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I M M U N O L O G Y

Epithelial cell–specific loss of function of Miz1 causes a 
spontaneous COPD-like phenotype and up-regulates 
Ace2 expression in mice
Hanh Chi Do-Umehara1*, Cong Chen2*, Qiao Zhang2*, Alexander V. Misharin2,  
Hiam Abdala-Valencia2, S. Marina Casalino-Matsuda2, Paul A. Reyfman2, Kishore R. Anekalla2, 
Francisco J. Gonzalez-Gonzalez2, Marc A. Sala2, Chao Peng3, Ping Wu3, Catherine C. L. Wong4, 
Ravi Kalhan2, Ankit Bharat2,5, Harris Perlman6, Karen M. Ridge2, Jacob I. Sznajder2,  
Peter H. S. Sporn2,11, Navdeep S. Chandel2, Jindan Yu7, Xiangdong Fu8, Irina Petrache9,10, 
Rubin Tuder10, G. R. Scott Budinger2,11†, Jing Liu1†

Cigarette smoking, the leading cause of chronic obstructive pulmonary disease (COPD), has been implicated as 
a risk factor for severe disease in patients infected with the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2). Here we show that mice with lung epithelial cell-specific loss of function of Miz1, which we identified 
as a negative regulator of nuclear factor B (NF-B) signaling, spontaneously develop progressive age-related 
changes resembling COPD.  Furthermore, loss of Miz1 up-regulates the expression of Ace2, the receptor for SARS-
CoV-2. Concomitant partial loss of NF-B/RelA prevented the development of COPD-like phenotype in Miz1-deficient 
mice. Miz1 protein levels are reduced in the lungs from patients with COPD, and in the lungs of mice exposed 
to chronic cigarette smoke. Our data suggest that Miz1 down-regulation–induced sustained activation of NF-B–
dependent inflammation in the lung epithelium is sufficient to induce progressive lung and airway destruction that 
recapitulates features of COPD, with implications for COVID-19. 

INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a growing public 
health concern. Mortality rates attributable to COPD have steadily 
risen over the past two decades, and COPD has now surpassed stroke 
as the third leading cause of death in the United States (1–3). Fur-
thermore, a history of cigarette smoke exposure, the major risk factor 
for the development of COPD, has been associated with more severe 
disease in patients infected with a novel coronavirus, severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent 
in the ongoing coronavirus disease 2019 (COVID-19) pandemic (4). 
Pathologically, COPD is characterized by a combination of chronic 
airway inflammation (chronic bronchitis) and a progressive loss of 
alveolar structures. The resulting airway thickening and mucus se-
cretion combined with the loss of lung elastic recoil causes excessive 
airway narrowing during exhalation, limiting ventilation, and in-

creasing the risk of infection (1–3, 5). Observational studies suggest 
that exposure of susceptible individuals to cigarette smoke or other 
toxins leads to inflammation in multiple lung cell populations in-
cluding alveolar macrophages (AMs) and epithelial cells, but several 
questions remain. First, while cigarette smoke is the most environ-
mental risk factor for COPD, most people who smoke (~75%) never 
develop COPD, and conversely, a substantial population of patients 
with COPD never smoke. Second, smokers usually begin to smoke 
in the second decade of life and continue for decades, but clinical 
manifestations of COPD are unusual before the seventh decade of 
life. Third, while smoking cessation slows the progression of COPD, 
the risk of disease is substantially increased even in individuals who 
stop smoking relatively early in life (1–3). These observations 
suggest that in some individuals, inflammation induced by cigarette 
smoke or other exposures early in life becomes independent of on-
going exposure, leading to progressive age-related lung dysfunction 
and clinical manifestations of COPD.

Clinical observations suggest a link between emphysema and 
normal aging (6, 7). Emphysema is observed in the lungs of healthy 
elderly individuals, the risk of COPD increases exponentially with 
age, and some of the increased mortality from COPD can be 
attributed to aging in the population (6, 7). One of the most consist
ently observed changes in aging humans and rodents is an increase 
in expression of genes reflecting activation of the innate immune 
system (8, 9). Specifically, there is an age-related increase in the 
expression of proinflammatory cytokines including tumor necrosis 
factor (TNF) and interleukin-6 (IL-6), combined with an attenuated 
immune response to infectious challenge (9–11). In a population-
based cohort, we found that increased circulating levels of C-reactive 
protein, a transcriptional target of IL-6, in younger individuals were 
associated with an increased risk of developing airflow obstruction 
characteristic of COPD later in life (12).
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Persistent inflammation in the lung epithelium has been linked 
to the development of COPD, but factors that regulate this inflam-
mation remain unknown (1–3). We previously reported that the 
transcription factor Miz1 (also known as c-Myc–interacting zinc 
finger protein-1 and Zbtb17) is critical for the resolution of pulmo-
nary inflammation through transcriptional repression of nuclear 
factor B (NF-B)–dependent proinflammatory gene Cebpd (13). 
Here, we report that Miz1 protein levels are reduced in the lungs, 
predominantly in lung epithelial cells, from patients with COPD 
requiring lung transplantation compared with the donor lungs and 
are also reduced in the lungs of mice exposed chronically to cigarette 
smoke. We show that mice with lung epithelial cell–specific, but not 
myeloid-specific, deletion of the Miz1 poxvirus and zinc-finger (POZ) 
domain, which is required for Miz1-mediated transcriptional acti-
vation or repression, spontaneously develop age-related progressive 
changes resembling emphysema and bronchitis, cardinal pathologic 
features of COPD. Mice with heterozygous epithelial cell–specific loss 
of function of Miz1 have increased expression of proinflammatory 
genes in the lung epithelium throughout the life span. While these 
mice show normal lung morphology in young adulthood, they 
develop emphysema and chronic bronchitis by 1 year of age. Mice with 
homozygous loss of Miz1 showed up-regulation in the expression of 
angiotensin-converting enzyme 2 (Ace2), the receptor for SARS-CoV-2, 
which is the causative organism in the current COVID-19 pandemic 
(14). Inhibition of inflammation by NF-B/RelA haploinsufficiency 
largely rescues the COPD-like phenotype in these knockout mice, 
suggesting that proinflammatory signaling induced by the loss of 
Miz1 is responsible for the COPD-like phenotype in these mice.

RESULTS
MIZ1 protein levels are reduced in human COPD lungs 
and cigarette smoke–exposed mouse lungs or cigarette 
smoke extract–treated lung epithelial cells
Examination of the lungs of naïve mice and normal human lungs 
revealed a similar pattern of MIZ1 expression. Miz1 mRNA was 
highly expressed in flow-sorted alveolar epithelial type 2 (AT2) 
cells, AMs, neutrophils, and monocytes, with lower expression in 
endothelial cells and dendritic cells in the murine lungs (fig. S1, A to 
C). Immunoblotting confirmed the expression of MIZ1 proteins in 
flow-sorted AT2 cells and AMs from mouse lungs (fig. S1D). 
Immunofluorescence (IF) staining of murine lung sections showed 
signals of MIZ1 proteins and surfactant protein C (SPC), a marker 
for AT2 cells, in the same cells (fig. S1E). MIZ1 was also expressed 
in the murine airway epithelium (fig. S1F). A similar pattern of 
MIZ1 expression was observed in human lungs (fig. S1G).

