UCSF

UC San Francisco Previously Published Works

Title
Yap/Taz regulate alveolar regeneration and resolution of lung inflammation

Permalink
https://escholarship.org/uc/item/8tg4d0p5

Journal
Journal of Clinical Investigation, 129(5)

ISSN
0021-9738

Authors

LaCanna, Ryan
Liccardo, Daniela
Zhang, Pegqgy

Publication Date
2019-05-01

DOI
10.1172/jci1l25014

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8tq4d0p5
https://escholarship.org/uc/item/8tq4d0p5#author
https://escholarship.org
http://www.cdlib.org/

The Journal of Clinical Investigation

RESEARCH ARTICLE
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epithelium during bacterial pneumonia.

Introduction

Bacterial pneumonia is a leading cause of mortality and morbidity
worldwide. Despite effective antibiotics and vaccines, there is still
substantial pulmonary morbidity in susceptible individuals (1).
Infection by Streptococcus pneumoniae (the pneumococcus), the
most common pathogen of community-acquired pneumonia, is
characterized by acute elevation of bacterial number in the lung,
diffuse alveolar epithelial damage, and a robust alveolar influx
of leukocytes (2). While the virulence of the pneumococcus and
host factors that contribute to bacterial pneumonia are becoming
clear, up to now, little has been known about the types of damaged
lung cells induced by bacterial pneumonia and the extent of lung
regeneration following injury.

Models of lung damage in mice have demonstrated that the
regenerative processes in the lung involve local stem/progeni-
tor cell populations (3). Alveolar epithelial type II cells (AECIIs),
which express surfactant protein C (SPC), have been considered
to be stem/progenitor cells for the alveolar epithelium (3). Lin-
eage tracing of SPC* AECIIs demonstrates their capacities of self-
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Alveolar epithelium plays a pivotal role in protecting the lungs from inhaled infectious agents. Therefore, the regenerative
capacity of the alveolar epithelium is critical for recovery from these insults in order to rebuild the epithelial barrier and
restore pulmonary functions. Here, we show that sublethal infection of mice with Streptococcus pneumoniae, the most
common pathogen of community-acquired pneumonia, led to exclusive damage in lung alveoli, followed by alveolar epithelial
regeneration and resolution of lung inflammation. We show that surfactant protein C-expressing (SPC-expressing) alveolar
epithelial type Il cells (AECIIs) underwent proliferation and differentiation after infection, which contributed to the newly
formed alveolar epithelium. This increase in AECII activities was correlated with increased nuclear expression of Yap and
Taz, the mediators of the Hippo pathway. Mice that lacked Yap/Taz in AECIIs exhibited prolonged inflammatory responses
in the lung and were delayed in alveolar epithelial regeneration during bacterial pneumonia. This impaired alveolar epithelial
regeneration was paralleled by a failure to upregulate IxBa, the molecule that terminates NF-kB-mediated inflammatory
responses. These results demonstrate that signals governing resolution of lung inflammation were altered in Yap/Taz
mutant mice, which prevented the development of a proper regenerative niche, delaying repair and regeneration of alveolar

renewal and differentiation into AECIs during both the homeo-
static state and regeneration after injury (4). Besides their stem/
progenitor capacities, AECIIs have immune-modulatory func-
tions. AECIIs release cytokines and chemokines that recruit leu-
kocytes to the sites of injury/infection and activate these cells to
mount an immune response (5, 6). Dysregulated immune respons-
es have been implicated in a variety of inflammatory and fibrotic
conditions affecting humans. In some types of pulmonary fibro-
sis, patients have abnormal alveolar structure with a loss of AECIs
and accumulation of immune cells (7-9). The mechanisms for the
failure of AECI regeneration are not clear, however. One expla-
nation for the loss of AECIs is the loss of local stem/progenitor
cells, the sources for generating new AECISs, after injury. Howev-
er, this stem/progenitor cell loss cannot be the sole reason for the
impaired regeneration, as lung injuries that do not cause loss of
stem/progenitor cells can still lead to failed AECI regeneration in
animal models and patients with pulmonary fibrosis (10). Those
findings imply that non-stem/progenitor cell loss-specific mech-
anisms are responsible for the impaired lung regeneration that
occurs in fibrotic lungs.

The molecular mechanisms underlying lung regeneration have
been studied in adult mice following pneumonectomy (11). Regen-
eration of lung alveoli depends on an increased inflammatory state
in the lung, a process that requires recruitment of monocytes and
macrophages into lung alveoli. It is unclear how inflammatory
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responses that normally lead to lung regeneration in acute injury
are absent in fibrotic lungs with persistent inflammatory responses.

