated proteins in the lungs from differ-
ent groups of mice. (D) The representative immunochemistry staining of F4/80 in the lungs from different groups of mice. Original magnification, x400.
(E) The neutrophil number in the BAL from different groups of mice. (F and G) The HMGB1 (F) and IL-6 (G) level in the serum of mice from different groups.
Data represent the means + SEM. % P < 0.05; ** P < 0.01. One-way ANOVA with Tukey’s multiple-comparison test was conducted.

necroptosis in different stages of COPD progression. Although autophagy was also found in the very early
stage of CS exposure, it did not contribute to apoptosis and necroptosis in the later stages (Supplemental
Figure 1). Epithelial cell apoptosis is a hallmark feature and one of the initial steps in the process of COPD.
Induction of apoptosis can lead to airspace enlargement in several models of emphysema, some of which
could be prevented by caspase inhibitors (22-25). However, there has been no evidence that inhibition of
apoptosis can limit emphysema in models induced by the etiologic agent, cigarette smoke. Previously, it has
been shown that apoptosis-induced airspace enlargement represents temporary acute lung injury with both
alveolar collapse with tethering and enlargement of adjacent airspaces but not irreversible emphysema (18).

The current study further revealed that apoptotic signals in mouse lungs and lung epithelial cells and
organoids were induced at a lower dosage and earlier time of CS treatment (Figure 1B and Figure 2),
indicating the apoptosis might happen in the early stage of COPD. However, with the increase of CSE
dosage or exposure time in vitro, or CS exposure time in vivo, the cellular stress switched cell death from
apoptosis into necroptosis (Figure 1C and Figure 2). Moreover, the apoptosis inhibitor, Z-VAD, did not
suppress CSE-induced cell death but enhanced the necroptosis in our in vitro experimental conditions. In
contrast, inhibition or depletion of the necroptosis modulator, RIP3 or MLKL, suppressed CSE-induced
cell death, indicating that CSE-induced cell death is partially attributable to necroptosis. Inhibition of
RIP3 2 months after CS exposure slowed down emphysema development in mice, further suggesting that
necroptosis contributes to the later stage of COPD that is associated with lung destruction. Hence, both
apoptosis and necroptosis are both observed in COPD and perhaps intertwined in the final pathway of
lung destruction with airspace enlargement.
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Figure 7. A proposed mechanism of cigarette smoke-induced necroptosis contributing to lung inflammation and
COPD progression.

The mode of programmed cell death may also affect efferocytosis, the ability of professional phago-
cytes to remove dead cells as well as subsequent pro- or antiinflammatory effects by the phagocyte. The
efficiency of macrophages to phagocytize necroptotic versus apoptotic cells remains controversial (26,
27), but it is generally believed that apoptotic cells are more efficiently removed and do not provoke
inflammation, whereas necroptotic cells are less efficiently cleared and stimulate inflammation (9, 19, 28,
29) with greater secretion of proinflammatory cytokines IL-6 and TNF-a (27). Here we show that inhibi-
tion of CSE-induced apoptosis by Z-VAD enhanced the uptake of dead cells but had lower efficiency of
clearance (degradation) by macrophages. Inhibition of CSE-induced apoptosis by Z-VAD also enhanced
the expression of proinflammatory cytokines (TNF-a and IL-6) by macrophages, which was suppressed
by inhibition of necroptosis. Necroptosis also results in a massive release of the DAMPs, including
S100 proteins, ATP, and HMGB1 (30). Elevated HMGBI1 expression is inversely correlated to forced
expiratory volume in COPD patients (31) and sustains lung inflammation and remodeling by its interac-
tion with its ligand, receptor for advanced glycation end products (RAGE) (32). In this study, increased
HMGBI release was found in our in vivo and in vitro models of COPD and was enhanced by apoptosis
inhibitor Z-VAD but suppressed by necroptosis inhibitor GSK’872. Therefore, necroptosis should be one
of the important sources of HMGBI1 release in COPD patients. Considering that RAGE also mediates
RIP3 phosphorylation (33), we believed that the release of HMGBI in the process of necroptosis could
feed backward to activate RAGE and enhance the RIP3 activation. Other than HMGBI, the release of
S100A4 and ATP in the CSE-treated epithelial cells was also suppressed by RIP3 inhibition (Supplemen-
tal Figure 3, A and B). The release of DAMPs also skews the polarization of macrophages and suppress-
es efferocytosis of apoptotic cells (34), which might help explain the higher uptake of necroptotic cells
by BMDMs. Additional studies will be required to define the precise molecular mechanism by which
necroptotic signals enhance efferocytosis by macrophages.

