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ABSTRACT 

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 to rebuild the epithelial barrier and restore 

pulmonary functions. Here, we show that sublethal infection of mice with Streptococcus 

pneumonia, 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 II cells (AECIIs) underwent proliferation and 

differentiation after infection, which contributes 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 IkBa, the molecule that terminates 

NF-kB-mediated inflammatory responses. These results demonstrate that signals 

governing the 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 epithelium during bacterial pneumonia. 

We found a rapid resolution of T cells in the lung along with increased AECI 

recovery and AECII-to-AECI differentiation. Moreover, we show that persistent T cell 

response in lung alveoli induced by IL-1b treatment caused dramatic inhibition on 

AECII-to-AECI differentiation and decreased alveolar epithelial regeneration compared 

with vehicle-treated lungs. Remarkably, depletion of T cells using anti-CD3 antibody 

treatment was protective against IL-1b-induced lung damage, resulting in a significant 

reduction of CD4 and CD8 T cells in the lung, improved AECII-to-AECI differentiation, 
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and preserved alveolar epithelial integrity. Additionally, we show that AECII-to-AECI 

differentiation was substantially inhibited when AECII were co-cultured with CD4 or 

CD8 T cells in both murine and human model systems in vitro. We identified that CD4 

and CD8 T cells functioned, in part, by suppressing Yap/Taz nuclear activity in AECII. 

Our current studies are examining the impact of cytokines released by CD4/CD8 T cells 

on Yap/Taz nuclear activity and AECII-to-AECI differentiation. Together, we propose a 

model in which persistent CD4/CD8 T cell response leads to decreased Yap/Taz nuclear 

activity in AECII, thereby inhibiting AECII differentiation capacity and repair the 

damaged alveolar epithelium after injury. 
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CHAPTER 1 

LUNG EPITHELIAL CELLS: TYPES, FUNCTIONS AND 

REPAIR/REGENERATION MECHANISMS 
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1.1 Introduction 

During development and extending throughout the adult life, multicellular 

organisms must generate new cells in order to mature into organs and maintain fully 

developed tissue structure and function. Generally, tissue damage in younger mammals 

can be replaced quickly. However, inhibition of this by factors including age or repeated 

and chronic injury. Studies have shown that different organs utilize different processes to 

promote the repair and rebuilding of their tissues and cellular structure.  

Regeneration of adult tissues falls along an injury response spectrum. At one end 

of the spectrum are the epidermis, intestine, and hematopoietic systems, which have a 

high rate of cell turnover as well as dedicated and well-defined stem/progenitor cell 

hierarchies. Stem cells, defined as relatively undifferentiated cells present in the adult 

organ, are usually localized in niches that divide infrequently (Rawlins & Hogan, 2006). 

Stem cells are capable of long-term renewal of tissue by giving rise to intermediate 

daughter cells, which in turn give rise to various differentiated and specialized cell types. 

However, classical stem cells are generally unable to ramp up their 

proliferative/differentiative functions in response to injury (Kotton & Morrisey, 2014).  

On the other end are tissues such as the heart and brain, which have few stem 

cells, limited to no regenerative capabilities (outside of development), and restricted or 

inefficient repair mechanisms (Kotton & Morrisey, 2014). Organs such as the heart and 

brain must utilize other mechanisms such as collagen formation and fibrosis in order to 

maintain tissue structure and function following injury. Although necessary to maintain 

organ function, repair in these types of organs generally leads to decreased function as 
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new functional tissue is unable to be formed. As these organs encounter repeated injury 

through either genetic or environmental factors, their function will continue to worsen. 

Between those two groups are tissues such as the liver, pancreas, and lung, which 

have low steady-state cell turnover, but can respond rapidly and robustly following injury 

to replace lost cells and repair damaged tissue (Kotton & Morrisey, 2014). These tissues 

utilize cells that are fully differentiated and functional but can proliferate to restore their 

cell populations or differentiate into other fully functional and differentiated cells. The 

remarkable ability for these tissues to undergo regeneration in response to injury has 

prompted numerous studies to try and understand the mechanisms that mediate this 

inducible repair as well as strategies to try and exploit this ability for therapeutic 

purposes.  

 

1.2 Lung Epithelium Structure and Function 

The lung is a vital organ necessary to provide oxygen, and therefore, energy to all the 

cells in the body. The adult mouse mammalian respiratory system consists of a tree-like 

arrangement of branching airway tubes terminating in millions of highly vascularized gas 

exchange units called alveoli (Hogan et al., 2014). Lining the entire surface of the lung is 

the epithelium, which is arranged in a proximal-distal fashion with different populations 

lining different portions of the airway tree. Large airways (bronchi) are lined with tall 

columnar pseudostratified mucociliary epithelium, which comprises basal, ciliated, and 

goblet (mucous secretory) cells as well as submucosal glands and cartilage support 

(Mercer, Russell, Roggli, & Crapo, 1994; Randell, Burns, & Boucher, 2009). As you 
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move distally into smaller and smaller airways (bronchioles), cartilage and submucosal 

glands disappear, and epithelium switches from columnar pseudostratified to simple 

columnar to cuboidal epithelium (Mercer et al., 1994). In the smaller distal airways reside 

club (formally called Clara) cells as well as individual neuroendocrine cells and clumps 

of neuroendocrine cells (PNECs and neuroendocrine bodies) (De Proost et al., 2008). 

Eventually, branching off of the small airways are the functional units of the lungs called 

alveoli. The alveolar epithelium consists of long and thin type 1 epithelial cells (AECIs) 

and cuboidal type 2 epithelial cells (AECIIs). Additionally, the respiratory tract also 

consists of mesenchymal and bone marrow-derived cells, as well as resident immune 

cells (Randell et al., 2009). 

The continuous epithelia that line the airways have numerous functions essential for 

respiration. Lung epithelium acts as a physical barrier, separating the outside 

environment from the underlying matrix and cardiovascular system (Randell et al., 2009). 

Additionally, the airway epithelium functions to deliver warm and humidified air to the 

alveolar region, while also protecting delicate AECI from environmental insults, 

chemicals, and inhaled pathogens. The epithelium is a major producer of nitric oxide 

(Bove & van der Vliet, 2006), which is vital to protect airways from excessive 

bronchoconstriction as well as modulate inflammation (Ricciardolo, 2003). Additionally, 

the epithelium secretes fluid and mucous to help mucociliary transport and induce 

coughing when necessary (Bove & van der Vliet, 2006; Randell et al., 2009). The more 

distal epithelium is important for fluid balance to allow efficient gas exchange, inhibit the 

effects of edema and produce pulmonary surfactant, which has numerous roles, but 
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mainly helps prevent the lungs from collapsing after exhalation (Berthiaume & Matthay, 

2007). Lastly, the epithelium along the entire airway also helps regulate and promote 

both innate and adaptive immune responses when necessary to respond to injury or 

invading pathogens and inhaled chemicals from the external environment (Holtzman, 

Byers, Alexander-Brett, & Wang, 2014; Randell et al., 2009; Whitsett & Alenghat, 

2014). As mentioned above, there are numerous lung epithelial cell types which are 

further characterized below. 