Here, we show that mice infected with S. pneumoniae strain T4
(SpT4) have injuries exclusively in lung alveoli, with loss of AECIs
and AECIIs and increased infiltration of immune cells. This is fol-
lowed by rapid resolution of lung inflammation and alveolar epi-
thelial regeneration via proliferation of preexisting SPC* AECIIs
and their differentiation into AECIs. We show that nuclear expres-
sion of Yap and Taz, the mediators of the Hippo signaling path-
way, were markedly increased in AECIIs following SpT4 infection.
We investigate the role of Yap and Taz in AECIIs during alveolar
epithelial regeneration and resolution of lung inflammation in
response to bacterial pneumonia-induced lung injury.

Results

Alveolar epithelial injury and recovery following S. pneumoniae-
induced bacterial pneumonia in mice. We used SpT4 to infect mice
by intranasal inhalation under anesthetization with a dose of
approximately 5 x 10° CFU. SpT4 infection causes direct infection
of the lower respiratory tract and acute bacterial pneumonia in
mice, as indicated in previous reports (12, 13). Lungs were harvest-
ed at 2, 4,7, and 14 days post infection (dpi) and analyzed by histol-
ogy and flow cytometry. The levels of pneumococcal bacteria and
cell apoptosis were highest in the alveolar spaces within the first
2 days after infection, as indicated by immunostaining with anti-
body specific for SpT4 capsule and TUNEL staining, individually
(Figure 1, A-C). In contrast, their levels were reduced after 2 dpi, as
seen by the gradual decrease in SpT4* and TUNEL* numbers with-
in the alveolar region by 14 dpi. To determine pneumococci clear-
ance in the lung, bacterial loads were measured by plating lung
homogenate. A transient increase of bacterial load was detected
in mouse lung, with the highest level at 2 dpi and 4 dpi, followed
by a significant drop at 7 dpi (Figure 1B). Substantial destruction
of alveolar epithelial cells was observed, as evidenced by signifi-
cant loss of cell type-specific markers for AECIs (T1a) and AECIIs
(SPC) at 2, 4, and 7 dpi (Figure 1A). By 14 dpi, the number of those
cell populations returned to the basal level (Figure 1, D and E). The
damage and recovery of lung epithelium during bacterial pneumo-
nia were specific to the alveolar region, as there were no signifi-
cant changes in the expression of airway epithelial cells, including
club cells (CC10), ciliated cells (bTubulin IV), and basal cells (p63)
(Supplemental Figure 1A; supplemental material available online
with this article; https://doi.org/10.1172/JCI125014DS1).

Alveolar epithelial regeneration and inflammatory resolution
during bacterial pneumonia. We first examined AECII proliferation
after SpT4-induced lung injury. To determine DNA synthesis in
AECIIs, mice received a single i.p. injection of EQU and were sac-
rificed after a 3-hour labeling period. The frequency of EAU incor-
poration was determined on sectioned lungs by colabeling with
antibody against AECII (SPC) (Figure 2A). A transient increase of
DNA synthesis was observed in AECIIs, with a peak labeling index
of 7% * 0.3% occurring at 4 dpi (Figure 2B).

We next performed genetic lineage tracing of adult SPC*
AECIIs using the SPC-CreERT2, Rosa26-mTmG mouse line. Mice
were administrated with 3 1.p. injections of tamoxifen at 0.2 mg/g
per dose toinduce GFP expression in SPC* AECIIs. Mice were then
infected with SpT4 at 14 days after the last tamoxifen treatment.
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Lungs were analyzed by immunohistochemistry and flow cytom-
etry. Differentiation of AECIIs to AECIs was measured by coim-
munostaining for lineage-labeled AECII marker (GFP) and AECI
marker (Tla) (Figure 2C). We examined AECII-to-AECI differ-
entiation by quantifying the percentage of GFP* alveolar surface
area covered by AECII-derived AECIs (GFP*T1a*) on sectioned
lungs. There were no significant changes between noninfected
and SpT4-infected lungs within 6 dpi. However, we observed sig-
nificant increases in the levels of AECII-to-AECI differentiation
(GFP*T1a*) at 7 dpi and onwards (Figure 2D and Supplemental
Figure 1B). Consistent with this finding, FACS analysis showed
the significant increase in the percentage of AECIs derived from
preexisting AECIIs (GFP*T1a*) at 7 dpi compared with that in non-
infected lungs. At 14 dpi, the level of GFP*T1a* was elevated by 4.7
* 0.4-fold compared with that at 7 dpi (Figure 2E).