Inflammation in the lungs of patients with COPD persists long 
after the inciting stimulus, most commonly cigarette smoke, is re-
moved, suggesting failure to normally terminate lung inflammation 
(1–3). We previously found that the transcription factor MIZ1 is 
critical for the resolution of lipopolysaccharide (LPS)– or TNF-
induced pulmonary inflammation through epigenetic repression of 
NF-B–dependent proinflammatory gene expression including 
C/EBP (CCAAT/enhancer binding protein ) (13). We therefore sought 
to determine whether Miz1 might be involved in regulation of the 
pathogenesis of COPD. We measured MIZ1 expression in the lungs 
from patients with COPD requiring lung transplantation and 
in biopsy specimens from donor lungs both obtained at the time of 
transplant. We found reduced MIZ1 protein expression in the lungs 

of individuals with COPD compared with the normal lungs (Fig. 1A). 
MIZ1 protein expression was reduced predominantly in alveolar 
epithelial cells and the airway epithelium from patients with COPD 
but was readily detectable in AMs (Fig. 1, A and B). Miz1 may be 
posttranslationally down-regulated in human COPD lungs as Miz1 
mRNA levels were similar between the lungs from patients with 
COPD and donor lungs (Fig. 1C, left). We have previously reported 
that the E3 ubiquitin ligase MULE (HUWE1) targets Miz1 for 
ubiquitination and proteasome-dependent degradation (15). We 
found that the mRNA and protein levels of MULE were increased 
in the lungs from patients with COPD compared with those from 
normal lungs [Fig. 1, C (right) and D]. All of these patients with 
COPD had stopped smoking for more than 6 months before 
transplantation, suggesting that the changes we observed in MIZ1 
expression do not require ongoing direct exposure to cigarette 
smoke (CS). To determine whether CS exposure is sufficient to alter 
MIZ1 levels in the lung, we used a mouse model of emphysema 
that develops following intermittent exposure to CS for 6 months 
(16, 17). Consistent with our observations in the lungs from 
patients with COPD, we observed a progressive decrease in MIZ1 
protein levels in the lungs of wild-type mice exposed to CS for 7 days, 
3 months, or 6 months compared to room air (RA)–exposed con-
trols as analyzed by immunoblotting (Fig. 1E). IF staining also 
showed reduced MIZ1 protein expression in the alveolar and airway 
epithelium from CS-exposed lungs as compared to RA-exposed 
lungs (Fig. 1, F and G). On the other hand, MULE protein levels 
were increased in both alveoli and airways of the lungs from wild-
type mice exposed to CS for 6 months (Fig. 1H). In vitro, exposure 
of murine lung epithelial MLE-12 cells to CS extracts also increased 
Mule expression while decreased Miz1 protein expression at days 1, 
2, and 3 (Fig. 1I). Silencing of Mule by tetracycline-inducible short 
hairpin RNA (shRNA), as we previously reported (15), prevented 
CS-induced Miz1 down-regulation (Fig. 1J). Together, these data 
suggest that CS induces up-regulation of Mule, which results in 
Miz1 down-regulation.

Lifelong heterozygous lung epithelial deletion of the Miz1 
POZ domain results in progressive emphysema that is only 
evident in middle to late life
To determine whether there is a causal link between the reduced 
MIZ1 protein expression we observed in lung sections from patients 
with COPD and CS-exposed mice and the development of COPD 
phenotypes, we crossed transgenic mice expressing Cre driven by 
the human SPC promoter (SPC-Cre mice) (18) with Miz1(POZ)fl/fl 
mice, in which loxP sites flank the N-terminal POZ domain of Miz1 
[Miz1(POZ)] that is essential for Miz1-mediated transcriptional 
activation or repression (13). As SPC is expressed early in lung epi-
thelial progenitors, developmental expression of SPC-Cre results in 
Cre-mediated recombination in the lung epithelium that persists 
over the life span of the animal (18). Quantitative polymerase chain 
reaction (qPCR) using genomic DNA revealed almost complete 
deletion of the Miz1(POZ) in primary AT2 cells flow-sorted from 
homozygous SPC-Cre+/Miz1(POZ)fl/fl mice and partial deletion 
(~ 50%) from heterozygous SPC-Cre+/Miz1(POZ)wt/fl littermates 
(fig. S2A). Note that there was ~25% reduction in the abundance of 
Miz1(POZ) in flow-sorted AMs from the SPC-Cre+/Miz1(POZ)fl/fl 
homozygotes, but not the SPC-Cre+/Miz1(POZ)wt/fl heterozygotes 
(fig. S2A), consistent with the observations by our group and others 
that SPC is expressed in AMs, although at relatively low levels (19, 20). 
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There was no deletion of Miz1(POZ) in the other myeloid populations 
from the homozygous or heterozygous mutant mice (fig. S2A), 
indicating the specificity of the Miz1(POZ) deletion in lung epithelial 
cells. Deletion of the Miz1(POZ) did not grossly affect epithelial cell 
numbers as the percentage of epithelial cells in the CD45− cells from 
the lungs of the knockout mice was similar to that in the control 
Miz1(POZ)fl/fl mice (fig. S2B).

Compared with control mice of 4 months old [SPC-Cre/Miz1 
(POZ)wt/wt or Miz1(POZ)fl/fl)], mice with homozygous epithelial 
cell–specific deletion of Miz1(POZ) [SPC-Cre+/Miz1(POZ)fl/fl] 
showed diffuse bullous emphysema-like changes as evident from 
gross photograph of the lung (fig. S2C). Histology revealed a severe 
emphysema-like phenotype, characterized by heterogeneous alveolar 
enlargement and severe lung inflammation (Fig. 2, A and B). We 
examined alveolar size by measuring the mean linear intercept 
(MLI) of alveolar septa with computer-assisted stereology (16, 21). 
Young homozygous SPC-Cre+/Miz1(POZ)fl/fl mice had increased 
MLI and decreased alveolar surface-to-volume ratio compared to the 
control Miz1(POZ)fl/fl mice of similar age (Fig. 2C). Consistent with 
a gene-dose effect, we could not detect any histologic abnormalities 
in mice with heterozygous epithelial cell–specific loss of Miz1(POZ) 
[SPC-Cre+/Miz1(POZ)wt/fl] at 4 months of age (Fig. 2D). By 1 year 
of age, however, we observed alveolar airspace enlargement consistent 
with emphysema in the heterozygous SPC-Cre+/Miz1(POZ)wt/fl mice 
compared with the control Miz1(POZ)fl/fl or SPC-Cre+/Miz1(POZ)wt/wt 
mice of similar age (Fig. 2, D to G, and fig. S2D). At 1 year of 
age, emphysema severity in the homozygous SPC-Cre+/Miz1(POZ)fl/fl 
mice was worse when compared with age-matched heterozygous 
SPC-Cre+/Miz1(POZ)wt/fl mice and was progressive when com-
pared with homozygous SPC-Cre+/Miz1(POZ)fl/fl mice harvested 

at 4 months of age as determined by histology and stereologic as-
sessments of MLI (Fig. 2, A and E to G, and fig. S2D).

Mice with lung epithelial deletion of the Miz1 POZ domain 
have lower radiographic pulmonary density and increased 
lung compliance
Emphysema is characterized in computed tomography (CT) scans by 
the presence of areas of abnormally low attenuation, which can be easily 
contrasted with surrounding normal lung parenchyma (22). In 
vivo imaging of the lungs in living animals with micro–computed x-ray 
tomography (micro-CT) revealed lower radiographic density (Fig. 2H) 
and lesions (Fig. 2I, indicated by pink areas) in the lungs of 1-year-old 
homozygous SPC-Cre+/Miz1(POZ)fl/fl littermate compared to the con-
trol Miz1(POZ)fl/fl mouse of similar age. We quantified lung density 
by measuring Hounsfield units (HU) on three-dimensional micro-
CT images. The density of lung parenchyma was substantially re-
duced in 1-year-old homozygous SPC-Cre+/Miz1(POZ)fl/fl littermate 
than in the control Miz1(POZ)fl/fl mouse of similar age (Fig. 2J). 
Physiologically, emphysema results in a loss of lung elastic recoil that 
manifests as increased static lung compliance. Static lung compli-
ance was increased in the homozygous SPC-Cre+/Miz1(POZ)fl/fl mice 
(≥1 year old) compared to the control Miz1(POZ)fl/fl mice of similar 
age (Fig. 2K).