 

1.2.1 Ciliated Cells 

 Ciliated cells, marked by FoxJ1 and acetylated D-tubulin (Wansleeben, 

Barkauskas, Rock, & Hogan, 2013), can be found along the trachea and bronchial regions 

of the lung (Chang, Shih, & Wu, 2008). Ciliated cells primary function involves beating 

their cilia in a coordinated manner to generate movement of fluid, mucus, and any other 

trapped particles out of the airways, in a process called mucociliary clearance (Chang et 

al., 2008). During mucociliary and mucus clearance, a layer of fluid and mucus flows 

over airway epithelial surfaces and is propelled towards pharynx (Chang et al., 2008; 

Randell et al., 2009). The cilia transport apparatus must beat in a coordinated process 

along the entire respiratory tract (Braiman & Priel, 2008). This process is protective and 

critical to lung function, and failure of this process can result in chronic infections 

(Livraghi & Randell, 2007). Mucus and mucociliary clearance are also crucial by forming 

a barrier, preventing inhaled pathogens from gaining access to underlying epithelial cells. 
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1.2.2 Basal Cells 

Basal cells, marked by Trp63, Krt5, and Ngfr (Wansleeben et al., 2013), form a 

monolayer along the basement membrane and are the cause for the pseudostratified 

appearance of the epithelium in the upper airways (Chang et al., 2008). Basal cells 

contain numerous cytoskeletal, junctional, and adhesive proteins to provide scaffolding 

for attachment of the epithelium to the matrix and protect the underlying stroma cells 

from the external environment (Chang et al., 2008). Additionally, following the loss of 

attached epithelial cells during injury, basal cells can help regulate an immune response 

to limit damage from inhaled particles and infectious diseases (Shaykhiev, 2015). Basal 

cells are also crucial multipotent stem cells both during homeostasis of normal epithelium 

and in regeneration following injury, which will be discussed in the next section (Jason 

R. Rock, Randell, & Hogan, 2010). 

 

1.2.3 Goblet Cells   

Goblet cells, marked by Muc5AC, Muc5B, and Spdef (Wansleeben et al., 2013), have 

a typical goblet shape due to numerous dense mucous granules located in the apical 

region of the cytoplasm (Chang et al., 2008). Goblet cells are specialized secretory cells 

which are essential for lung homeostasis by secreting factors and mucins that contribute 

to the mucin layer of the epithelium (McCauley & Guasch, 2015). Mucins are large high 

molecular weight glycoproteins that can either be secreted or be membrane-bound; to 

date, over 20 mucin genes have been identified. Release of these factors into the 

extracellular environment is tightly controlled by inflammatory signals, microbial factors, 
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growth factors, and the autonomic neural pathways (McCauley & Guasch, 2015). Goblet 

cells must continuously secrete mucins and other factors to maintain the function of the 

mucin layer in order to trap and remove particles in the airway, helping protect 

underlying epithelial cells as well as function as a lubricant (Chang et al., 2008).  

 

1.2.4 Club Cells 

 Previously known as Clara cells, club cells are columnar in shape, contain 

numerous secretory granules, and are recognized by their specific marker CC10 (CCSP 

or scgb1a1) (Chang et al., 2008; Wansleeben et al., 2013). CC10 is a member of the 

secretoglobin family of small secreted proteins and is an essential inflammatory regulator 

that has been suggested to play a role in airway maintenance, integrity and repair 

following injury (Hiemstra & Bourdin, 2014). In addition to CC10, Club cells are also an 

important producer of surfactant protein B (SPB) (Phelps & Floros, 1991). SPB is one of 

four surfactant proteins contained in surfactant, which is a mixture of certain fats and 

proteins lining the lung tissue in order to promote respiration (Nogee et al., 1994). 

Surfactant functions by reducing the surface tension, making breathing easier. Without 

surfactant, the lung would collapse following exhalation from air sacs sticking together. 

Specifically, SPB protein helps spread surfactant in the lung as well as promotes the 

recycling of surfactant phospholipids (Hawgood, Derrick, & Poulain, 1998). SPB plays a 

role in promoting the formation of lamellar bodies, which is necessary for surfactant 

protein C production from AECIIs, as well as contains antimicrobial properties to help 

contribute to host defense (Phelps & Floros, 1991). In addition to surfactant protein 
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production, club cells contain cytochrome p450 monooxygenase activity, allowing them 

to metabolize xenobiotics and other inhaled chemicals (Baron, Burke, Guengerich, 

Jakoby, & Voigt, 1988). Lastly, club cells have been extensively reported to have a 

significant role in epithelial repair and regeneration, both in the airways and in the 

alveolar region of the lung which will be further discussed in the next section (Hogan et 

al., 2014). 

 

1.2.5 Type 1 Alveolar Epithelial cells (AECI) 

AECIs are large, flat, and long squamous cells that are responsible for gas 

exchange. The extremely thin AECIs which express the markers aquaporin 5 (AQP5), 

advanced glycosylation end-product-specific receptor (AGER or RAGE), podoplanin (or 

T1D), and homeobox-only protein homeobox (HopX), comprise ~50% of the epithelial 

cells in the alveolar region but cover >95% of the alveolar surface in order to facilitate 

and maximize passive gas diffusion (Chang et al., 2008; O’Reilly, 2017). AECIs are near 

underlying capillaries and fibroblasts to promote gas exchange into the bloodstream 

(Kauffman, Burri, & Weibel, 1974; Williams & Rakic, 1988). AECIs also contain 

multiple pinocytotic vesicles in their cytoplasm, which help transport proteins between 

the underlying matrix and bloodstream into the alveolar region (Chang et al., 2008). 

Furthermore, AECIs also help maintain ion and fluid balance between the air-liquid 

interface and have been suggested to play a role in the inflammatory response (O’Reilly, 

2017). Similar to club and basal cells, AECI cells have been reported to have some 

regenerative abilities following alveolar induced injury. 
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1.2.6 Type 2 Alveolar Epithelial Cells (AECII) 

  Along with AECI cells, AECII are the other primary epithelial cell type located in 

the alveolar region of the lung (Chang et al., 2008). AECIIs, marked by surfactant protein 

C (SPC) and ABCA3 (Wansleeben et al., 2013), are small and cuboidal in shape and 

contain a unique organelle called lamellar bodies which are essential for surfactant 

production. Although AECII cells have numerous functions, one of the most important is 

surfactant production to reduce surface tension and prevent the lung from collapsing 

during respiration (Chang et al., 2008). Unlike other lung epithelial cells, AECII cells are 

capable of producing all surfactant proteins and are the only cell that can produce protein 

surfactant C (SPC). Additionally, AECII cells play an essential role in alveolar fluid 

balance and prevent the development of edema (Fehrenbach, 2001). The AECII cells 

have numerous protein and ion channels to remove excess serum proteins, ions, and 

excess fluid to keep open the space within the alveoli (Fehrenbach, 2001). AECII cells 

also play a significant role in host defense and the regulation of inflammatory responses. 