It has been postulated that inflammatory cells are important
drivers of tissue repair and regeneration (14, 15). However, correla-
tions between persistent lung inflammation and decreased lung
regeneration have been observed in both various animal injury
models and human patients (8, 10). To assess the lung inflamma-
tory responses and their association with alveolar epithelial regen-
eration, we characterized the immune phenotypes in mouse lungs
during bacterial pneumonia. Consistent with previous reports
(12, 13), high levels of inflammatory responses were observed in
the lung, as evidenced by the significant increases in the num-
ber of immune cells (CD45%) within 7 dpi, including lymphocytes
(CD3"), macrophages (CD11c*CD64%), and neutrophils (Ly6G*)
(Supplemental Figure 2, A-E). Yet the accumulation of inflamma-
tory cells in the lung waned over time, as seen by the decrease in
the number of those cell populations by 14 dpi. Mouse lungs exhib-
ited profibrotic lesions at 7 dpi, but recovered from SpT4 infection
without the acquisition of lung fibrosis at 14 dpi, as evidenced by
Masson’s trichrome staining and hydroxyproline assay on lung tis-
sue lysates (Supplemental Figure 2, F and G). The transient accu-
mulation of lung inflammatory cells was accompanied by the loss
of AECIs and the increase of profibrotic lesions, while the resolu-
tion of inflammatory cells coincided with the time frame of AECI
recovery, AECII-to-AECI differentiation, and regression of profi-
brotic lesions in the lung (Supplemental Figure 2, H-]), implying
that resolution of lung inflammation was closely associated with
alveolar epithelial regeneration.

Yap and Taz expression in AECIIs during bacterial pneumonia.
To understand the mechanisms underlying alveolar epithelial
regeneration following SpT4-induced lung injury, we performed
microarray analysis on lineage-labeled AECIIs (GFP) isolated
from SPC-CreERT2, Rosa26-mTmG mouse lungs before SpT4
infection and at 8 dpi with SpT4. After normalization of data sets,
we used ToppGene to identify pathways that were induced (FDR,
<5% and >1.5-fold expression) in GFP* AECIIs of SpT4-infected
mice. Pathways associated with Hippo signaling, T cell recep-
tor signaling, JAK/STAT, and p38 signaling were all induced in
SpT4-infected mice (Supplemental Table 1). Quantitative reverse
transcriptase PCR (qRT-PCR) analysis confirmed increased
expression of Yap and Taz, the 2 paralogous transcriptional coact-
ivators of the Hippo pathway (16, 17), as well as their target genes
including Ctgf, Cyr61, and Birc5 in GFP* AECIIs of SpT4-infected
mice at 7 dpi compared with those of mice without infection (O
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Figure 1. Alveolar epithelial injury and recovery in SpT4-infected mice. Lung tissues were collected at 0, 2, 4, 7, and 14 dpi with SpT4. (A) Immunostain-
ing on lung sections with antibodies to the type 4 capsule of SpT4, T1a, and pro-SPC (SPC). Cell apoptosis was measured by TUNEL staining. Cell nuclei
were stained with DAPI (blue). Scale bars: 50 um. (B) Mouse lungs were homogenized, and lung lysates were plated for quantitative culture of colonizing
pneumococci. (C) Quantification of cell apoptosis by counting TUNEL* cells on lung sections. (D) Lung cells were dissociated, and T1a* cells were quantified
as percentage of total CD45" cells by flow cytometry. (E) Quantification of the number of SPC* cells on lung sections. n > 10 randomly selected fields per
animal (C and E); n = 3-9 per group (B-E). **P < 0.01; ***P < 0.001; ****P < 0.0001, 1-way ANOVA.

dpi) (Supplemental Figure 3A). Inhibition of Hippo signaling leads
to nuclear Yap/Taz localization and activity (16, 17). Nuclear Yap/
Taz expression was not detected in AECIIs of noninfected lungs
(Figure 2F). However, we observed increases in nuclear Yap/Taz
protein levels in AECIIs before (4 dpi) and during (7 dpi) differen-