Mice with lung epithelial cell–specific loss of function of Miz1 
have inflammatory cell infiltrates and increased apoptosis 
in the lung
Our genetic strategy specifically deleted the Miz1 POZ domain 
from the lung epithelium; nevertheless, we consistently observed 
progressive inflammatory cell infiltration in the lungs of young 

Fig. 1. MIZ1 protein levels are reduced in human COPD lungs and cigarette smoke–exposed mouse lungs or cigarette smoke extract–treated lung epithelial 
cells. (A and B) Miz1 immunohistochemistry (IHC) staining of normal human lungs or lungs from patients with COPD at the time of lung transplantation (three subjects 
from each group are shown, which were representative of seven subjects from each group). Scale bars, 20 m. (C) mRNA levels of Miz1 and Mule from normal human 
lungs or lungs from patients with COPD analyzed by RNA sequencing (RNA-seq) (normal, n = 13; COPD, n = 7). **P < 0.01; ns, not significant. (D) Mule IHC from human 
lungs mentioned in (A). (E to H) Western blot (E) or IF staining (F and G) of Miz1 or Mule IHC (H) in mouse lungs exposed to RA or CS for 7 days, 3 months, and 6 months. 
Representatives of n ≥ 4. (I and J) Western blot of Mule and Miz1 in CS extract–treated MLE-12 cells (I) or cells expressing tetracycline-inducible shRNA for Mule in the 
absence or presence of tetracycline (Tet) (J). Data are representative of at least three independent experiments.
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homozygous SPC-Cre+/Miz1(POZ)fl/fl mice and aged (12 months) 
homozygous SPC-Cre+/Miz1(POZ)fl/fl and heterozygous SPC-Cre+/
Miz1(POZ)wt/fl mice. We sought to better characterize the nature of 
these infiltrates. Immunohistochemistry (IHC) staining demon-
strated the recruitment of large vacuolated AMs, neutrophils, and 
eosinophils within the airspaces of the ≤4-month-old and 
12-month-old homozygous SPC-Cre+/Miz1(POZ)fl/fl and ≥1-year-old 
heterozygous SPC-Cre+/Miz1(POZ)wt/fl but not in the control 
SPC-Cre+/Miz1(POZ)wt/wt mice of similar age (fig. S3A). Many of 
these cells were apoptotic as assessed by terminal deoxynucleotidyl 
transferase–mediated deoxyuridine triphosphate nick end labeling 
(TUNEL) staining, suggesting a continuous process of inflammatory 
cell recruitment and death (fig. S3B). Increased TUNEL+ cells were 
also observed in the alveolus and airway wall (epithelium) of young 
and aged homozygous SPC-Cre+/Miz1(POZ)fl/fl and aged hetero-
zygous SPC-Cre+/Miz1(POZ)wt/fl mice compared with controls 
(fig. S3B). Bronchoalveolar lavage fluid (BALF) from homozygous 
SPC-Cre+/Miz1(POZ)fl/fl and/or heterozygous SPC-Cre+/Miz1(POZ)wt/fl 
mice had greater leukocyte counts, including giant, multinucleated, 
and vacuolated macrophages, as well as smaller numbers of eosino-
phils and neutrophils (fig. S3C). Similar changes in AM numbers 
and morphology have been reported in patients with COPD and 
mice with emphysema (23, 24). Charcot-Leyden crystals, which are 
formed by fusion of eosinophil granules that contain large amounts 

of Charcot-Leyden protein or lysophospholipase, have been reported 
to be present within or associated with giant AMs of patients and 
mice with chronic inflammation (25–27). We observed similar 
structures in severely affected lung regions from the Miz1 knockout 
mice (fig. S3D). These data are reminiscent of histologic findings in 
the lungs of patient with COPD in which macrophage and neutro-
phil numbers are consistently increased and eosinophilic granules 
are associated with severe disease, and increased apoptosis of epi-
thelial and inflammatory cells were also observed (28, 29).

Mice with lung epithelial cell–specific loss of function of Miz1 
also exhibit features of chronic bronchitis
Hyperplasia of mucin-secreting goblet cells and associated mucus 
hypersecretion are common features of chronic bronchitis in COPD. 
We observed greater thickness of the airways, increased numbers of 
goblet cells, and increased expression of the mucin gene MUC5AC 
in the airways of young (≤4-month-old) homozygous SPC-Cre+/
Miz1(POZ)fl/fl, ≥1-year-old heterozygous SPC-Cre+/Miz1(POZ)wt/fl, 
and homozygous SPC-Cre+/Miz1(POZ)fl/fl mice, as compared to the 
control Miz1(POZ)fl/fl or SPC-Cre+/Miz1(POZ)wt/wt mice of similar 
age (Fig. 3, A to D). In mice with complete epithelial deletion of 
the Miz1(POZ) [SPC-Cre+/Miz1(POZ)fl/fl], we observed increased 
numbers of eosinophils, macrophages, and/or neutrophils within 
the airways and TUNEL+ cells in the airways (Fig. 3, E to G).

Fig. 2. Lung epithelial cell–specific deletion of the Miz1 POZ domain causes spontaneous emphysema in mice. (A and E) Representative whole lung histology from 
≤4-month-old control SPC-Cre+/Miz1(POZ)wt/wt or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (A) or ≥1-year-old control Miz1(POZ)fl/fl, heterozygous SPC-Cre+/Miz1(POZ)wt/fl, 
or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (E). (B, D, and F) Representative histological sections (10× or 20× objective) of lungs from ≤4-month-old control SPC-Cre+/
Miz1(POZ)wt/wt or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (B), control Miz1(POZ)fl/fl or heterozygous SPC-Cre+/Miz1(POZ)wt/fl mice of different ages (D), or ≥1-year-old 
control SPC-Cre+/Miz1(POZ)wt/wt, Miz1(POZ)fl/fl, heterozygous SPC-Cre+/Miz1(POZ)wt/fl, or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (F). Scale bars, 20 m. n = 4 to 8 for (A, B, 
and D to F). (C and G) MLI (micrometers ± SEM) or the ratio of surface area to alveolar air space volume (surface-to-volume ratio; means ± SEM) of alveolar septae measured 
in the lungs of ≤4-month-old control Miz1(POZ)fl/fl (n = 5) or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (n = 4) (C) or ≥ 1-year-old control Miz1(POZ)fl/fl (n = 6), heterozygous 
SPC-Cre+/Miz1(POZ)wt/fl (n = 5), or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (n = 4) (G). (H and I) Representative micro–computed x-ray tomography (micro-CT) images of 
the lung cross sections (H) or the three-dimensional lungs (I) of ≥1-year-old control Miz1(POZ)fl/fl or homozygous SPC-Cre+/Miz1(POZ)fl/fl mouse. In (I), the low attenuation 
area (below −700 HU) is colored in pink, and the whole lung field is colored in blue. (J) Representative HU of the lung parenchyma from ≥1-year-old control Miz1(POZ)fl/fl 
or homozygous SPC-Cre+/Miz1(POZ)fl/fl mouse. (K) Static lung compliance (Cst) of ≥1-year-old control Miz1(POZ)fl/fl (n = 8) or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice 
(n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001. Data are representative of at least three independent experiments.
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AM- and dendritic cell–specific loss of function of Miz1 is not 
sufficient to cause a COPD-like phenotype in mice
Collectively, our data suggest that even partial loss of function of Miz1 
in lung epithelial cells is sufficient to cause a spontaneous age-related 
COPD-like phenotype in mice. In these mice, we also observed in-
creased numbers of AMs and other inflammatory cells. To determine 
whether loss of function of Miz1 in these cells also leads to COPD-
like phenotypes we observed with epithelial cell–specific loss of Miz1, 
we crossed Miz1(POZ)fl/fl mice with transgenic CD11c-Cre mice. 
CD11c-Cre induces efficient Cre-mediated recombination in AMs 
and dendritic cells (20). Using qPCR of genomic DNA, we found 
deletion of the Miz1(POZ) in flow-sorted AMs and dendritic cells 
and partial deletion of the Miz1(POZ) in lung monocytes and neu-
trophils from the lungs of CD11c-Cre+/Miz1(POZ)fl/fl mice (fig. S4A). 
The Miz1(POZ) domain was intact in AT2 cells from CD11c-Cre+/
Miz1(POZ)fl/fl mice (fig. S4A). While young (≤4-month-old) CD11c-
Cre+/Miz1(POZ)fl/fl mice showed normal lung structure (Fig. 4A), 
they had increased numbers of macrophages and neutrophils in the 
BALF compared to the control mice (Fig. 4B). When they were over 
1 year old, CD11c-Cre+/Miz1(POZ)fl/fl mice had marked spontaneous 
regional inflammation in the alveoli and airways (Fig. 4, C to E) 
and showed a progressive increase in the number of macrophages 
and neutrophils in the BALF (Fig. 4B). These data are consistent 
with our previous report that Miz1 in both lung epithelial cells and 