Surfactant proteins produced by AECII cells, SPA, and SPD also assist with host 

defenses as they can act as opsonins to facilitate phagocytosis of invading pathogens by 

macrophages and other immune cells (Crouch & Wright, 2001; Pison, Max, Neuendank, 

Weissbach, & Pietschmann, 1994; Wright, 2004). Furthermore, AECII cells can also 

secrete non-surfactant defensens called lysozymes, which helps break down 

peptidoglycan, a molecule that is commonly found in bacteria cell walls (Haller, Shelley, 

Montgomery, & Balis, 1992; Singh, Katyal, Brown, Collins, & Mason, 1988). AECII 
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cells also assist with epithelial regeneration and are commonly thought of as the primary 

stem/progenitor cell for the alveolar epithelium.  

 AECII cells also interact with many surrounding resident cells to regulate the 

functions of the alveolus (Fehrenbach, 2001). AECII cells are in direct contact with AECI 

cells and are in close proximity to fibroblasts, capillary endothelial cells, and immune 

cells, which must all function together in order to maintain the respiratory function of the 

lung. AECII cells receive signals from AECI cells through gap junctions to regulate 

exocytosis of surfactant proteins form lamellar bodies (Ashino, Ying, Dobbs, & 

Bhattacharya, 2000). Additionally, direct contact with AECI cells are thought to deliver 

suppressive proliferative signals to AECII cells (Kasper, Behrens, Schuh, & Müller, 

1995; St Croix et al., 1998). In addition to regulating other epithelial cell populations, 

studies have shown that AECII cells can directly regulate fibroblast activity in the lung. 

AECII cells can release growth factors and cytokines that can trigger fibroblast activity, 

proliferation, and formation of extracellular matrix. 

Furthermore, in vitro experiments have shown that supernatant from fibroblast cultures 

can simulate AECII proliferation, and newer studies using AECII-fibroblast organoid 

cultures also indicate fibroblasts promote AECII cell proliferation and differentiation into 

AECI cells (Barkauskas et al., 2013; Fehrenbach, 2001). Like AECI cells, AECII cells 

are also in close proximity to endothelial cells. AECII can promote endothelial 

expression of P-selectin, which is necessary for leukocyte adherence to the capillary wall 

for transmigration into the lung following infection (Kuebler, Parthasarathi, Wang, & 

Bhattacharya, 2000). AECII cells can also interact with cells of the immune system 
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through both the ability to produce and secrete cytokines, chemokines, and growth factors 

as well as the ability to respond to many of the cytokines/chemokines and growth factors 

produced by infiltrating immune cells during injury (Fehrenbach, 2001). Overall AECII 

cells have multiple functions in order to help protect and promote the gas exchange 

function of AECI cells. 

 

1.3 Repair and Regeneration of the Pulmonary Epithelium 

The lung is a vital organ necessary to provide oxygen, and therefore, energy to all 

the cells of the body. As mentioned previously, epithelial cells line the entirety of the 

respiratory system and have numerous functions, including facilitating gas exchange and 

acting as a barrier against insults by inhaled particles, chemicals, and respiratory 

infections (Hogan et al., 2014). Of the tissues that participate in inducible repair, the lung 

is of particular interest as it is exposed to the outside environment and needs to withstand 

exposure to potentially toxic agents and pathogens from the environment daily. The lung 

epithelial cells must, therefore, be able to respond rapidly and robustly to injury through 

specific responses for each insult to maintain the respiratory function of the lung. Since 

the epithelium differs substantially along the proximal-distal axis, both by epithelial cell 

type, organizational structure, and function, the stem/progenitor cell compositions and 

mechanisms for repair and regeneration must also differ. 

In general, the lung epithelium is relatively quiescent, which was previously 

thought to have limited repair capabilities and was relatively susceptible to scaring and 

pathological remodeling (Hogan et al., 2014; Kotton & Morrisey, 2014). However, recent 
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studies have illustrated that although the lung does not undergo substantial cell turnover 

during homeostasis, the lung has a large capacity to repair and regenerate when needed 

following injury (Hogan et al., 2014; Kotton & Morrisey, 2014). It is becoming 

increasingly clear that the lung contains multiple cell types that contribute to lung repair 

and regeneration, depending on both the type and the location of the injury. This is in 

contrast to tissues that have high levels of cellular turnover, which require dedicated and 

well-defined undifferentiated stem cell populations that have little capacity to ramp up 

regeneration following injury. 

The regenerative capacity of the pulmonary epithelium is critical for recovery 

from insults, so it is important to understand how epithelial regeneration is regulated to 

potentially enhance recovery and reduce the time and extent of lung injury in humans. 

The regenerative process in the lung after an injury is thought to depend on the 

proliferation and differentiation of local stem/progenitor cell populations (Hogan et al., 

2014). Defects in the activities of the local stem/progenitor cell populations have been 

implicated in severe chronic pathological conditions, including chronic obstructive 

pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF) in which the normal 

reparative capacity of the pulmonary epithelium is reduced (Gokey et al., 2018; Rindler 

et al., 2017; T. Sun et al., 2019; Vaughan et al., 2015; Xu et al., 2016).  Loss of the 

pulmonary epithelial stem/progenitor cells ability to respond to injury with proper repair 

and regeneration may lead to pathological remodeling, including scarring or fibrosis. 

Furthermore, in addition to diseases that arise from the loss of lung epithelial cells 

regenerative process, understanding regeneration can lead to reduced morbidity by 
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increasing patient recovery times and limiting the extent of damage dealt from the initial, 

or following insults such as influenza infection. To date, AECIIs, AECIs, Club cells, 

BASCs, LNEP, and basal cells have all been suggested to play a role in alveolar repair 

and regeneration depending on the type and severity of the initial injury (Hogan et al., 

2014; Kotton & Morrisey, 2014; Wansleeben et al., 2013). 

 

1.3.1 Type 2 Alveolar Epithelial Cells (AECII) 

AECIIs, which express surfactant protein C (SPC), have been considered to be the 

primary stem/progenitor cell for the alveolar epithelium (Barkauskas et al., 2013). 

Historical data from simian and rodent models dating back to 1969 has suggested that 

SPC+ AECIIs function as progenitor cells and are capable of proliferating and 

differentiating into AECIs following acute lung injury (Evans, Cabral, Stephens, & 

Freeman, 1973; Kaplan, Robinson, Kapanci, & Weibel, 1969). Lineage tracing 

experiments, a process that allows us the follow the fate of individual cells and their 

progeny, have allowed for further understanding of the progenitor role of AECII cells 

(and other stem/progenitor cell populations) through cell-specific Cre mouse lines 

(Kretzschmar & Watt, 2012). During homeostasis, lineage tracing has illustrated that 

SPC+ AECII cells are capable of proliferation and differentiation into AECI cells to 

restore both their population and the AECI cell population following cell turnover. 