tiation toward AECIs (Figure 2F). Western blot confirmed higher
levels of Yap/Taz protein in AECIIs purified from lungs at 7 dpi
compared with those from noninfected lungs (Figure 2G). More-
over, nuclear locations of Yap/Taz proteins were also elevated in
AECIIs at 7 dpi compared with noninfected AECIIs, as quantifica-
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Figure 2. Alveolar epithelial regeneration and Yap/Taz expression in mouse lungs during bacterial pneumonia. (A) Schematic of experimental design
(left) and confocal images of lung sections at 0 dpi and 4 dpi. AEClIs in DNA synthesis phase were detected using Click-iT EdU Alexa Fluor (green) and
coimmunostaining with antibody against pro-SPC (SPC) (red). Cell nuclei were stained with DAPI (blue). (B) Quantification of EdU*SPC* cells as percentage
of total SPC* cells analyzed (~2200 SPC* cells per animal). (C) Confocal images of lung sections of SPC-CreERT2, Rosa26-mTmG mice at 0, 7, and 14 dpi.
Mice were administrated with 3 doses of tamoxifen to label SPC* AECIIs. Fourteen days after the last tamoxifen treatment, mice were infected with SpT4.
AECII-to-AECI differentiation was visualized by coimmunostaining with antibodies against GFP (lineage-labeled AECIIs) and T1a (AECIs). Arrowheads point
to regions double-positive for GFP and T1a. (D) Quantification of percentage of GFP*T1a* area of total GFP* area per field using Image]. (E) Flow cytometry
analysis of dissociated lung cells showing the percentage of GFP*T1a* cells of total T1a* cells at indicated time points. (F) Confocal images of lung sections
of SPC-CreERT2, Rosa26-mTmG mice. Immunostaining with antibodies against GFP (lineage-labeled AECIIs) and Yap and Taz. Cell nuclei were stained
with DAPI (blue). (G) Western blot using lung tissue lysates at O dpi or purified AEClIs at 0 and 7 dpi, blotted with anti-YAP, anti-pYAP (Ser127), anti-Taz,
anti-pTaz (589), and anti-B-actin. Histograms showed average of total YAP or TAZ normalized to B-actin (loading control), together with average ratio of
pYAP/YAP and pTAZ/TAZ. n > 4 per group (B, D, E); n = 3 per group (G). *P < 0.05; **P < 0.01; ****P < 0.0001, 1-way ANOVA (B, D, E) and Student’s t test
(G). Scale bars: 10 um.
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tion of relative expression of phosphorylated Yap (p-Yap, Ser127)
versus total Yap and p-Taz (Ser89) versus total Taz revealed lower
levels of p-Yap/Yap and p-Taz/Taz in AECIIs at 7dpi than in nonin-
fected AECIIs (Figure 2G).

Yap/Taz deletion in AECIIs impairs alveolar epithelial regener-
ation and causes prolonged fibrotic lesions during bacterial pneumo-
nia. The nuclear localization of Yap and Taz in AECIIs in response
to SpT4-induced lung injury could potentially augment alveolar
regeneration by enhancing their targeting of regeneration-related
genes. We tested this in the adult mouse lung with tamoxifen-
inducible Yap/Taz gene deletion in SPC* AECIIs. SPC-CreERT2,
Yap?t, Taz/1, Rosa26-mTmG mice were administrated with
tamoxifen i.p. to delete Yap and Taz in SPC* AECIIs (referred as
Yap/Taz mutant mice). Yap/Taz deletion and reduced expression
of their target genes were verified by qRT-PCR analysis performed
on purified AECIIs 14 days after tamoxifen administration (Sup-
plemental Figure 3B).

To gain insight into the role of Yap/Taz in AECIIs in the steady-
state adult lung, we quantified the survival, self-renewal, and dif-
ferentiation of lineage-labeled SPC* AECIIs at 9 days and 12 weeks
after tamoxifen administration. We lineage labeled AECIIs by
generating SPC-CreERT?2, floxed Yap/Taz, Rosa26-mTmG mice
so that a GFP reporter could be used to label and trace AECIIs in
which Yap/Taz had been deleted. We found no detectable chang-
es in GFP* cell apoptosis, as assessed by TUNEL staining at 9 days
and 12 weeks after tamoxifen administration (Supplemental Figure
3, Cand D). A transient decrease of DNA synthesis was observed in
the lineage-labeled AECIIs from Yap/Taz mutant mice compared
with SPC-CreERT2, Rosa26-mTmG control mice at 9 days after
tamoxifen administration (0.49% * 0.10% vs. 1.45% * 0.10%;
P < 0.001; Supplemental Figure 3E). The decreased AECII cell-
cycle progression in Yap/Taz mutant mice was also observed
by immunostaining of sectioned lungs for the cell cycle mark-
er Ki67 (0.30% *+ 0.09% vs. 1.80% * 0.09%; Yap/Taz mutant vs.
SPC-CreERT2, Rosa26-mTmG control, respectively; P < 0.001;
Supplemental Figure 3F). By 12 weeks after tamoxifen adminis-
tration, there were no significant differences in the percentage of
lineage-labeled AECIIs that were EAU* (EQU*GFP*) between Yap/
Taz mutant and control mice (0.16% * 0.02%. vs 0.18 % * 0.08%;
Supplemental Figure 3E). However, the level of Ki67*GFP* was still
lower in Yap/Taz mutant mice than that in control mice (0.76% *
0.09% vs.1.44% * 0.4%, P < 0.01; Supplemental Figure 3F). Quan-
tification of AECII-to-AECI differentiation by immunostaining
and flow cytometry showed that Yap/Taz mutant mice exhibited
reduced percentages of lineage-labeled AECIIs that had differen-
tiated into AECIs (GFP*T1a*) at 12 weeks after tamoxifen admin-
istration compared with control mice (1.68% * 0.25% vs. 2.70% *
0.10%; P < 0.05; Supplemental Figure 3G). Histological analysis
showed Yap/Taz mutant mice had normal alveolar structures at
4 weeks after tamoxifen administration, but exhibited patchy dis-
tribution of subtle interstitial infiltrates in the alveolar septa at 12
weeks after tamoxifen administration (Supplemental Figure 3H).
FACS analysis revealed that Yap/Taz mutant lungs at 12 weeks after
tamoxifen administration had increased numbers of inflammatory
cells (CD45*) compared with SPC-CreERT?2 control lungs (Supple-
mental Figure 3I). These data indicated that deletion of Yap/Taz in
adult SPC* AECIIsled to decreased AECII proliferation and AECII-
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to-AECI differentiation during steady-state tissue maintenance.
Long-term deletion of Yap/Taz in SPC* AECIIs caused increased
accumulation of inflammatory cells in the lung.