The traditional necroptosis pathway is initiated by TNF-o stimulation that sequentially activates the
RIP1, RIPK3, and MLKL proteins. RIP3 phosphorylates MLKL and translocates p-MLKL to the cell
membrane, resulting in cell membrane rupture (11, 12, 35). With respect to CSE-induced necroptosis, we
found that CSE-induced MLKL phosphorylation was dependent on RIP3 both in vitro and in vivo. Inter-
estingly, some cancer cells, which do not express RIP3 (17), showed more resistance to CSE-induced cell
death, which indicated that the silencing of RIP3 might help the cancer cells escape cell death in smokers.
In contrast, inhibition or depletion of RIP1 had less or no protective effect on CSE-induced cell death or
CS-induced emphysema in mice in our study (Figure 4A and Figure 6A). This is consistent with a recent
study that showed negligible effects on CSE-induced cell death when RIP1 was inhibited in human bron-
chial epithelial cells (36). RIP3, independent of RIP1, initiation of necroptosis has been reported previous-
ly (37, 38); however, the mechanism in general and in COPD has not yet been delineated.

This study, built upon previous reports that have identified necroptosis in COPD (8, 13), shows the
essential role of necroptosis in development of emphysema and that inhibition of CS-induced necroptosis
by RIP3 inhibitor GSK’872 protects mice from smoking-induced inflammation and subsequent emphyse-
ma. Strategies targeting this pathway may lead to novel therapies for COPD. Further studies on necroptosis
might be conducted using RIP3- or MLKL-KO mice.
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Methods

Cell culture and human samples. The human lung epithelial cell line, Beas-2B, and mouse lung epithelial
cell line, MLE-12, were purchased from American Type Culture Collection (ATCC). Cells were grown
in DMEM/F12 (Lonza) containing 10% FBS and 1% penicillin/streptomycin. The lung cancer cell lines,
A549 and H460, were also purchased from ATCC. Cells were grown in RPMI 1640 containing 10% FBS
and 1% penicillin/streptomycin. The HBEs derived from the normal lung (NL) or lung tissue of COPD
patients were cultured as previously described (39). The primary organoids of mouse lung were generated
using C57BL/6J mice (The Jackson Laboratory) as previously described (40). The BMDMs and AMs
derived from BAL were obtained from C57BL/6J mice as described previously (41). The images of organ-
oids were taken using Zeiss inverted microscope.

Human lung tissues were obtained from excess pathologic tissue of patients with COPD after lung
transplantation, and normal lung tissue was obtained from donated organs not suitable for transplantation
from the Center for Organ Recovery and Education as previously described (42). The demographics of the
patients and donors are summarized in Table 1.

CSE preparation, treatment, and reagents. CSE was prepared using Kentucky 2R4F research-reference
filtered cigarettes (The Tobacco Research Institute, University of Kentucky, Lexington, Kentucky, USA) as
previously described (43). One cigarette was used to prepare 10 mL of the cell growth medium, which was
regarded as 100% CSE. The epithelial cells were seeded in 12-well plates or 96-well plates 24 hours before
CSE treatment. The organoids were subcultured in a 48-well plate for 6 days prior to CSE treatment.

The chemicals used include Vp-16, 3 MA, cycloheximide (MilliporeSigma), Z-VAD (Bachem), TNF-a,
Nec-1, and GSK’872 (R&D Systems, Bio-Techne). TNF-o was dissolved in H,O. The other agents were
dissolved in DMSO (MilliporeSigma) for stock.