Furthermore, the use of the confetti reporter showed that proliferation of SPC+ AECII 

cells, at least during homeostasis, does not appear to involve specific cell subsets, 
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suggesting all AECII cells act as progenitor cells in adult lungs during homeostasis 

(Barkauskas et al., 2013, p. 2; J. R. Rock et al., 2011). 

Although SPC+ AECII cells are a major progenitor cell during adult lung 

homeostasis, numerous studies have demonstrated that there is relatively little 

regeneration of the alveolar epithelium (approximately 1%), which may be due to its 

extremely slow turnover and lack of cell loss without injury (Rawlins & Hogan, 2006). 

Some studies suggest that cell turnover of lung epithelial cells could take over 100 days 

(Rawlins & Hogan, 2006). However, it is currently unknown how long uninjured lung 

epithelial cells take to be replaced.  

Following injury, SPC+ AECII cells are capable of rapid proliferation and 

differentiation into AECI cells to restore the barrier and respiratory functions of the lung 

(Barkauskas et al., 2013, p. 2; Finn et al., 2019; Jansing et al., 2017; Lange et al., 2015; 

Lechner et al., 2017; Liang et al., 2016; Z. Liu et al., 2016; Nabhan, Brownfield, 

Harbury, Krasnow, & Desai, 2018; Zacharias et al., 2018). During bleomycin injury, 

which causes rapid, widespread epithelial cell loss and transient fibrosis, SPC+ AECII 

cells have demonstrated robust proliferation and differentiation into AECI cells post-

bleomycin to replenish lost alveolar epithelial cells. Proliferation had increased by 10-

fold following bleomycin injury, and by 21 days post-injury, when fibrosis was primarily 

resolved, large regions of newly formed AECI cells were lineage labeled from 

preexisting SPC+ cells (Barkauskas et al., 2013, p. 2).  

  In addition to the commonly used bleomycin injury model, the pneumonectomy 

injury model has also shown that SPC+ AECII cells are essential for lung regeneration 
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(Lechner et al., 2017; Z. Liu et al., 2016). During pneumonectomy, the left lung lobe is 

removed, resulting in respiratory insufficiency and compensatory regenerative growth to 

restore respiratory capacity. Compared to the bleomycin injury model, pneumonectomy 

injury produces less inflammation, decreased epithelial cell death, and no fibrosis, 

however robust SPC+ AECII cell proliferation can be seen at five days post-

pneumonectomy compared to sham-operated mice. AECI regeneration from lineage 

labeled SPC+ AECII cells was shown to increase starting between 3 and 7 days post-

pneumonectomy (Z. Liu et al., 2016).  

  H1N1 influenza virus injury model, which causes spatially heterogeneous injury 

similar to what is seen in human disease, causes a large inflammatory response resulting 

in lost epithelial cells and transient fibrosis, which is resolved over a few months (Kumar 

et al., 2011). The regions of injury can be split into four separate categories ranging 

between no morphological or physiological changes to total alveolar destruction lacking 

any alveolar epithelial cells (Zacharias et al., 2018). Following H1N1 induced injury, 

SPC+ AECII cells are capable of proliferating and regenerating alveolar tissue within the 

moderately and severely injured regions, but not in regions with total epithelial cell loss 

(Zacharias et al., 2018). However, since all epithelial cells were lost in the severely 

injured regions, it is unknown if given enough time lineage labeled AECII cells would 

eventually repopulate those areas, which is difficult to determine after fibrosis has 

resolved. This data would further suggest that SPC+ AECII cells are, in fact, one of the 

main progenitor cell populations for the alveolar epithelium as in regions without AECII 

cells, there is no functional alveolar regeneration, at least within two months after injury. 
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Other models of injury, such as the cell-specific diphtheria toxin A (Sftpc-CreER; Rosa-

DTA mouse), LPS, and P. aeruginosa have also illustrated the ability for SPC+ AECII 

cells to act as progenitor cells further illustrating that AECII cells can respond to 

numerous types of injury to rapidly restore lung function (Barkauskas et al., 2013, p. 2; 

Finn et al., 2019; Jansing et al., 2017). 

 In addition to lineage tracing experiments illustrating the importance of mouse 

SPC+AECII cells as a progenitor cell population both during homeostasis and following 

injury, in vitro SPC+ AECII cells have shown they can proliferate and differentiate into 

AECI cells in the presence of PDGFRα+ alveolar fibroblasts (Barkauskas et al., 2013, p. 

2). Mouse AECII cells, when placed in a 3D organoid culture, can differentiate into cells 

that express the AECI specific markers T1D (also known as podoplanin, PDPN), AQP5, 

and HopX when co-cultured with stromal cells (Barkauskas et al., 2013, p. 2). 

Furthermore, the resulting 3D organoid structures, termed “alveolarspheres," form 

alveolar like structures with cuboidal like AECII cells that express SPC and had well-

formed lamellar bodies on the outside, and elongated AECI like cells expressing T1D, 

AQP5 and HopX on the inside with no cells in the middle (Barkauskas et al., 2013, p. 2). 

Expression of the markers SOX2, SCGB1A1, KRT5, or p63 were not seen in these 

organoids suggesting isolated AECII like cells were not secretory or basal epithelial cells. 

AECII cells, when re-isolated by FACS cell sorting from these organoid structures, were 

able to self-renew after numerous passages (Barkauskas et al., 2013, p. 2). Furthermore, 

human AECII cells isolated by the HTII-280 marker were also able to form organoid like 

structures but were unable to form AECI like cells, at least with the use of MRC5 cells, 
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which do not adequately recapitulate the human alveolar stem cell niche. This also leads 

to the idea that the dysregulated alveolar niche for these AECII cells is essential for cell 

proliferation and differentiation (Zacharias et al., 2018).   