To determine whether Yap/Taz contributed to alveolar epithe-
lial regeneration in vivo, Yap/Taz mutant mice were exposed to
SpT4-induced lung injury. Yap/Taz mutant mice showed delayed
recovery from bacterial pneumonia, as they regained body weight
more slowly compared with the SPC-CreERT2 control mice (Sup-
plemental Figure 4A). Yap/Taz mutant mice had higher levels of
total protein in their bronchoalveolar lavage fluid (BALF) at 7 dpi
and 14 dpi compared with the control mice (Supplemental Figure
4B), indicating more damage to lung tissue integrity in Yap/Taz
mutant mice. SPC-CreERT2 control mice started to regenerate
AECIs (T1a*) and AECIIs (SPC*) within a week after SpT4 infection
and had full recovery of those cell populations by 14 dpi (Figure 1,
D and E and Figure 3, A and B). In contrast, Yap/Taz mutant mice
showed persistently low levels of AECIs and AECIIs for more than
2 weeks and only started to regenerate those cell populations by 21
dpi, indicating delayed alveolar epithelial regeneration following
SpT4 infection (Figure 3, A and B). Yap/Taz mutant mice devel-
oped severe fibrotic lesions within the alveolar region at 14 dpi, as
evidenced by increased Ashcroft scores in Trichrome-stained lung
sections and collagen burden using hydroxyproline assay on lung
tissue lysates compared with SPC-CreERT?2 control mice (Figure
3, C-E). Fibrotic lesions regressed over time, as seen by the grad-
ual decreases in Ashcroft score and collagen burden by 56 dpi in
Yap/Taz mutant lungs (Figure 3, D and E, and Supplemental Fig-
ure 4C). Lungs of single Yap mutant mice developed minor fibrotic
lesions at 14 dpi, while lungs of single Taz mutant mice recovered
from bacterial pneumonia without acquisition of fibrotic lesions at
14 dpi (Supplemental Figure 4D). We focused on Yap/Taz mutant
mice in this study, since single mutant mice had minor or no phe-
notypes in response to SpT4 infection.

To determine the causes of impaired alveolar epithelial regen-
eration observed in Yap/Taz mutant mice, we profiled lung bacte-
rial loads by measuring CFU and found no differences in bacte-
ria number in lung homogenates and blood serum from Yap/Taz
mutant mice compared with SPC-CreERT2 controls after SpT4
infection (Supplemental Figure 4, E and F). We next evaluated the
effects of the Yap/Taz deletion on the process of alveolar epithelial
damage. TUNEL staining of lung sections showed no differences in
the number of apoptotic cells between Yap/Taz mutant and control
lungs (Supplemental Figure 4, G-H). These results indicated that
bacterial load and cell apoptosis were unlikely to explain the effects
of the Yap/Taz deletion on alveolar epithelial regeneration and the
development of lung fibrotic lesions during bacterial pneumonia.