Cell survival assay. Cell survival assays were performed using the colorimetric method assay (MTS, Prome-
ga) and crystal violet staining (MilliporeSigma). Briefly, MLE-12 or Beas-2B cells were seeded in 96-well plates
at a density of 1 x 10* cells/well. Following overnight culture, cells were treated with different concentrations
of CSE with or without Nec-1, GSK’872, or Z-VAD combination at 37°C for 16 hours. The MTS assay was
performed on SpectraMax M2 plate reader (Molecular Devices) according to the manufacturer’s instructions.
Each analysis was conducted in triplicate and repeated 3 times. For crystal violet staining, cells were plated at
40%-50% density in 12-well plates, treated with CSE for 16 hours, and then stained with crystal violet staining
buffer (3.7% paraformaldehyde, 0.05% crystal violet in distilled water, filtered at 0.45 pm before use).

Cell death analysis. Cell death was analyzed by annexin V/PI staining (Invitrogen, Thermo Fisher Scien-
tific) following the manufacturer’s instruction and analyzed by flow cytometry (BD Accuri C6). For apop-
tosis analysis, the adherent and floating cells after treatment were harvested and resuspended with PBS
solution containing 3.7% formaldehyde, 0.5% NP-40, and 10 png/mL Hoechst 33258 (Invitrogen, Thermo
Fisher Scientific). Apoptosis was assessed through microscopic visualization and counting of cells with
condensed chromatin and micronucleations as described (44).

Real-time reverse transcriptase PCR. Total RNA was isolated from CSE-treated cells using Mini RNA
Isolation IT Kit (Zymo Research) according to the manufacturer’s protocol. One microgram of total
RNA was used to generate cDNA using SuperScript II reverse transcriptase (Invitrogen, Thermo Fish-
er Scientific). Real-time PCR was performed for Tnufo, Il6, and Gapdh using PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific) with previously described conditions (41). The primers were as

Table 1. The demographic table for healthy donors and patients with COPD

NL (N =10) COPD (N =10)
Sex
M 1 5
F 2 5
Unknown 7 0
Age (y)
Mean (range) unknown 60 (34-82)

Information on race is not available.
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follows: Tnfa: CTGTAGCCCACGTCGTAGC and TTGAGATCCATGCCGTTG; Ii6: CTTCCATC-
CAGTTGCCTTCTTG and AATTAAGCCTCCGACTTGTGAAG; Gapdh: CGACTTCAACAG-
CAACTCCCACTCTTCC and TGGGTGGTCCAGGGTTTCTTACTCCTT.

Western blotting. Western blotting for the cell lysates was conducted as previously described (41). For the
Western blotting of HMGBI1 and S100A4 in the cell culture medium, the same number of cells (1 x 10°)
were cultured with the same volume of medium (1 mL). After CSE treatment, the cell culture medium was
centrifuged at 500g for 5 minutes to get the supernatants. A total of 300 uL of supernatants were mixed
with 100 pL 4x loading buffer, and 40 uL of the mixture was loaded on the gel for Western blotting. The
following antibodies were used: RIP3 (ab56164), human p-MLKL (S358, ab187091), HMGBI1 (ab18256),
S100A4 (ab27957) (Abcam), RIP1 (610459, BD Transduction Laboratories), MLKL (MABC604, Milli-
poreSigma), B-actin (sc-47778, Santa Cruz Biotechnology), mouse p-MLKL (S345, catalog 37333), cleaved
caspase-3 (catalog 9661), and GAPDH (catalog 5174) (Cell Signaling Technology). The quantification of
Western blot was analyzed by ImageJ software as described on the manufacturer’s website (NIH).

Transfection and siRNA knockdown. Transfection of expression constructs and siRNA was performed
using Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s
instructions. Reverse transcriptase PCR—amplified RIP3 cDNA from the total RNA of Beas-2B cells
was subcloned into a modified pPCDNA3.1 plasmid, which contains V5 tag at the C-terminus. siRNA
of 200 pmol was transfected into cells 24 hours before CSE treatment. The RIP1 siRNA was purchased
from Santa Cruz Biotechnology (sc-36426).

For CRISPR/Cas9-based genome editing, the following sequences were subcloned into pSpCas9(B-
B)-2A-GFP (Addgene plasmid 48138) targeting mouse Mlkl: GCACACGGTTTCCTAGACGC, mouse
Rip3: GCACAGAAATGGATTGCCCG. The CRISPR/Cas9 KO of target genes was performed as previ-
ously described (41).