 Recently, one study has suggested that SPC+ AECII is a heterogeneous 

population of cells, of which only some can act as progenitor cells after injury (Nabhan et 

al., 2018; Zacharias et al., 2018). Following influenza injury, AECII cells that expressed 

the wnt responsive gene Axin2 (SPC+Axin2+) were shown to be the SPC expressing cell 

responsible for proliferation and differentiation into AECI cells. These cells termed 

alveolar epithelial progenitor (AEP) cells had similar gene transcriptional profiles to 

SPC+Axin2- cells during homeostasis; however, they had more open chromatin at 

genomic regions responsible for proliferative and differentiative genes (Zacharias et al., 

2018). Interestingly, when Axin2+ cells were removed from the total SPC+ AECII cell 

pool and cultured in organoids, no colonies formed, and AECII cell proliferation and 

differentiation were drastically reduced (Zacharias et al., 2018). It is still unclear if these 

cells are indeed a separate progenitor cell population or if SPC+ AECII cells turn on/off 

wnt signaling in vivo leading to the expression of Axin2. Furthermore, these results differ 

from previous studies suggesting that the AECII cell population is not heterogeneous and 

that all AECII cells can act as progenitor cells, at least during homeostasis. Future lineage 

tracing studies or specific cell loss experiments will need to be performed to define better 

if these AEP cells are a subset of AECII cells or if all AECII cells given specific 

environmental signals can become Axin2+. 
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1.3.2 Type 1 Alveolar Epithelial Cells (AECI) 

Along with AECII cells, AECI cells are the other primary epithelial cell type that 

makes up the alveoli and are marked by T1D, RAGE, AQP5, and most recently, HopX 

(Wansleeben et al., 2013). During development, HopX positive cells label embryonic 

bipotent stem cells, which can differentiate into both mature AECI and AECII cells up to 

35 days post-birth (P35) (Jain et al., 2015). However, as the developing lung utilizes 

dedifferentiated "classical" stem cells, it is challenging to compare developmental cell 

regeneration to adult regeneration, which uses fully differentiated and functional 

progenitor cells.  

Previous studies have suggested that AECI cells, when cultured in vitro, can be 

induced to upregulate non-AECI cell-specific markers (Borok et al., 1998; Gonzalez, 

Allen, & Dobbs, 2009, p. 1).  Furthermore, HopX+ T1D+ AECI cells isolated from 

AECII organoid cultures and re-cultured with fresh PDGFRD+ stromal cells generated 

new alveolarspheres containing both AECI and AECII cells (Jain et al., 2015). However, 

it is unclear how much AECI cells derived from alveolarspheres resemble AECI cells in 

vivo.  It is also unclear how markers traditionally thought of as AECI or AECII specific, 

change after multiple passages in organoid cultures. When HopX+ EpCAM+ T1D+ AECI 

cells were isolated from mouse lungs and cultured directly into 3D organoids, although 

colonies did form, colony-forming efficiency was drastically reduced compared to AECII 

organoid cultures (0.05% compared to 12% and 8% from AECI cells derived 

alveolarspheres). AECI organoids also did not form alveolar like structures similar to 

AECII cells, but this may be due to difficulties in isolating healthy AECI cells from 
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mouse lungs and currently unperfected culture methods for AECI cells compared to 

AECII cells. 

 In vivo lineage tracing of HopX+ AECI cells indicates that they do not express 

SPC and do not differentiate into AECII cells, at least within three weeks of tamoxifen 

treatment, nor did they proliferate during homeostasis (Jain et al., 2015). Lineage tracing 

of HopX+ AECII cells after pneumonectomy showed AECI cells were able to proliferate 

and differentiate into SPC+ AECII cells; however, this appears to be a rare event as the 

number of AECI cells that expressed SPC after pneumonectomy was extremely small. 

Additionally, as proliferation was never directly assayed, it is unclear if the expression of 

SPC or HopX was transiently increased or if HopX+ lineage labeled cells are 

proliferating and differentiating in vivo post-pneumonectomy. Overall, it appears that 

AECI cells may, under specific circumstances, contribute to alveolar epithelial 

regeneration, but the ability for these cells to regenerate lung tissue is limited. 

Additionally, it remains to be seen in injury models that produce epithelial cell damage, 

inflammation, and fibrosis if AECI cells would be able to contribute at all under those 

specific environmental factors. Lastly, although not tested, it would be interesting to see 

if AECI cells that arise from AECII cells were more likely to participate in proliferation 

and alveolar regeneration following injury. 

 

1.3.3 Club Cells 

Club cells that reside primarily in the airways have been well documented to 

regenerate epithelial cell types of the bronchiolar epithelium. Regeneration of damaged 
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alveolar epithelium has primarily been thought to involve proliferation and differentiation 

of AECII cells into AECI, however some studies have shown that newly generated 

AECII can come from multiple progenitor cells within the distal regions of the lung 

(Rawlins et al., 2009, p. 1; J. R. Rock et al., 2011; Zheng et al., 2012). Furthermore, 

studies have suggested that, during specific injury models such as bleomycin, newly 

formed AECII cells do not entirely come from the proliferation of pre-existing AECII 

cells, suggesting the existence of additional progenitor cell types in the lung (Barkauskas 

et al., 2013; J. R. Rock et al., 2011). Due to the ability of club cells to rapidly repair 

airway epithelium, they have been regarded as a possible alveolar progenitor cell; 

however, their exact role as alveolar progenitor cells remains controversial.  

During homeostasis, scgb1a1+ club cells are capable of proliferating to give rise 

to new club cells for long term self-renewal (Rawlins et al., 2009). Lineage labeled 

scgb1a1+ club cells followed for up to 1 year showed that scgb1a1+ cells contributed 

little to AECII cell maintenance within the alveolar region, although these cells were 

shown to proliferating during this time (Rawlins et al., 2009). Additionally, following 

naphthalene and hyperoxia injury, lineage labeled scgb1a1+ cells did not contribute 

substantially to AECII or AECI cells within the alveolar region, and any contributions 

that was seen was believed to be due to labeling of some double-positive scbg1a1+SPC+ 

BASC or duel positive scgb1a1+SPC+ AECII cells (Rawlins et al., 2009). When scgb1a1 

and SPC are both lineage labeled in vivo large areas of alveolar regeneration was seen 

following bleomycin injury; however, it is unclear if this regeneration is due to club cells, 

BASC, AECII or a combination of them all (Barkauskas et al., 2013).  
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 More recent studies have started to suggest that club cells, during certain injury 

stimuli, are cable of contributing to alveolar regeneration. Following both bleomycin or 

influenza infection, lineage labeled scgb1a1+ cells were shown to differentiate into both 

SPC+ AECII cells as well as T1D+ AECI cells (J. R. Rock et al., 2011; Zheng et al., 

2012, p. 1). However, another study, which engrafted CC10+ club cells into mice 

following influenza injury showed little differentiation of these into alveolar epithelial 

cells and eventual loss of CC10 expression (Vaughan et al., 2015). It is still unclear 

however, what the degree of AECII and AECI cells are derived from scb1a1+ cells 

instead of AECII cells. Additionally, it is unknown if scgb1a1+ cells must first 

differentiate into AECII cells before differentiation into AECI cells or if they can directly 

differentiate into AECI cells. Furthermore, it is not possible to differentiate club cells 

using the lineage marker scgb1a1 from BASC, and it is difficult to know what degree 

club cells differentiate into AECII cells or if they can differentiate into BASC before their 

differentiation into AECII cells.   

 

1.3.4 Bronchioalveolar Stem Cells (BASC) 

Bronchioalveolar stem cells (BASC) are located at the bronchioalveolar duct 

junctions (BADJ) and are identified by the co-expression of both the club cell marker 

Scgb1a1 and the AECII cell marker SPC (Hogan et al., 2014; Wansleeben et al., 2013). 