inflammatory cells is important to restrain pulmonary inflammation 
(13). However, we were unable to identify COPD-like changes in 
CD11c-Cre+/Miz1(POZ)fl/fl mice compared with controls, including 
alveolar enlargement (Fig. 4D) or goblet cell hyperplasia (Fig. 4E) or 
lower radiographic density (fig. S4B). These data indicate that loss 
of function of Miz1 in inflammatory cells, including AMs and den-
dritic cells, is not sufficient to cause spontaneous COPD-like pheno-
type in mice. Combined with our findings in SPC-Cre+/Miz1(POZ)fl/fl 
mice, these data strongly suggest that loss of function of Miz1 in 
epithelial cells but not inflammatory cells drives the age-related 
progressive emphysema-like phenotype in mice. These data coincide 
with the observations in human COPD lungs where Miz1 is pre-
dominantly down-regulated in lung epithelial but not inflammatory 
cells (Fig. 1A), implicating the central role of epithelial cell–specific 
Miz1 in regulation of the pathogenesis of COPD.

Mice with heterozygous epithelial cell–specific loss 
of function of Miz1 have increased expression 
of proinflammatory genes in the lung epithelium 
throughout the life span
To explore the mechanisms by which lung epithelial cell–specific 
deletion of Miz1(POZ) drives the development of COPD-associated 
changes in the aging lung, we flow-sorted AT2 cells from homozygous 
SPC-Cre+/Miz1(POZ)fl/fl or heterozygous SPC-Cre+/Miz1(POZ)wt/fl 

Fig. 3. Mice with lung epithelial cell–specific loss of function of Miz1 also exhibit features of chronic bronchitis. (A and B) Representative histological sections (20×, 40×, 
or 100× objective) of pulmonary airways from ≤4-month-old control SPC-Cre+/Miz1(POZ)wt/wt or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (A) or ≥ 1-year-old control SPC-Cre+/
Miz1(POZ)wt/wt, Miz1(POZ)fl/fl, heterozygous SPC-Cre+/Miz1(POZ)wt/fl, or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (B). Arrowheads indicate goblet cells. (C and D) MUC5AC 
IF staining from mice in (A) and (B). (E to G) Representative IHC staining of EMBP (eosinophils) (20× objective), F4/80 (macrophages) (20× objective) of lungs from young 
control SPC-Cre+/Miz1(POZ)wt/wt or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice (E), Ly6G (PMNs) (20× objective) (F), or TUNEL (20× objective) (G) staining of ≥1-year-old 
control Miz1(POZ)fl/fl, SPC-Cre+/Miz1(POZ)wt/wt, or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice. n ≥ 5. Data are representative of at least three independent experiments.
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mice at different ages (2, 6, or 12 months) and performed RNA se-
quencing (RNA-seq) and/or quantitative shotgun proteomics. RNA-
seq identified 1721 genes up-regulated and 1646 genes down-regulated 
(P < 0.05) in AT2 cells isolated from 6-month-old homozygous 
SPC-Cre+/Miz1(POZ)fl/fl mice as compared to the control Miz1(POZ)fl/fl 
mice of similar age (Fig. 5A). These genes included several known 
Miz1 targets (30), including Cebpd (encoding C/EBP) (fig. S5A), 
which we previously identified as a Miz1 direct target gene through 
repressing which Miz1 suppresses NF-B–dependent inflammation 
(13). The expression of Ace2, the receptor for SARS-CoV-2, was 
induced in AT2 cells from SPC-Cre+/Miz1(POZ)fl/fl mice as compared 
to the control Miz1(POZ)fl/fl mice of similar age (Fig. 5B). In addition, 
there was a trend of increased expression of Tmprss2, the serine 
protease for S protein priming essential for SARS-CoV-2 entry (31), 
in AT2 cells from SPC-Cre+/Miz1(POZ)fl/fl mice as compared to the 
control Miz1(POZ)fl/fl mice of similar age, although it did not reach 
statistical significance (P = 0.0769) probably due to limited sample 
size (Fig. 5B). Gene Ontology (GO) analysis of up-regulated genes 
identified “innate immune system” as the top significantly enriched 
function for Miz1 (Fig. 5A), and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) PATHWAY mapping revealed up-regulated genes 
involved in NF-B or TNF or Toll-like receptor (TLR) signaling, 
including NF-B/RelA, Jun, IL-6, and IL-1 (Fig. 5C). These data 
are consistent with our previous report that Miz1 suppresses TNF- 
or TLR4-induced NF-B–dependent inflammatory response (13). 
Similarly, the top three GO processes from up-regulated genes in AT2 
cells isolated from 6-month-old heterozygous SPC-Cre+/Miz1(POZ)wt/fl 
mice included “innate immune system,” “innate immune response,” 
and “inflammatory response” (Fig. 5D). Similar pathways and genes 

were identified when we compared 12-month-old heterozygous 
SPC-Cre+/Miz1(POZ)wt/fl or homozygous SPC-Cre+/Miz1(POZ)fl/fl 
mice to Miz1(POZ)fl/fl controls (fig. S5, B and C). We confirmed the 
RNA-seq results by measuring the levels of mRNA for certain NF-
B–dependent inflammatory genes using quantitative reverse transcrip-
tion PCR (qRT-PCR) (fig. S5D). Note that heterozygous SPC-Cre+/
Miz1(POZ)wt/fl mice had increased expression of proinflammatory 
genes starting at younger age (2 to 6 months), which preceded the 
COPD-like pathological changes in middle to late life (≥1 year old) 
and remained throughout the life span (≥1 year old). To determine 
whether the changes we observed in gene expression resulted in 
changes in inflammatory proteins, we performed shotgun proteomics. 
Using a 1.5-fold change (P < 0.05) as a cutoff for significance, we 
identified 374 Miz1-regulated proteins that were differentially expressed 
between AT2 cells from homozygous SPC-Cre+/Miz1(POZ)fl/fl mice 
and Miz1(POZ)fl/fl controls. These included known Miz1 targets in-
cluding integrin 1 (ITGB1), ankyrin 3 (ANK3), programmed cell 
death 5 (PDCD5), small nuclear ribonucleoprotein polypeptide A 
(SNRPA1), and TAO kinase 3 (TAOK3) (fig. S5E) (32), thus validat-
ing the system. GO analysis of these differentially expressed proteins 
revealed “regulation of mRNA stability” and “innate immunity” as 
the two most significant GO terms (fig. S5F). Collectively, these data 
suggest that Miz1 functions primarily to suppress innate immunity 
in lung epithelial cells.