Macrophage phagocytosis. MLE-12 cells were stained with 5 M of CellTrace Far Red dye (Invitrogen, Ther-
mo Fisher Scientific) or CFSE (Invitrogen, Thermo Fisher Scientific) and seeded in 12-well plates (1 x 10°
cells/well) for flow cytometry or in 8-well Nunc Lab-Tek Chamber Slide System (Thermo Fisher Scientific)
for immunofluorescence. After 24 hours, cells were treated with the CSE for 16 hours. BMDMs and AMs
were stained with 5 M of CFSE (Invitrogen, Thermo Fisher Scientific) or PE/Cyanine5-CD11b (BioLegend)
and afterward added to coculture with MLE-12 cells in 1:1 ratio. Cells were collected and then analyzed by
LSRFortessa (BD). Phagocytosis was also analyzed by confocal microscopy using Olympus FluoView 1000
and time-lapse confocal microscopy using Nikon Ti. For the live-cell imaging, cells were imaged every 15
minutes inside a temperature-controlled environmental chamber (Tokai-Hit) atop a Nikon Ti stand equipped
with a swept field confocal head, a 60x (1.4NA) optic, and NIS Elements (Nikon Inc.) software.

ELISA and ATP assay. The concentrations of HMGBI and IL-6 in the serum of mice were analyzed by
the ELISA kit purchased from R&D Systems, Bio-Techne, as described by the manufacturer. The ATP level in
the cell culture medium was analyzed using CellTiter-Glo 2.0 kit (Promega) as described by the manufacturer.

Mouse exposure to chronic cigarette smoke. Six-week-old female C57BL/6J mice were purchased
from The Jackson Laboratory and raised in the animal facility of the University of Pittsburgh with a
12-hour light/12-hour dark cycle. The mice were exposed to either RA (n = 5/group) or CS (4 ciga-
rettes/d, 5 d/wk, n = 10/group) as previously described (45). After 2 months of RA or CS exposure,
the mice in different groups were injected intraperitoneally with vehicle (4% DMSO), Nec-1 (5 mg/kg
in 4% DMSO), or GSK’872 (0.75 mg/kg in 4% DMSO) 1 hour before RA or CS exposure for addition-
al 4 months. Twenty-four hours after the last exposure, mice were sacrificed to obtain the lung tissues
and serum. The experiment was repeated twice. One lobe of the lung was dissected for Western blot
and flow cytometry. The left lung tissues were inflated at 25 cm H,O pressure, fixed in 10% formalin,
and embedded in paraffin. Serial midsagittal sections were obtained and stained with modified Gill’s
stain (MilliporeSigma). The average chord length and area of lung AMs was analyzed by Scion Image
software (version 4.0.2, Scion Corp.) as previously described (46). Cleaved caspase-3, p-MLKL (Cell
Signaling Technology), and HMGB1 (Abcam) immunostaining or F4/80 (BD) immunohistochem-
istry staining was performed on 5 uM formalin-fixed paraffin-embedded lung sections as previous-
ly described (16). The flow cytometry analysis was conducted on LSRFortessa (BD) as previously
described (47). Cells were stained with various dyes, including CD45-FITC (553080), CD19-APC-Cy7
(561737), CD4-PE (557308) (BD), CD11b-PE-Cy5 (101210), CD8-Pacific Blue (100728), and Ly6G-
AF700 (127622) (BioLegend). The results were analyzed with FlowJo software (Tree Star).
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Statistics. Statistical analyses were carried out using GraphPad Prism IV software (GraphPad Software, Inc.).
Pvalues were calculated using the Student’s  test and 1-way/2-way ANOVA with Tukey’s multiple-comparison
test and were considered significant if P < 0.05. The means = SEM were displayed in the figures.

Study approval. The use of human subject samples was approved by the University of Pittsburgh Insti-
tutional Review Board. All animal experiments were performed in accordance with and with the approval
of the Institutional Animal Care and Use Committee of the University of Pittsburgh School of Medicine.

Author contributions

DC and SDS designed the research. DC, ADG, XL, JW, CLB, GG, and SJS performed the experiments.
ADG, CMS, and YZ supplied materials that made this study possible. DC and SDS analyzed the data and
wrote the paper. ADG, YZ, and CS gave feedback on the draft paper.