To date, the function of BASC has been highly controversial. BASC was first discovered 

as cells that were relatively resistant to the lung injury models of naphthalene and 

bleomycin and were shown to be proliferative and differentiate into both club cells and 
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AECII cells, however, this was originally not based on lineage tracing but the location of 

proliferating cells to other specialized epithelial cells (C. F. B. Kim et al., 2005). 

Additionally, isolated BASC cells cultured ex vivo in organoids were able to proliferate 

and produce both club and AECII cells, where AECII cells and club cells were unable to 

proliferate in culture (C. F. B. Kim et al., 2005). However, it is clear from future studies 

that both cell types can proliferate and differentiate into other cell types in vitro when in 

the correct environment (Barkauskas et al., 2013; Zacharias et al., 2018). 

 Future lineage tracing scgb1a1 studies, which also lineage labels BASC, showed 

that these cells had limited proliferative ability during homeostasis and did not contribute 

to AECII turnover for a year (J. R. Rock et al., 2011; Zheng et al., 2012). Furthermore, 

following naphthalene or hyperoxia injury scgb1a1+ cells proliferated, but lineage 

labeled AECII and AECI cells were not observed, suggesting that scbg1a1+ club cells 

and scgb1a1+SPC+ BASC do not contribute to alveolar regeneration, at least during 

naphthalene and hyperoxia injury. In contrast to these findings, scgb1a1+ cells showed an 

increase in the number of lineage labeled AECII and AECI cells in fibrotic regions after 

bleomycin injury, however, the authors did note that some AECII cells within the 

alveolar region were lineage labeled along with BASC and club cells making it difficult 

to determine which cell type was responsible for the regeneration seen (J. R. Rock et al., 

2011).  

Lineage labeling of SPC+ AECII cells before injury with bleomycin showed that 

although AECII cells did robustly proliferate and differentiate into AECI cells, there was 

an increase in non-lineage labeled SPC+ AECII cells suggesting another cell type was 
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responsible for replenishing the AECII cell population in addition to AECII self-

proliferation (Barkauskas et al., 2013). Additionally, the DTA transgenic mouse injury 

model suggested SPC+Scgb1a1+ BASC were not proliferative and that clonal expansion 

was from the alveolar region (duel positive AECII), not the BADJ region of the lung 

(BASC) (Barkauskas et al., 2013).  

The primary issue with understanding the function of BASC in vivo is the lack of 

markers that are specific to just BASC. Recently, a study using split-Cre and split-tTa 

allowed lineage labeling of cells that only contained both markers for BASC (Q. Liu et 

al., 2019; Salwig et al., 2019). Sequencing of BASC with single positive SPC+ AECII 

cells and CC10+ Club cells showed BASC had higher transcript similarity with AECII 

compared to Club cells, but that all three cell populations were distinct (Q. Liu et al., 

2019). Additionally, although all three populations were separate, genes distinct for just 

BASC were rare. BASC rarely contributed to homeostasis regeneration of either 

bronchiolar or alveolar epithelium, which has been postulated to be because AECII and 

Club cells can do this on their own (Q. Liu et al., 2019).  

To determine if BASC played a role during epithelial injury regeneration, cells 

were lineage labeled two weeks prior to and during the repair phase. Following various 

disease models, including bleomycin, influenza, and naphthalene injury, BASC 

contributed to the regeneration of both club and AECII cells. Interestingly, however, the 

regeneration after influenza infection was considerably less compared to bleomycin and 

naphthalene (Q. Liu et al., 2019). Loss of BASC using the DTA injury model illustrated a 
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delay in the regeneration of club cells following naphthalene injury. The loss of BASC in 

the other injury models is less clear as they were not tested (Salwig et al., 2019). 

Similarly, it is unclear what role duel positive AECII cells have as about 10-15% 

of cells lineage labeled BASC were AECII cells. It is also unclear if BASC differentiate 

from an unknown cell type or possibly Club/AECII cells located close to the BADJ and if 

the BASC population would replenish after ablation by pre-existing club/AECII cells. 

Lastly, since lineage tracing was performed during the regeneration phase, the transient 

expression of markers is still not well understood. 

 

1.3.5 Basal Cells 

Basal cells are located in the trachea and proximal airways. Historically, basal 

cells expressing the marker p63 are a significant progenitor cell population of the 

tracheobronchial epithelium (Hogan et al., 2014; Wansleeben et al., 2013). Following 

influenza infection, p63+ basal cells migrate from the proximal airways to the 

bronchioles and alveolar region where they form clusters (Kumar et al., 2011). These 

p63+ basal cell clusters also co-stain positive for other basal cell markers such as Krt5 

forming "Krt5+ pods". During the peak of influenza injury, these pods resembled a tight 

grouping of cells, however, as the injury got resolved, many of the pods produced lumens 

similar to the alveolar structure and colocalized with markers of AECI, T1D (Kumar et 

al., 2011). Krt5+ pods were not located in regions of the lung with healthy alveolar 

structure; however, these pods were seen in regions with moderate and severe injury and 

were generally seen in regions without any SPC+ AECII cells and intermingled with 
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CD45+ immune cells. Lineage tracing of Krt14+ basal cells showed that Krt5+ cells do 

come from basal cells. However, lineage tracing was performed at 5, 6, and 7dpi instead 

of before infection where transient increases in Krt5/Krt14 expression could have 

occurred (Kumar et al., 2011). In culture, Krt5+p63+ distal alveolar stem cells isolated 

from mice and humans were able to form alveolar like structures and co-stained for AECI 

cell marker T1D (Kumar et al., 2011). Furthermore, isolation of Krt5+p63+ basal-like 

cells following influenza infection also formed alveolar like structures ex vivo and also 

co-expressed the marker for AECI cells AQP5 (Kumar et al., 2011).  

 Loss of p63+Krt5+ basal cells following influenza infection results in 

inflammatory cell persistence within the injured alveolar region (Zuo et al., 2015). 

Furthermore, they lacked the formation of alveolar networks and formation of AECI 

cells. Ablation of p63+Krt5+ basal cells following influenza had decreased pulmonary 

function as measured by peripheral capillary oxygen saturation (Sp02) and increased D-

SMA staining indicating increased fibroblast activation (Zuo et al., 2015). Interestingly 

whole lung sequencing of DASC knockout mice following injury showed increased 

inflammatory and decreased vasculature development (Zuo et al., 2015). DASC cells 

were knocked out in the peak of infection and lung injury, and it is unclear if they were 

lost further into the repair and regeneration process what the state of the lung would look 

like. Lastly, DASC organoids incorporated into damaged lungs five days after infection 

developed into T1D+ AECI and SPC+ AECII cells where organoids in bronchiolar 

regions developed into CC10+ Club cells, again further emphasizing the importance of 

the surrounding environment for progenitor functions of lung epithelial cells (Zuo et al., 
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2015). Although Krt5+ basal cell pods expressed T1D, a marker for AECI cells, it is 

unclear if these cells were actually AECI cells as T1D has also been suggested to be 

expressed on some endothelial cells. This, combined with the idea that loss of Krt5+ pods 

decreased oxygen uptake, might further indicate they are not actually differentiating into 

AECI cells or epithelial cells at all.   