To determine how Yap/Taz might contribute to alveolar epi-
thelial regeneration, we examined their effects on AECII pro-
liferation and AECII-to-AECI differentiation (Figure 4A). The
proliferation index of AECIIs in Yap/Taz mutant mice at 7 dpi
was significantly lower than that in SPC-CreERT2, Rosa26-
mTmG control mice, as shown by the percentage of lineage-
labeled AECIIs (GFP*) that were either EQU* or Ki67* (Figure 4, B
and C). At 14 dpi, 24.1% * 2.1% of total lineage-labeled GFP* cells
in control lungs were Tla* (GFP*T1a"). In contrast, GFP*T1a* cells
were reduced by 72.6% (6.6% * 2.1%) in Yap/Taz mutant lungs
(Figure 4, D-F), indicating decreased AECII-to-AECI differentia-
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Figure 3. Phenotypes of Yap/Taz mutant lungs during bacterial pneumonia. (A) Immunostaining on lung sections with nuclei labeled by DAPI (blue)
and antibodies to T1a (red) or pro-SPC (SPC) (green). (B) Lung cells were dissociated and T1a* cells were quantified as percentage of total CD45" cells by
flow cytometry. SPC* cells were quantified by counting the number of SPC* cells per field (=10 randomly selected fields per animal) (n = 3-8 per group).

(C) Lung tissue sections were stained with Alcian blue and Nuclear Fast Red.

Lung fibrotic lesions were quantified by measuring (D) Aschcroft score and

(E) hydroxyproline assay (n = 3-4 per group). *P < 0.05; **P < 0.07; ***P < 0.001; ****P < 0.0001, 2-way ANOVA. Scale bars: 50 um (A, C [bottom panel]);

500 um (C [top panel]).

tion in Yap/Taz mutant lungs. The AECII-to-AECI differentiation
defect was persistent in Yap/Taz mutant lungs, as the levels of
AECISs derived from lineage-labeled AECIIs (GFP*T1a*) were still
significantly lower in Yap/Taz mutant lungs at 56 dpi than in SPC-
CreERT2, Rosa26-mTmG control lungs (Figure 4F). Collectively,
these data indicated that loss of Yap/Taz in AECIIs diminished
alveolar epithelial regeneration derived from preexisting SPC-
expressing AECIIs and led to prolonged fibrotic lesions in the lung
during bacterial pneumonia.

Yap/Taz regulate AECII inflammatory responses through tar-
geting IkBa. To understand the underlying mechanisms for these
observations, we performed microarray analysis on lineage-
labeled AECIIs (GFP’) isolated from Yap/Taz mutant and SPC-
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CreERT2 control lungs at 8 dpi. After normalization of data sets,
we used ToppGene to identify pathways that were induced or
repressed (FDR, <5% and >2-fold expression) in GFP* AECIIs
of Yap/Taz mutant mice. While gene ontologies associated with
negative regulation of the apoptotic process, positive regulation
of cell proliferation, and differentiation were repressed in Yap/
Taz mutant mice, gene ontologies associated with negative reg-
ulation of cell differentiation, inflammation response, leukocyte
chemotaxis, and lipid metabolic process were all induced in
Yap/Taz mutant mice (Supplemental Figure 5A and Supplemen-
tal Tables 1 and 2). qRT-PCR confirmed decreased expression
of Yap, Taz, tand Yap/Taz-dependent target genes, including
Ctgf, Cyr61, Birc5, and Birc2, in GFP* AECIIs of Yap/Taz mutant
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Figure 4. AECII proliferation and differentiation in Yap/Taz mutant lungs during bacterial pneumonia. (A) Schematic of experimental design for studies
shown in B-F. (B) Lung tissue sections from SPC-CreERT2, Rosa26-mTmG mouse were immunostained with DAPI (blue) and antibody against GFP (lineage-
labeled AEClIs) (green), and colabeling with Click-iT EdU Alexa Fluor (red) and confocal images were taken. The percentages of GFP*EdU* cells of total GFP*
cells per field were graphed (bottom panel). (€) Confocal image of lung section from SPC-CreERT2, Rosa26-mTmG mouse at 7 dpi with nuclei labeled by DAPI
(blue) and antibodies against GFP (green) and Ki67 (red). Percentages of GFP*Ki67" cells of total GFP* cells per field were graphed (bottom panel). (D) Confocal
images of lung section at 14 dpi with nuclei labeled by DAPI (blue) and antibodies against GFP (green) and T1a (red). Asterisks indicate regions double-positive
for GFP and T1a. (E) Lung cells were dissociated and flow cytometry was performed by gating on GFP*T1a*. The numbers in the top left gates represent all GFP*
cells of total live CD45" cells. The numbers in the top right gates represent GFP*T1a* cells of total T1a* cells. The numbers in the bottom right gates represent
all T1a* cells of total live CD45- cells. (F) Quantification of GFP*T1a* cells as the percentage of GFP*T1a* of total T1a* cells by flow cytometry. n = 4-5 per group
(B and C); n = 4-8 per group (F). **P < 0.01; ***P < 0.001; ****P < 0.0001, 2-way ANOVA. Scale bars: 25 um (B and C); 20 um (D).