Acknowledgments
The authors thank Mauricio Rojas (University of Pittsburgh) for providing technical support with an
inverted microscope. This work was supported by UPMC-Aged immune microenvironment grant (to
SDS), UPMC-ITTC grant (to ADG, DC, and SDS), and Flight Attendant Medical Research Institute
YFAC142013 (to ADG).

Address correspondence to: Steven D. Shapiro, 600 Grant Street, Suite 6250, Pittsburgh, Pennsylvania
15219, USA. Email: shapirosd@upmc.edu.

Dal-Re R. Worldwide behavioral research on major global causes of mortality. Health Educ Behav. 2011;38(5):433-440.

Halbert RJ, et al. Global burden of COPD: systematic review and meta-analysis. Eur Respir J. 2006;28(3):523-532.

Barnes PJ. Chronic obstructive pulmonary disease. N Engl J Med. 2000;343(4):269-280.

Lamela J, Vega F. Immunologic aspects of chronic obstructive pulmonary disease. N Engl J Med. 2009;361(10):1024.

No authors listed. WHO urges more countries to require large, graphic health warnings on tobacco packaging: the WHO report

BAEESER N

on the global tobacco epidemic, 2011 examines anti-tobacco mass-media campaigns. Cent Eur J Public Health. 2011;19(3):133.
Shapiro SD. The macrophage in chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 1999;160(5 pt 2):S29-S32.
Slebos DJ, et al. Mitochondrial localization and function of heme oxygenase-1 in cigarette smoke-induced cell death. Am J
Respir Cell Mol Biol. 2007;36(4):409-417.

Mizumura K, et al. Mitophagy-dependent necroptosis contributes to the pathogenesis of COPD. J Clin Invest. 2014;124(9):3987-4003.
. Chen D, et al. Necroptosis: an alternative cell death program defending against cancer. Biochim Biophys Acta. 2016;1865(2):228-236.

N o

©

10. Kaczmarek A, et al. Necroptosis: the release of damage-associated molecular patterns and its physiological relevance. Immunity.
2013;38(2):209-223.

11. He S, et al. Receptor interacting protein kinase-3 determines cellular necrotic response to TNF-alpha. Cell. 2009;137(6):1100-1111.

12. Sun L, et al. Mixed lineage kinase domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cell.

2012;148(1-2):213-227.
. Pouwels SD, et al. Cigarette smoke-induced necroptosis and DAMP release trigger neutrophilic airway inflammation in mice.
Am J Physiol Lung Cell Mol Physiol. 2016;310(4):L377-L386.

14. Barnes PJ, et al. Chronic obstructive pulmonary disease: molecular and cellular mechanisms. Eur Respir J. 2003;22(4):672-688.

15. Shapiro SD. Animal models for COPD. Chest. 2000;117(5 suppl 1):223S-227S.

16. Chen D, et al. p53 Up-regulated modulator of apoptosis induction mediates acetaminophen-induced necrosis and liver injury in
mice. Hepatology. 2019;69(5):2164-2179.

17. Koo GB, et al. Methylation-dependent loss of RIP3 expression in cancer represses programmed necrosis in response to chemo-
therapeutics. Cell Res. 2015;25(6):707-725.

18. Mouded M, et al. Epithelial cell apoptosis causes acute lung injury masquerading as emphysema. Am J Respir Cell Mol Biol.
2009;41(4):407-414.

19. Kearney CJ, Martin SJ. An inflammatory perspective on necroptosis. Mol Cell. 2017;65(6):965-973.

20. Naito MG, et al. Sequential activation of necroptosis and apoptosis cooperates to mediate vascular and neural pathology in
stroke. Proc Natl Acad Sci U S A. 2020;117(9):4959-4970.

21. Sauler M, et al. Cell death in the lung: the apoptosis-necroptosis axis. Annu Rev Physiol. 2019;81:375-402.

22. Aoshiba K, et al. Alveolar wall apoptosis causes lung destruction and emphysematous changes. Am J Respir Cell Mol Biol.
2003;28(5):555-562.

23. Kasahara Y, et al. Inhibition of VEGF receptors causes lung cell apoptosis and emphysema. J Clin Invest. 2000;106(11):1311-1319.

24. Petrache I, et al. Ceramide upregulation causes pulmonary cell apoptosis and emphysema-like disease in mice. Nat Med.
2005;11(5):491-498.