Although the migration and expansion of basal cells during influenza is relatively 

clear, the migration and expansion of basal cells during bleomycin injury is controversial. 

With some studies suggesting Krt5+ pods do not form, and basal cells do not migrate to 

distal regions of the lung during bleomycin injury while others suggest they form pods 

which can further differentiate into SPC+ AECII cells. Although p63+Krt5+ basal cells 

can differentiate into AECI and AECII cells both in vivo and in vitro, their ability to do 

that seems to be limited. Additionally, in vivo, Krt5+ pods seem to persist, at least for a 

few weeks post influenza injury suggesting an unknown beneficial effect of these cells. 

Clustering of basal cells into Krt5+ pods seem to resemble fibroblast activation and 

fibrosis. However, when basal cells are ablated, and therefore Krt5+ pod formation 

hindered following injury, there seems to be a decrease in lung function. This would 

suggest this response to injury is beneficial compared to fibrosis, but perhaps less 

beneficial then lung regeneration; or, it might suggest Krt5+ pods are necessary for lung 

repair and regeneration, just not in the sense of repopulating alveolar epithelial cells. 

Future experiments further analyzing lung functional dynamics and analysis of non-

epithelial cell types would help understand these questions. 
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1.3.6 Lineage Negative Progenitor Cells (LNEP) (D6E4 Epithelial Cells) 

There are three primary integrin laminin receptors, all of which are expressed in 

the lung and are primarily associated with epithelial cells (Sheppard, 1996). In humans, 

mutation of the D6E4 integrin results in the sloughing of mucosal epithelial cells and skin 

blistering (Niessen et al., 1996; van der Neut, Krimpenfort, Calafat, Niessen, & 

Sonnenberg, 1996). In the lung, although D6E4 is generally considered to localize with 

conducting airway epithelial cells, a large portion of distal and alveolar epithelial 

expressed D6E4 (~8-10% of total epithelial cells) (Chapman et al., 2011). Interestingly, 

cells that expressed a6b4 in the distal/alveolar region of the lung did not co-express the 

markers for club (CC10), AECII (SPC), or AECI (T1D) cells (Chapman et al., 2011). 

During homeostasis, loss of E4, which exclusively binds with D6, had no detectable 

phenotype or morphological changes in the lung. Following bleomycin injury, loss of E4 

in alveolar epithelial cells resulted in increased mortality compared to wild type mice 

(Chapman et al., 2011). 

 In vitro, E4+ AECs proliferated and were able to develop organoids containing 

both SPC+ and CC10+ cells, markers for AECI were not tested (Chapman et al., 2011). 

Interestingly, when E4 was knockout following isolation in vitro, these cells were still 

able to proliferate and form organoids containing  CC10+ and SPC+ cells. Additionally, 

E4+ AECs that expressed markers for club or AECII cells did not lose expression of E4+, 

even though in vivo very few AECs expressed both CC10/SPC along with E4 suggesting 

D6E4 might not be necessary for progenitor cell function of these cells (Chapman et al., 

2011). When organoids developed from E4+ cells in vitro were grafted onto adult mouse 
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lungs in vivo developed into structures resembling distal lung airways and alveolar 

regions containing both CC10+ and SPC+ cells, markers for AECI were not analyzed. 

E4+ cells differentiated into club or AECII cell clusters, suggesting there was a strong 

influence based on the local microenvironment (Chapman et al., 2011).  

 In vivo, post-bleomycin injury E4+ cells increased 2-3-fold but did not co-express 

CC10 or SPC. Additionally, when SPC+ cells were lineage labeled, the proportion of 

lineage labeled cells that were also SPC+ went down in fibrotic regions of the lung, 

further suggesting, with data above, that a non-SPC+ cell type was differentiating into 

AECII cells and that AECII cells are not self-proliferation to restore their cell population 

following injury (Chapman et al., 2011). However, as E4+ cells were not lineage labeled, 

it is unclear what progenitor cell function these cells have in vivo. Furthermore, the 

ability for D6E4+ cells to re-populate AECI cells was not examined, although it could be 

postulated that if they can differentiate into AECII cells, then those b4a6+ derived AECII 

cells can differentiate into AECI cells. 

Following influenza infection, which causes widespread epithelial cell loss of 

lung epithelium, there is a robust expansion of cytokeratin-5-positive (Krt5+) cells within 

the lung parenchyma, causing abnormal parenchymal honeycomb cysts (Kumar et al., 

2011, p. 1). Furthermore, these cells co-expressed the markers a6b4 (Vaughan et al., 

2015). Similar structures are also seen during bleomycin; however, a portion of these 

Krt5+ cells differentiate into SPC+ AECII cells (Vaughan et al., 2015). Lineage tracing 

of Krt5+ basal cells, SPC+ AECIIs, or CC10+ club cells showed little overlap between 

lineage markers and newly expanded Krt5+ cells, suggesting a lineage negative epithelial 
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progenitor cell is giving rise to these newly formed Krt5+ structures in the distal lung 

(Vaughan et al., 2015). Analysis of a CC10- E4+ population of cells containing the LNEP 

showed some cells uniquely expressed the a p63 splice variant Np63, which are scattered 

sporadically throughout the distal airways during homeostasis (Vaughan et al., 2015).  

When LENPs were seeded into the lungs of mice following influenza injury, they 

developed into multicellular structures in two patterns depending on location: AECII 

expressing or Krt5 expressing epithelial cells (Vaughan et al., 2015). Interestingly SPC+ 

cells still maintained their expression of E4, bringing to question if these cells are 

genuinely AECII cells or cells that simply upregulated SPC.  Furthermore, before the 

formation of honeycomb cysts, and following expansion and migration of LNEPs, CC10 

is also upregulated (Vaughan et al., 2015). Interestingly, ex vivo culture of LNEP did not 

express Krt5 when treated with various trophic/morphogenic markers, however, when 

treated with BALF of infected mice, they rapidly proliferated and induced expression of 

Krt5 (Vaughan et al., 2015). This, along with the fact that engraved LNEPs into infected 

mouse lungs resulted in clonal expansion of AECII or Krt5 cells, suggests various 

microenvironmental factors are affecting these cells proliferative and differentiative 

abilities. Furthermore, it is unclear the beneficial effects of forming Krt5 pods and what 

local factors are responsible for Krt5+ versus SPC+ cell fate. Additionally, although 

LNEP cells can, under certain conditions, differentiation into SPC+ cells, there is no 

evidence illustrating that those SPC+ cells can further differentiate into functional AECI 

cells. Lastly, as these cells also express a6b4, the distinction between LNEP and D6E4 

progenitor cells are difficult to make. 
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1.4 Mechanisms Regulating Lung Epithelial Regeneration 

Numerous pathways important for tissue growth, patterning, and differentiation 

during embryonic development are reactivated in the process of regeneration in the adult 

(Eming, Martin, & Tomic-Canic, 2014; Gurtner, Werner, Barrandon, & Longaker, 2008; 

Hogan et al., 2014). Although numerous studies have examined mechanisms that regulate 

alveolar development, the signaling mechanisms that coordinate tissue repair, and the 

regenerative capacity in adult lung epithelium remain relatively undefined. Of note, 

Hedgehog, Notch, TLR, BMP/SMAD, Hippo, and Wnt signaling along with 

inflammation have been shown to affect alveolar epithelial regeneration following 

various types of epithelial injury. 