Loss of lung epithelial function of Miz1 results in augmented 
inflammatory response in AMs
Increased numbers and abnormal morphology of AMs were observed 
in homozygous SPC-Cre+/Miz1(POZ)fl/fl mice at 4 and 12 months of 
age and heterozygous SPC-Cre+/Miz1(POZ)wt/fl mice after 12 months 
of age (fig. S3, A and C). As AMs have been reported to be important 
in the pathogenesis of COPD (33), we sought to determine whether 
there is a possible link between epithelial inflammation induced 
by the loss of Miz1 and activation of AMs within the lung. We 
compared gene expression using RNA-seq in flow-sorted AMs and 
whole lung tissue from mice with homozygous or heterozygous 
epithelial cell–specific deletion of Miz1(POZ) and control animals. 
GO analysis of up-regulated genes in AMs or whole lung tissue 
from 6-month-old heterozygous SPC-Cre+/Miz1(POZ)wt/fl or homo-
zygous SPC-Cre+/Miz1(POZ)fl/fl mice implicated processes involved 
in inflammatory response and innate immunity (Fig. 5, E to G). In 
AMs, up-regulated genes include various matrix metalloproteinases 
(MMPs) (fig. S5, G and H), which have been reported to be central to 
COPD pathogenesis (34, 35).

Ninety-seven genetic loci that have met stringent standards for 
statistical significance in large-scale genome-wide association study 
(GWAS) have been associated with COPD susceptibility, some of 
which have been replicated in independent cohorts (36–41). Among 
these genes, 42 were differentially expressed in AT2, AMs, or 
whole lung tissue from heterozygous SPC-Cre+/Miz1(POZ)wt/fl or 
homozygous SPC-Cre+/Miz1(POZ)fl/fl mice compared with control 
Miz1(POZ)fl/fl mice, including Tns1, Ager, Thsd4, Gstcd, Hhip, Mmp15, 
Tgfb2, and Itga1 (Fig. 5H).

Activation of NF-B is necessary for the COPD-like 
phenotypes induced by lung epithelial cell–specific loss 
of function of Miz1
As augmented NF-B–dependent inflammation proceeded the COPD-
like pathological changes in heterozygous SPC-Cre+/Miz1(POZ)wt/fl 

Fig. 4. AM- and dendritic cell–specific loss of function of Miz1 is not sufficient 
to cause a COPD-like phenotype in mice. (A, C, and D) Representative lung histo-
logical sections (A and D) or whole lung histology (C) of ≤4-month-old (A) or ≥ 
1-year-old control Miz1(POZ)fl/fl or CD11c-Cre+/Miz1(POZ)fl/fl mice (C and D). (B) BALF 
cell differentials from young or ≥1-year-old control Miz1(POZ)fl/fl or CD11c-Cre+/
Miz1(POZ)fl/fl mice (n = 4 to 11). Mȹ, macrophages; PMN, neutrophils; Lym, lympho-
cytes. **P < 0.01, ***P < 0.0001. (E) Representative histological sections (20×, 40×, or 
100× objective) of pulmonary airways from ≥1-year-old control Miz1(POZ)fl/fl or 
CD11c-Cre+/Miz1(POZ)fl/fl mice. Data are representative of at least three indepen-
dent experiments.
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mice, we sought to determine whether the enhanced NF-B–dependent 
inflammatory response is causally linked to the COPD-like phenotype 
observed in the Miz1 mutant mice. We crossed SPC-Cre+/Miz1(POZ)fl/fl 
mice with RelAfl/fl mice, in which the exon 1 of the gene encoding 
the major NF-B transactivation subunit, RelA, also named p65, is 
flanked by loxP sites. Analysis of genomic DNA using qPCR revealed 
partial deletion of Miz1(POZ) in flow-sorted ATII cells of SPC-Cre+/
Miz1(POZ)wt/fl and SPC-Cre+/Miz1(POZ)wt/fl/RelAwt/fl (fig. S6A, left). 
qRT-PCR showed partial deletion of RelA in ATII cells from SPC-Cre+/
Miz1(POZ)wt/fl/RelAwt/fl mice (fig. S6, right). Consistent with our 
phenotypic, transcriptomic, and proteomic data, concomitant RelA 
haploinsufficiency almost completely prevented the development of 
emphysema and bronchitis in ~12-month-old mice with hetero-
zygous epithelial deletion of Miz1(POZ) (comparison of SPC-Cre+/
Miz1(POZ)wt/fl and SPC-Cre+/Miz1(POZ)wt/fl/RelAwt/fl) (Fig. 6, A to C).

Lung epithelial cell–specific loss of function of Miz1 
in the adulthood is also sufficient to induce emphysema
Our observation that heterozygous SPC-Cre+/Miz1(POZ)wt/fl mice 
have completely normal lung histology at a young age but sponta-
neously develop a COPD-like phenotype by 1 year of age argues 
strongly against a developmental contribution. To confirm this, we 
crossed Miz1(POZ)fl/fl mice with SPC-CreERT2 mice [available at 

JAX (Jackson Laboratory)—stock #028054 through B. Hogan, 
Duke University] (42), in which a tamoxifen-inducible Cre recom-
binase (CreERT2) is under the control of the human SPC promoter. 
Adult SPC-CreERT2+/Miz1(POZ)f/f and the control SPC-CreERT2−/
Miz1(POZ)f/f mice were administered with tamoxifen in chow 
(Envigo) for 14 months. qPCR using genomic DNA revealed deletion 
of Miz1(POZ) in ATII cells but not endothelial cells or AMs of 
tamoxifen-treated SPC-CreERT2+/Miz1(POZ)f/f mice (fig. S6B). 
Enlarged alveolar airspace and inflammatory infiltrates were observed 
in tamoxifen-treated SPC-CreERT2+/Miz1(POZ)f/f but not the control 
SPC-CreERT2−/Miz1(POZ)f/f mice (Fig. 6, D and E).

DISCUSSION
Our findings suggest that lung epithelial cell–specific loss function 
of Miz1, a transcriptional repressor of NF-B signaling, contributes 
to the pathogenesis of COPD. We show that Miz1 is down-regulated 
in the alveolar and airway epithelium of some patients with COPD and 
also in the lungs of mice chronically exposed to CS. Lung epithelial 
cell–specific loss of function of Miz1 in mice results in age-related, 
progressive alveolar destruction and airway remodeling accompanied 
by an increased number of inflammatory cells in the airway and 
alveolar airspace reminiscent of the pathologic changes in patients 

C Control Homo H
Control Het Homo

AT2

AMs
Control Het Homo

Whole lung

Control Het Homo

E AMs (Up-regulated)

(6 months)

SPC-Cre+/
Miz1(POZ)wt/f

G Whole Iung (Up-regulated)

(6 months)

SPC-Cre+/
Miz1(POZ)wt/f

SPC-Cre+/
Miz1(POZ)f/f
(6 months)

F AMs (Up-regulated)

D ATII (Up-regulated)

(6 months)

SPC-Cre+/
Miz1(POZ)wt/f

A

ATII (Up-regulated)

SPC-Cre+/
Miz1(POZ)f/f
(6 months)