25. Zhang X, et al. Cathepsin E promotes pulmonary emphysema via mitochondrial fission. Am J Pathol. 2014;184(10):2730-2741.

1

w

w

\O

—

26.Lu J, et al. Efficient engulfment of necroptotic and pyroptotic cells by nonprofessional and professional phagocytes. Cell Discov.
2019;5:39.

. Zargarian S, et al. Phosphatidylserine externalization, “necroptotic bodies” release, and phagocytosis during necroptosis. PLoS
Biol. 2017;15(6):€2002711.

2

=

JCl Insight 2021;6(12):€144689 https://doi.org/10.1172/jci.insight.144689 12


https://doi.org/10.1172/jci.insight.144689
mailto://shapirosd@upmc.edu
https://doi.org/10.1177/1090198111402197
https://doi.org/10.1183/09031936.06.00124605
https://doi.org/10.1056/NEJM200007273430407
https://doi.org/10.1165/rcmb.2006-0214OC
https://doi.org/10.1165/rcmb.2006-0214OC
https://doi.org/10.1172/JCI74985
https://doi.org/10.1016/j.immuni.2013.02.003
https://doi.org/10.1016/j.immuni.2013.02.003
https://doi.org/10.1016/j.cell.2009.05.021
https://doi.org/10.1152/ajplung.00174.2015
https://doi.org/10.1152/ajplung.00174.2015
https://doi.org/10.1183/09031936.03.00040703
https://doi.org/10.1002/hep.30422
https://doi.org/10.1002/hep.30422
https://doi.org/10.1038/cr.2015.56
https://doi.org/10.1038/cr.2015.56
https://doi.org/10.1165/rcmb.2008-0137OC
https://doi.org/10.1165/rcmb.2008-0137OC
https://doi.org/10.1016/j.molcel.2017.02.024
https://doi.org/10.1073/pnas.1916427117
https://doi.org/10.1073/pnas.1916427117
https://doi.org/10.1146/annurev-physiol-020518-114320
https://doi.org/10.1165/rcmb.2002-0090OC
https://doi.org/10.1165/rcmb.2002-0090OC
https://doi.org/10.1172/JCI10259
https://doi.org/10.1038/nm1238
https://doi.org/10.1038/nm1238
https://doi.org/10.1016/j.ajpath.2014.06.017
https://doi.org/10.1371/journal.pbio.2002711
https://doi.org/10.1371/journal.pbio.2002711

28.

29.

30.
31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

4

=

RESEARCH ARTICLE

Yatim N, et al. RIPK 1 and NF-«B signaling in dying cells determines cross-priming of CD8+ T cells. Science.
2015;350(6258):328-334.

Kloditz K, Fadeel B. Three cell deaths and a funeral: macrophage clearance of cells undergoing distinct modes of cell death.
Cell Death Discov. 2019;5:65.

Scaffidi P, et al. Release of chromatin protein HMGBI1 by necrotic cells triggers inflammation. Nature. 2002;418(6894):191-195.
Huang X, et al. Differential DAMP release was observed in the sputum of COPD, asthma and asthma-COPD overlap (ACO)
patients. Sci Rep. 2019;9(1):19241.

Ferhani N, et al. Expression of high-mobility group box 1 and of receptor for advanced glycation end products in chronic
obstructive pulmonary disease. Am J Respir Crit Care Med. 2010;181(9):917-927.

Yang J, et al. Neutrophil-derived advanced glycation end products-Nepsilon-(carboxymethyl) lysine promotes RIP3-mediated
myocardial necroptosis via RAGE and exacerbates myocardial ischemia/reperfusion injury. FASEB J. 2019;33(12):14410-14422.
Banerjee S, et al. Intracellular HMGBI1 negatively regulates efferocytosis. J Immunol. 2011;187(9):4686-4694.

‘Wang H, et al. Mixed lineage kinase domain-like protein MLKL causes necrotic membrane disruption upon phosphorylation
by RIP3. Mol Cell. 2014;54(1):133-146.

Yoshida M, et al. Involvement of cigarette smoke-induced epithelial cell ferroptosis in COPD pathogenesis. Nat Commun.
2019;10(1):3145.