mice at 7 dpi compared with those of SPC-CreERT2 control
mice (Figure 5A). The expression of several markers associated
with positive regulation of cell proliferation and differentiation,
including Fgf1, Fgfr3, Tgfb2, Wnt3a, Bmp4, and Egfr, was signifi-
cantly reduced in GFP* AECIIs of Yap/Taz mutant mice (Figure
5A). These data suggested that loss of Yap/Taz in AECIIs led to
decreased proliferation and differentiation of AECIIs in response
to SpT4-induced lung injury. Notably, while expression of Nfkbl
itself was unchanged, expression of NfkbI repressor genes Ikba

(Nfkbia) and Ikbb (Nfkbib) was significantly decreased in Yap/Taz
mutant GFP* AECIIs (Figure 5A). In contrast, the expression of
NF-kB-dependent target genes, including Cxcl3 and Ccl21a, was
significantly increased in Yap/Taz mutant GFP* AECIIs (Figure
5A). We detected a significant increase in IL-1b protein, a cyto-
kine known to expand differentiated T cells (18), in BALF from
Yap/Taz mutant mice at both 7 dpi and 14 dpi compared with that
from SPC-CreERT?2 control mice (Figure 5B). Cytokine array on
lung tissue lysates showed the higher levels of cytokines, includ-

jci.org  Volume129  Number5  May 2019

2113


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/5

2114

RESEARCH ARTICLE

The Journal of Clinical Investigation

A 15 .
—_ *k%k —_ -
Q kkk o kkk kkk kkk ok dkk kkk kk kkk kkk kk 0 *kk Ak ﬁ X kR 00 SPC-CreERT2, Rosa26-mTmG
22 - -m o, - - s, m M 202 B SPC-CreERT2: Yap/Taz mutant,
s 3 s 3 3] Rosa26-mTmG
S . S .
i i
59 59 2
X O X T
T B S B
23 284
8 o & c
i T ;
IR o i
Q <oV S 8 Q O o 9 & > P D A
S A O\QO*& Q)\\G Q)\\O Q Q& $&(b ((\Q &‘0 @Q \‘(“0 \‘(\9 é\‘(\p 0+0 Oo\(b
Yap/Taz target genes Cell proliferation/differentiation Inflammatory responses
B E 407 il c 3 O SPC-CreERT2
> . O SPC-CreERT2 T @ | WSPC-CreERT2:
a = SPC-CreERT2: S L Yap/Taz mutant
~ 301 Yap/Taz mutant =23
w c >
4 £ >l
5 g
207 T a2
- oo
o 20 11
@ 10 . © -g
: [}
2 @ i xc
4 0- : 0
0 7 14 7 14 14 dpi
dpi IL-1b CXCL9 _
oo DT
SPC-CreERT2 Yap/Taz mutant * SPC-CreERT2: .
D P —~ 1.5 *% Yap/Taz mutant AEClIs at 7 dpi were sorted by FACS
3 3 % ':O_ . and analyzed by qRT-PCR (n1 = 4 per
, O x 10l _i_ group). (B) BALF was analyzed for
w0ty Tl o
29 NS i & e NS IL-1b by ELISA assay (n = 4-6 per
o | el 8 g X — group). (€C) Cytokine assay showed
] & E 05 . protein levels of IL-1b and CXCL9 in
ol "} 8 g . o * . mouse lung lysates (n =1 per group).
a0 “ool® ¥ . ¥ . ® . * (D) Flow cytometry of dissociated
0 7 14 56 lung cells was performed by gating on
CD45* dpi CD3+CD45* cells, and quantification of
SPC-CreERT2: total number of CD3*CD45* cells in the
E SPC-CreERT2, Yap/Taz mutant, F lung was graphed (n = 3-10 per group).
Rosa26-mTmG Rosa26-mTmG (E) Confocal images of lung sections
CD3 GFP DAPI 14dpi  CD3 GFP DAPI 14 dpi 0 S 20 #*kk oopocreErTz At 14 dpiwith nucleilabeled by DAPI
: C DS . « SPC-CreERT2: (blue) and antibodies to GFP (green)
;) 4 154 _I_ Yap/Taz mutant and CD3 (red). Scale bars: 20 pm. (F)
o ("'5 NS o Quantification of the number of CD3*
S_D < 104 cells as the ratio of CD3* cell number
o = ° . .
5 o versus GFP* area per field using
.g 55 ¥e o Image) (n = 3-5 per group).
E % 0 & *P < 0.05; **P < 0.01; ***P < 0.007;
= 0 clipi 14 Idpi ****D < 0,0001, Student’s t test (A)