Control Homo
B

Ctrl KO
0

50

100

150

200

R
el
at
ie
ve

Ac
e2

*

Ctrl KO
0

100

200

300

400

500

R
el
at
iv
e
Tm

pr
ss
2

P = 0.0769

Fig. 5. Loss of the Miz1 POZ domain results in deregulated expression profiles enriched in innate immunity/inflammation. (A and D to G) GO analysis of dif-
ferentially expressed genes (analyzed by RNA-seq) in AT2 (A and D), AMs (E and F), or whole lungs (G) from 6-month-old control Miz1(POZ)fl/fl, heterozygous SPC-Cre+/
Miz1(POZ)wt/fl, or homozygous SPC-Cre+/Miz1(POZ)fl/fl mice. (B) Ace2 and Tmprss2 mRNA levels analyzed by RNA-seq from control Miz1(POZ)fl/fl or homozygous SPC-Cre+/
Miz1(POZ)fl/fl mice of similar age [control, n = 3; knockout (KO), n = 4]. (C and H) Heatmaps of differentially expressed genes involved in NF-B, TNF, or TLR signaling by 
KEGG PATHWAY mapping from (A) (C) or differentially expressed genes of those identified as COPD susceptibility genes by GWAS from (A) to (G) (H), respectively. n ≥ 4 
for (A) to (H). Red underlines indicate pathways involved in innate immunity. Control, Miz1(POZ)fl/fl mice; Het, heterozygous SPC-Cre+/Miz1(POZ)wt/fl mice; Homo, homozy-
gous SPC-Cre+/Miz1(POZ)fl/fl mice.
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with COPD. Using unbiased transcriptomic analysis of Miz1-deficient 
mice compared with wild-type mice, we found the loss of Miz1 
up-regulated expression of Ace2, the receptor for the novel SARS-
CoV-2 coronavirus that is the cause of the ongoing COVID-19 
pandemic. Loss of Miz1 also altered the expression of 42 of 97 vali-
dated genes that have been genetically associated with COPD in 
GWAS. The COPD-like phenotype in the Miz1 mutant mice is 
rescued by NF-B/RelA haploinsufficiency, genetically confirming 
loss of Miz1-induced NF-B–dependent inflammation as the central 
driver of the COPD phenotypes we observed in Miz1 mutant mice. 
Thus, our data support the notion that reduced Miz1 expression 
contributes to chronic NF-B–dependent inflammation and disease 
progression in COPD. Our findings further suggest that chronic 
lung epithelial inflammation induced by the loss of Miz1 might con-
tribute to the observed clinical association between cigarette smoke 
exposure and disease severity after SARS-CoV-2 infection.

Previous work has demonstrated that inducible hyperactivation 
of NF-B by overexpression of the constitutively active inhibitor of 
nuclear factor B kinase  in Scgb1-expressing airway epithelial cells 
induces acute lung injury with neutrophil infiltration, exudation of 
protein-rich fluid into the airspaces, and hypoxemia (43). Chronic 
activation of NF-B in this model results in the development of 
severe airway remodeling and airspace enlargement similar to em-
physema and the spontaneous development of bronchial adenomas 
(44). The overexpression of TNF driven by the SPC promoter in the 
lung epithelium resulted in the development of large lymphocytic 

aggregates with associated evidence of emphysema (45). In contrast, 
Miz1 down-regulation does not directly activate NF-B but instead 
results in prolonged signaling in response to physiologically endog-
enous activation. This more physiologic enhancement of NF-B 
signaling was sufficient to induce typical airway epithelial changes 
of chronic bronchitis (mucin hypersecretion and goblet cell hyper-
plasia) and emphysema (airspace enlargement) in the absence of an 
inciting stimulus to activate NF-B and without evidence of the 
acute lung injury induced by NF-B hyperactivation. Furthermore, 
there appeared to be a strong gene dose effect associated with the loss 
of Miz1—complete epithelial cell–specific loss of Miz1 resulted in se-
vere premature emphysema, whereas heterozygous loss was associated 
with no detectable phenotype in early life, instead developing pro-
gressive age-related changes of emphysema and chronic bronchitis. 
Even when the loss of Miz1 was limited to alveolar type II cells in 
adult mice, we observed changes consistent with emphysema.

The loss of Miz1 resulted in altered abundance of 42 of 97 genes 
rigorously associated with COPD risk in GWASs. In addition, several 
groups reported that a single nucleotide polymorphism in MIZ1 is 
associated with idiopathic dilated cardiomyopathy (46–49) and 
osteoporosis (50–52), both of which are often related to cigarette 
smoke and associated with the development of COPD. Furthermore, 
we found that Miz1 is reduced in the airway and alveolar epithelium 
in lung sections from some patients with COPD, in the lungs of 
mice chronically exposed to cigarette smoke and in lung epithelial 
cells exposed to cigarette smoke extracts, directly implicating a loss 

Fig. 6. RelA haploinsufficiency rescues the phenotype of Miz1-deficient mice, and lung epithelial cell–specific loss of function of Miz1 in the adulthood is also 
sufficient to induce emphysema. (A and C) Representative whole lung histology (A) or histological sections of pulmonary airways (C) in the lungs of ~1-year-old control 
SPC-Cre+/Miz1(POZ)wt/wt, heterozygous SPC-Cre+/Miz1(POZ)wt/fl, or SPC-Cre+/Miz1(POZ)wt/flRelAwt/fl mice. (B) MLI (micrometers ± SEM) or surface-to-volume ratio (means ± SEM) of 
alveolar septae measured in the lungs of ~1-year-old control Miz1(POZ)fl/fl (n = 6), heterozygous SPC-Cre+/Miz1(POZ)wt/fl (n = 5), or SPC-Cre+/Miz1(POZ)wt/flRelAwt/fl mice (n = 4). 
**P < 0.01 and ***P < 0.001. (D) Representative lung histological sections of control SPC-CreERT2−/Miz1(POZ)f/f or SPC-CreERT2+/Miz1(POZ)f/f mice after treatment with 
tamoxifen for 14 months. Three subjects from each group were shown, which were the representative of five to eight subjects from each group. Scale bars, 500 m. 
(E) MLI (micrometers ± SEM) or the ratio of surface area to alveolar air space volume (surface-to-volume ratio; means ± SEM) of alveolar septae measured in the lungs of 
control SPC-CreERT2−/Miz1(POZ)f/f or SPC-CreERT2+/Miz1(POZ)f/f mice after treatment with tamoxifen for 14 months. n = 5 to 8. Data are representative of at least three inde-
pendent experiments.
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of MIZ1 in the lung epithelium in the pathogenesis of COPD. We 
have previously shown that MIZ1 suppresses inflammation through 
repressing the NF-B–C/EBP signaling axis and is necessary to 
terminate TNF- and LPS-induced inflammation (13). Unbiased 
transcriptomic and proteomic analyses of epithelial cell–specific 
Miz1-deficient mice in the current study were entirely consistent 
with this mechanism. We observed increased apoptosis in the lung 
epithelial and inflammatory cells from the Miz1 knockout mice, 
which is likely due to the inflammatory damage induced by Miz1 
loss, instead of a direct effect from Miz1 loss. The reason is that we 
did not observe obvious evidence of apoptosis in heterozygous 
SPC-Cre+/Miz1(POZ)wt/fl mice in early life when inflammation is 
already evident. That is to say, inflammation precedes and most 
likely contributes to apoptosis similar to the other manifestations of 
COPD in our model. More studies are needed, however, to deter-
mine how environmental exposures, particularly cigarette smoke, 
modulate Miz1 levels, how frequently Miz1 is down-regulated in 
patients with COPD, and whether other components of the transcrip-
tional complex involved in Miz1-mediated repression of NF-B 
signaling are implicated in COPD pathogenesis. A loss of MIZ1-
mediated epigenetic repression of endogenous NF-B signaling might 
explain why inflammation persists after the cessation of cigarette 
smoking in patients susceptible to COPD.