Upton JW, et al. DAI/ZBP1/DLM-1 complexes with RIP3 to mediate virus-induced programmed necrosis that is targeted by
murine cytomegalovirus VIRA. Cell Host Microbe. 2012;11(3):290-297.

Wang X, et al. Direct activation of RIP3/MLKL-dependent necrosis by herpes simplex virus 1 (HSV-1) protein ICP6 triggers
host antiviral defense. Proc Natl Acad Sci U S A. 2014;111(43):15438-15443.

Radder JE, et al. Extreme trait whole-genome sequencing identifies PTPRO as a novel candidate gene in emphysema with
severe airflow obstruction. Am J Respir Crit Care Med. 2017;196(2):159-171.

Dijkstra KK, et al. Generation of tumor-reactive T cells by co-culture of peripheral blood lymphocytes and tumor organoids.
Cell. 2018;174(6):1586-1598.

Chen D, et al. PUMA amplifies necroptosis signaling by activating cytosolic DNA sensors. Proc Natl Acad Sci U S A.
2018;115(15):3930-3935.

Devor DC, et al. Pharmacological modulation of ion transport across wild-type and DeltaF508 CFTR-expressing human bron-
chial epithelia. Am J Physiol Cell Physiol. 2000;279(2):C461-C479.

Minematsu N, et al. Cigarette smoke inhibits engulfment of apoptotic cells by macrophages through inhibition of actin rear-
rangement. Am J Respir Cell Mol Biol. 2011;44(4):474-482.

Chen D, et al. TAp73 promotes cell survival upon genotoxic stress by inhibiting p53 activity. Oncotarget. 2014;5(18):8107-8122.
Hautamaki RD, et al. Requirement for macrophage elastase for cigarette smoke-induced emphysema in mice. Science.
1997;277(5334):2002-2004.

Radder JE, et al. Variable susceptibility to cigarette smoke-induced emphysema in 34 inbred strains of mice implicates Abi3bp
in emphysema susceptibility. Am J Respir Cell Mol Biol. 2017;57(3):367-375.

. Misharin AV, et al. Flow cytometric analysis of macrophages and dendritic cell subsets in the mouse lung. Am J Respir Cell Mol

Biol. 2013;49(4):503-510.

JCl Insight 2021;6(12):€144689 https://doi.org/10.1172/jci.insight.144689 13


https://doi.org/10.1172/jci.insight.144689
https://doi.org/10.1126/science.aad0395
https://doi.org/10.1126/science.aad0395
https://doi.org/10.1038/nature00858
https://doi.org/10.1038/s41598-019-55502-2
https://doi.org/10.1038/s41598-019-55502-2
https://doi.org/10.1164/rccm.200903-0340OC
https://doi.org/10.1164/rccm.200903-0340OC
https://doi.org/10.1096/fj.201900115RR
https://doi.org/10.1096/fj.201900115RR
https://doi.org/10.4049/jimmunol.1101500
https://doi.org/10.1016/j.molcel.2014.03.003
https://doi.org/10.1016/j.molcel.2014.03.003
https://doi.org/10.1038/s41467-019-10991-7
https://doi.org/10.1038/s41467-019-10991-7
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1073/pnas.1412767111
https://doi.org/10.1073/pnas.1412767111
https://doi.org/10.1164/rccm.201606-1147OC
https://doi.org/10.1164/rccm.201606-1147OC
https://doi.org/10.1016/j.cell.2018.07.009
https://doi.org/10.1016/j.cell.2018.07.009
https://doi.org/10.1073/pnas.1717190115
https://doi.org/10.1073/pnas.1717190115
https://doi.org/10.1152/ajpcell.2000.279.2.C461
https://doi.org/10.1152/ajpcell.2000.279.2.C461
https://doi.org/10.1165/rcmb.2009-0463OC
https://doi.org/10.1165/rcmb.2009-0463OC
https://doi.org/10.18632/oncotarget.2440
https://doi.org/10.1126/science.277.5334.2002
https://doi.org/10.1126/science.277.5334.2002
https://doi.org/10.1165/rcmb.2016-0220OC
https://doi.org/10.1165/rcmb.2016-0220OC
https://doi.org/10.1165/rcmb.2013-0086MA
https://doi.org/10.1165/rcmb.2013-0086MA