ing IL-1b as well as CXCL9, a T cell chemotactic cytokine (19),
in Yap/Taz mutant mice at 7 dpi and 14 dpi compared with SPC-
CreERT2 control lungs (Figure 5C and Supplemental Figure 5,
B and C). Consistent with the elevated expression of genes and
cytokines associated with T cell inflammatory responses in Yap/
Taz mutant AECIIs, we observed a significant increase in the
number of CD3" T cells in Yap/Taz mutant lungs at 7 dpi and 14
dpi (Figure 5D). Immunostaining on sectioned lung tissues con-
firmed the increased number of CD3* T cells located in lung alve-
oli of Yap/Taz mutant mice at 14 dpi (Figure 5, E and F). Interest-
ingly, CD3* T cells were enriched in areas where AECIIs failed to
differentiate into AECIs in Yap/Taz mutant lungs (Figure 5F). In
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and 2-way ANOVA (B, D, F).

addition, the number of macrophages (CD11c¢*CD64") in Yap/Taz
mutant lungs was lower at 7 dpi, but higher at 14 dpi, than those
in SPC-CreERT?2 control lungs (Supplemental Figure 5D). In con-
trast, the number of neutrophils (Ly6G*) was not significantly
changed in Yap/Taz mutant lungs compared with control lungs
(Supplemental Figure 5D). The effect of Yap/Taz mutant AECIIs
on lung inflammation waned over time, as seen by the equiva-
lent levels of T cells (CD3") and macrophages (CD11c*CD64")
at 56 dpi between Yap/Taz mutant and SPC-CreERT2 controls
(Figure 5D and Supplemental Figure 5D). These results indicat-
ed that loss of Yap/Taz in AECIIs led to prolonged inflammatory
responses in lung alveoli during bacterial pneumonia.
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Because Yap/Taz mutant AECIIs had reduced expression of
Ikba and Ikbb, we hypothesized that an IxB/NF-kB pathway drives
the inflammatory responses in Yap/Taz mutant lungs during bacte-
rial pneumonia. Given recent identification of the Yap/IxB signal-
ing axis as a potential means of generating inflammatory response
in Drosophila post-Gram* bacterial infection (20), we investigated
whether Yap/Taz controls IkB levels in the mouse lung. Examina-
tion of the Ikba genomic locus revealed 5 potential Tead-binding
motifs (TBM) within a 10 kb region upstream of the transcriptional
start site (Figure 6A), while there was no potential TBM in the 10
kb region upstream of the Ikbb genomic locus. For the subsequent
experiments, we focused on IkBa because it was shown to be the
most efficient IkB molecule to control NF-kB transcriptional activ-
ity in previous studies (21-23). We first performed ChIP assays on
chromatin obtained from the murine lung epithelial cell line MLE-
15 using either an anti-Tead or anti-Yap antibody to determine
whether Tead and Yap were associated with any of the 5 TBMs.
ChIP analysis showed that Yap and Tead were associated with the
TBML1 site of Ikba (Figure 6B). To determine whether the TBM1
site was responsive to Tead transactivation, MLE-15 cells were
transfected with the pGL3 luciferase reporter containing TBM1-3
region along with an expression plasmid encoding murine Tead2
(Figure 6C). This study showed that expression of Tead2 transacti-
vated the pGL3-IkBa-TBM1-3.luc reporter. Coexpression of Tead2
with Yap or Taz further enhanced the transactivation of the pGL3-
IkBa-TBM1-3.luc reporter (Figure 6C). In contrast, expression of
Tead?2 did not activate the pGL3-IkBa-TBM1-3 mutant.luc report-
er in which TBM1 was mutated (Figure 6C).

IkBa has previously been shown to be required for inhibiting
NF-kB-mediated inflammatory response in the lung (24), raising
the possibility that the regulation of IxBa expression by Yap/Taz may
affect NF-kB transcriptional activity. To test this hypothesis, AECIIs
from adult mouse lungs were cultured for 48 hours in the pres-
ence of a Yap shRNA lentivirus that inhibited Yap expression (25).
Gene expression analysis showed that expression of Yap shRNA
reduced the expression of Tkba in AECIIs compared with scrambled
shRNA lentivirus-treated 