Airway and, to a lesser extent, alveolar inflammation are charac-
teristic features of COPD and have been suggested to play a role in 
disease pathogenesis (53). We found that the loss of Miz1 in the lung 
epithelium was sufficient to increase the number of inflammatory 
cells, particularly AMs in the airspaces. In contrast, deletion of Miz1 
from AMs and dendritic cells markedly increased the number and 
size of AMs but did not induce changes of airspace enlargement, 
goblet cell hyperplasia, or mucin hypersecretion characteristic of 
COPD. These results seem to localize signals initiating emphysema 
to the lung epithelium but do not exclude a role for macrophages, 
neutrophils, or other inflammatory cells recruited in response to 
epithelial activation of NF-B in the development of COPD pheno-
types. For example, our RNA-seq analysis of flow-sorted AMs from 
epithelial Miz1-deficient mice showed up-regulation of inflam-
matory and matrix remodeling genes including MMPs implicated 
in emphysema pathogenesis. In a murine model of immunoglobulin 
A (IgA) deficiency, neutrophils recruited in response to bacterial 
commensals are necessary for the development of emphysema (54, 55).

In summary, our studies demonstrate that chronic inflammation 
in the lung epithelium induced by down-regulation of Miz1 is suffi-
cient to drive age-related progressive changes that recapitulate many 
features of human COPD. Our studies and others in human lungs 
and GWASs in patients with COPD-associated comorbidities directly 
implicate MIZ1 in COPD pathogenesis. We show a causal link be-
tween chronic subacute activation of NF-B in the lung epithelium 
and the tissue destruction and physiologic dysfunction characteristic 
of COPD via a mechanism that explains the persistence of inflam-
mation in patients with COPD even after smoking cessation.

METHODS
Mice
Miz1(POZ)fl/fl mice on the C57BL/6 background have been described 
previously (13). SPC-Cre and SPC-CreERT2 mice were provided 
by B. Hogan (SPC-Cre+ERT2 mice are available at JAX—stock 
#028054 through B. Hogan, Duke University) (42). CD11c-Cre and 

RelAfl/fl mice were from the Jackson laboratories. The animal care 
and experiments were performed in compliance with the institu-
tional and U.S. National Institutes of Health (NIH) guidelines and 
were approved by the Northwestern University Animal Care and 
Use Committee.

Antibodies for Western blot
Miz-1 antibody (H-190; 1:500): sc-22837 was used until discontinued 
by the vendor, and Miz-1 antibody (B-10; 1:250): sc-136985 was 
then used in replacement of Miz-1 antibody (H-190): sc-22837. 
-Actin antibody (A5441, Sigma-Aldrich; 1:20,000) and Mule anti-
body (ab70161, Abcam) were also used.

IHC and IF staining
Human normal and COPD lung tissues, which were obtained from 
lung transplant or lung resection donors (who gave informed con-
sent), were fixed in 4% paraformaldehyde (24 hours), processed, 
and embedded in paraffin. The experimental protocol was approved 
by the Institutional Review Board at Northwestern University (IRB 
no. STU00056197-MOD0003 General Biorepository Development 
for Solid Organ and Stem Cell Transplant Specimens). Miz1 and 
Mule IHC of human lungs was performed by the Northwestern 
University Mouse Histology and Phenotyping Laboratory. Briefly, 
deparaffinized slides were incubated with Miz1 antibody (ab121232, 
Abcam; 1:500) and Mule antibody (ab70161, Abcam) overnight at 
4°. Detection was performed with the biotin-streptavidin peroxidase 
system (Vector Labs). Nuclear profiles were outlined concomitantly 
with 4′,6-diamidine-2-phenylindole (DAPI) using Aqua Mount. 
IHC staining of macrophages, eosinophils, and neutrophils from 
mouse lungs was performed in deparaffinized slides with F4/80 
antibody (14-4801, eBioscience; 1:500), eosinophil major basic 
protein (EMBP) antibody (sc-33938, Santa Cruz Biotechnology; 
1:1500), or Ly6G antibody (#551459, BD Biosciences; 1:500), re-
spectively. TUNEL staining was performed in deparaffinized slides 
using the ApopTag Peroxidase In Situ Apoptosis Detection Kit 
(S71000, EMD Millipore). For IF staining, human and mouse lung 
sections were deparaffinized with xylene, rehydrated with graded 
ethanol, and subjected to heat-induced antigen retrieval in sodium 
citrate buffer (10 mM) (pH 6.0). After blocking in 1% bovine serum 
albumin (w/v) in phosphate-buffered saline (PBS) for 1 hour, lung 
sections were incubated overnight with rabbit polyclonal Miz1 anti-
bodies [sc-22837, Santa Cruz Biotechnology for mouse lungs (1:200) 
and ab121232, Abcam for human lungs (1:200)] or MUC5AC 
antibody (sc-20118, Santa Cruz Biotechnology). Colabeling with 
SPC (AT2 cell marker) in mouse lungs was achieved by the addition 
of goat polyclonal SPC antibody (sc-7706, Santa Cruz Biotechnology). 
Lung sections were then washed with PBS and incubated with Alexa 
Fluor 555–labeled anti-rabbit IgG and Alexa Fluor 488–labeled anti-
goat IgG (1 g/ml; Thermo Fisher Scientific). Nonimmune rabbit 
or goat IgGs (Santa Cruz Biotechnology) were used as negative con-
trols. Nuclei were visualized with DAPI. Slides were mounted with 
Gel Mount (Biomeda, Foster City, CA). Fluorescent images were 
obtained using a fluorescence microscope Axioplan 2 (Carl Zeiss 
Meditec Inc.).

RNA sequencing
RNA-seq of primary AT2, AMs, and whole lung tissues was per-
formed by the next-generation sequencing (48) core in the Division 
of Pulmonary at Northwestern University or the Laboratory of 
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Xiangdong Fu at University of California, San Diego, as previously 
described (56, 57). Briefly, total RNA was extracted and purified 
using NucleoSpin RNA kit. mRNA was then enriched from total 
RNA (50 ng) using NEBNext Poly(A) mRNA Magnetic Isolation 
Module, and complementary DNA (cDNA) libraries were generated 
using NEBNext Ultra RNA Library Prep Kit for Illumina. The quan-
tity and quality of the cDNA libraries were assessed using an Agilent 
4200 Tapestation (Agilent Technologies). cDNA (∼1 ng) was frag-
mented using high temperature (94° for 15 min) and amplified with 
a dual-index (i7 and i5; Illumina; 10 cycles), and individual libraries 
were purified with magnetic beads. Indexed sequence libraries were 
pooled for multiplexing (∼40 samples per lane), and paired-end 
sequencing (75 base pairs) were performed on NextSeq 500 using 
dual-index sequencing primers (Illumina). Reads were aligned using 
TopHat2 to the mm10 reference genome, differential expression was 
assessed using edgeR, and enrichment analysis was performed using 
curated databases including GO or KEGG PATHWAY mapping.

Quantitative polymerase chain reaction
qPCR was performed using iQ SYBR Green Supermix (Bio-Rad) on 
a CFX Connect Real-Time PCR Detection System (Bio-Rad). mRNA 
expression of a particular gene was normalized to hypoxanthine-
guanine phosphoribosyltransferse. Primer sequences were listed in 
table S1. For qRT-PCR, total RNA was extracted from lung tissues 
or isolated cells by NucleoSpin RNA kit (MACHEREY-NAGEL), 
followed by cDNA synthesis using M-MuLV Reverse Transcriptase 
(New England Biolabs) according to the manufacturer’s instructions.

Histological analysis
Tissue samples were fixed in 4% paraformaldehyde (24 hours), pro-
cessed, and embedded in paraffin. Sections (5 m) were prepared 
and mounted on coverslips for staining with hematoxylin and eosin, 
and tissue images were captured using Nikon Eclipse E800 or using 
the TissueGnostics Tissue/Cell High Throughput Imaging Analysis 
System (Vienna, Austria) and TissueFAXS software (TissueGnostics, 
Los Angeles, CA) at the Northwestern University Cell Imaging Facility.

Micro-CT scan
In vivo mouse lung micro-CT scans were conducted with the indi-
viduals anesthetized with 1.5 to 2% isoflurane in 100% oxygen. 
Micro-CT datasets were acquired on a dedicated small animal micro-
positron emission tomography (PET)/CT scanner (NanoScan8, 
Mediso, Budapest Hungary). Scan parameters were as follows: 50–
kilovolt peak x-ray source voltage, 320-ms exposure time/projection, 
720 projections with a field of view of ~1 to 2 cm covering the lung. 
A total acquisition time of ~4 min, yielding three-dimensional datasets 
with isotropic voxel size of 250 m, corresponding to four different 
phases of the breathing cycle.

Static lung compliance analysis
Mice were anesthetized and tracheotomized, followed by mechani-
cally ventilated on a computer-controlled piston ventilator (flexiVent, 
SCIREQ, Montre’al, Que’bec, Canada) with a tidal volume of 10 ml/kg 
at a frequency of 150 breaths/min against 2- to 3-cm H2O-positive 
end-expiratory pressure. A standard volume history was obtained 
with two total lung capacity maneuvers. A perturbation maneuver 
was imposed to collect pressure and flow data (reflective of airway 
and tissue dynamics). Static compliance was calculated as the change 
in volume divided by the change in pressure.

Alveolar size measurement
The lungs were inflated with 0.5% agarose under 25-cm water pres-
sure, fixed in buffered 10% formalin for 24 hours and embedded in 
paraffin. Sections (5 m) were stained with hematoxylin and eosin. 
Images (35 per lung section) from whole lungs were acquired with 
a ×20 lens. MLI and alveolar surface-to-volume ratio were determined 
by computer-assisted morphometry with the MetaMorph Microscopy 
Automation & Image Analysis software (Molecular Devices).

Proteomics
Protein lysates were precipitated by trichloroacetic acid and then 
tryptically digested following the procedure described previously (58). 
Briefly, protein precipitates were resolved by 8 M urea, followed by 
treatment with 5 mM tris(2-carboxyethyl)phosphine (TCEP) and 
10 mM indole-3-acetic acid. The mixture was digested for 16 hours 
at 37°C by trypsin at an enzyme-to-substrate ratio of 1:50 (w/w). The 
tryptic digested peptides were desalted and loaded on an in-house 
packed capillary reverse-phase C18 column (15-cm length, 100-m 
inside diameter × 360-m outer diameter, 3-m particle size, and 
100-Å pore diameter) connected to an Easy LC 1000 system. The 
samples were analyzed with a 180-min high-performance liquid 
chromatography gradient from 0 to 100% of buffer B (buffer A, 0.1% 
formic acid in water; buffer B, 0.1% formic acid in acetonitrile) at 
300 nl/min. The eluted peptides were ionized and directly intro-
duced into a Q Exactive or Fusion mass spectrometer using a nano-
spray source. Survey full-scan mass spectrometry spectra [from a 
mass/charge ratio (m/z) of 300 to 1800] were acquired in the Orbitrap 
analyzer with a resolution r = 70,000 at m/z 400. Protein identification 
was performed with MaxQuant (59). The tandem mass spectra were 
searched against the UniProt mouse protein database, and sequences 
of known contaminants such as keratin and porcine trypsin concat-
enated to a decoy database in which the sequence for each entry in 
the original database was reversed. Search space included all fully and 
half-tryptic peptide candidates with missed cleavage restrictions. 
Under the filtering conditions, the estimated false discovery rate was 
below ~1% at the protein level in all analysis.

Fluorescence-activated cell sorting
The lungs were digested with dispase (Corning) and deoxyribonuclease 
I (0.1 mg/ml). Red blood cells were removed using 1× BD Pharm 
Lyse solution (BD Biosciences). Cells were washed in MACS buffer 
(Miltenyi Biotech) and counted using a Countess automated cell 
counter (Invitrogen). For isolation of AT2 cells and AMs, single-cell 
suspension was incubated in 0.5 g of Fc block (BD Biosciences) for 
10 min at 4°C, followed by staining with fluorescein isothiocyanate 
(FITC)–conjugated anti-mouse CD45 (eBioscience), allophycocyanin 
(APC)–conjugated anti-mouse epithelial cell adhesion molecule 
(EpCAM) (eBioscience), phycoerythrin (PE)–conjugated anti-mouse 
CD31 (eBioscience), PE-CF594–conjugated anti-mouse SiglecF (BD 
Biosciences), and eFluor450-conjugated anti-mouse CD11b (eBio-
science). The fluorescence-activated cell sorting (FACS) experiments 
were performed using a BD FACSAria SORP 5-laser instrument (BD 
Immunocytometry Systems) equipped with 355-, 405-, 488-, 561-, 
and 640-nm excitation lasers located at the Northwestern University 
Flow Cytometry Core Facility. All data collection and sorting were 
performed using BD FACSDiva software (BD Biosciences), and data 
analyses were performed using FlowJo software (Tree Star, Ashland, 
OR). Fluorescence minus one controls were used for gating analyses 
to distinguish positively from negatively staining cell populations. 
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Compensation was performed using single-color controls prepared 
from BD CompBeads (BD Biosciences). Compensation matrices 
were calculated and applied using FlowJo software (Tree Star). 
Biexponential transformation was adjusted manually when nec-
essary. For simultaneous isolation of AT2 and other myeloid cells, 
after blocking, cells were incubated with biotin-conjugated anti-mouse 
CD45 antibody for 10 min at room temperature. Cells then were 
separated using MagniSort Streptavidin Positive selection beads 
(eBioscience) according to the manufacturer’s instructions. AT2 cells 
will be isolated from the CD45− fraction by flow sorting using FITC-
conjugated anti-mouse CD45 (eBioscience), APC-conjugated anti-
mouse EpCAM (eBioscience), and PE-conjugated anti-mouse CD31 
(eBioscience). The myeloid cell populations will be isolated from the 
CD45+ fraction by flow sorting using FITC-conjugated anti-mouse 
CD45 (eBioscience), PerCP-Cy5.5–conjugated anti-mouse major 
histocompatibility complex II (BioLegend), eFluor450-conjugated 
anti-mouse Ly6C (eBioscience), APC-conjugated anti-mouse CD24 
(eBioscience), Alexa Fluor 700–conjugated anti-mouse Ly6G (BD Bio-
sciences), APC-Cy7–conjugated anti-mouse CD11b (BioLegend), 
PE-conjugated anti-mouse CD64 (BioLegend), PE-CF594–conjugated 
anti-mouse SiglecF (BD Biosciences), and PE-Cy7–conjugated anti-
mouse CD11c (eBioscience) (60).

Tamoxifen treatment of mice
Mice were fed with tamoxifen chow (Envigo; ~40 to 80 mg/kg of 
body weight per day).

Statistical analysis
Data were analyzed by an unpaired Student’s t test, with the assump-
tion of normal distribution of data and equal sample variance. Sample 
sizes were selected on the basis of preliminary results to ensure an 
adequate power.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/33/eabb7238/DC1

View/request a protocol for this paper from Bio-protocol.
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