 

1.4.1 Hedgehog Signaling 

As previously mentioned, the lung has a low level of cell turnover, and 

mechanisms regulating quiescence in adult tissue are not well understood (Blenkinsopp, 

1967; Breuer, Zajicek, Christensen, Lucey, & Snider, 1990; Peng et al., 2015). Previous 

studies during murine development have illustrated the importance of hedgehog signaling 

for the differentiation of cardiopulmonary mesoderm progenitor cells into multiple 

cardiac and lung mesenchymal cell lineages (Peng et al., 2013). However, the effect of 

hedgehog signaling in adult lung tissue, including epithelium, is not well understood. 

Lineage labeling with a sonic hedgehog (ssh) reporter showed expression mostly in club 

and ciliated epithelium with some limited expression in AECII cells (Peng et al., 2015). 

Furthermore, the downstream target of shh, gli1, was expressed predominantly in 
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surrounding mesenchymal cells (Peng et al., 2015). During homeostasis, neither 

mesenchymal or epithelial cells proliferated, however, activation of shh signaling caused 

increased cell proliferation of mesenchymal cells in the absence of injury (Peng et al., 

2015). Furthermore, naphthalene or bleomycin injury reduced Hedgehog signaling and 

thereby decreasing gli1 activity in the mesenchyme, resulting in increased cell 

proliferation (Peng et al., 2015). This data suggests that active hedgehog signaling 

prevents mesenchyme cell proliferation, which is in contrast to other reports (Bolaños et 

al., 2012; Watkins et al., 2003), and that ssh signaling is inhibited during lung epithelial 

injury.  

Forced activation of shh signaling following naphthalene injury resulted in an 

inhibition of club cell proliferation, where inactivation of shh signaling caused excessive 

club cell regeneration, furthering the idea that active hedgehog signaling prevents 

proliferation. Club cells with co-cultured with mesenchymal cells in organoid cultures 

formed colonies, mostly of secretory lineage cells, where without mesenchymal, these 

cells failed to form colonies in vitro (Peng et al., 2015). Interestingly, some alveolar 

epithelial cells formed in vitro, which may be due to a small percentage of isolated club 

cells being BASC. In vitro activation of shh signaling in mesenchymal cells within 

organoid cultures prevented colony formation of club cells, suggesting mesenchymal 

regulation of epithelial cell proliferation. Overall this data suggests that lung epithelium, 

at least airway epithelium, regulations mesenchymal quiescence through shh signaling, 

which then can regulate epithelial quiescent. This data is in contrast with multiple 

findings that suggest shh signaling is pro-proliferative in the lung during disease (Bolaños 



 

32 

et al., 2012; L. Liu et al., 2013; Watkins et al., 2003). Although shh signaling appears 

vital for mesenchymal cell proliferation and activation following injury, it is unclear how 

beneficial or pathogenic this process would be during regeneration, and if this process is 

dysregulated during disease. Furthermore, it is unclear how metonymical cells are 

regulating airway epithelial cell quiescence. Lastly, as ssh signaling was seen in some 

AECII cells, it would be interesting to see the effect hedgehog signaling has on epithelial 

regeneration as well as surrounding mesenchyme during injury and repair. 

 

 

1.4.2 Notch Signaling 

 Notch signaling plays an important role during tissue development for cell fate 

determination, proliferation, and differentiation (Liu, 2010). During lung development, 

Notch signaling is necessary for intermediate stem cells to differentiation into fully 

differentiated neuroendocrine, secretory and ciliated cells as well as AECI and AECII 

cells (Guseh et al., 2009; Jason R. Rock et al., 2011; Tsao et al., 2016). In the adult lung, 

notch is important for the repair and regeneration of multiple airway epithelial 

populations, including basal cells, club cells, and LNEP (Jason R. Rock et al., 2011; 

Vaughan et al., 2015; Xing, Li, Borok, Li, & Minoo, 2012). During homeostasis, notch 

signaling in alveolar epithelial cells is low and is activated in response to injury. 

Following pseudomonas aeruginosa injury, which induces alveolar injury and 

inflammation that resolves around seven days post-infection, notch signaling peaked 

during AECII proliferation and declined during AECII differentiation to AECI (Finn et 
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al., 2019). Dlk1 was essential for notch inhibition during AECII to AECI differentiation, 

and when dlk1 was knocked out, allowing continuous notch signaling, AECII to AECI 

differentiation was inhibited; however, proliferation and AECII cell death did not change 

(Finn et al., 2019). 

Although Notch signaling was not active in vivo without injury, AECII cells in 2D 

culture without stromal cells turned on notch signaling (Finn et al., 2019). Once cultured 

AECII cells expressed markers for AECI cells, notch signaling was no longer 

upregulated. Notch signaling peaked during the transition from AECII to AECI cells in 

vitro (Finn et al., 2019). DLK knockouts in vitro caused AECII cells to dedifferentiate 

into a SPClow T1Dlow intermediate cells that had low expression of both AECI and AECII 

markers and intermediate morphology between cultured AECII and AECI cells. It is still 

unclear how or what signals regulate notch signaling initially both in vitro and following 

infection. Furthermore, when Dlk1 was knocked out in vivo, the effects of AECII 

mediated inflammation are unknown, similarly, as notch signaling acts through paracrine 

signaling, it is also unclear how the loss of Dlk1 would affect immune and other none-

epithelial cells in injured alveolar regions. Lastly, it is unclear if AECII cells 

dedifferentiate/differentiate into an intermediate cell type prior to differentiation into 

AECI cells, and what happens when these “intermediate” AECII cells accumulate in the 

alveolar region. 
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1.4.3 TLR Signaling 

As the lung is in constant contact with the external environment, toll-like 

receptors (TLRs) play an essential role in communicating inhaled infectious diseases with 

the appropriate inflammatory response. TLR2 and TLR4, which are important for sensing 

gram (+) and gram (-) bacteria play important roles during lung injury and repair 

processes (Jiang et al., 2005; Jiang, Liang, Li, & Noble, 2006; Jiang, Liang, & Noble, 

2007). In the lung, TLR2 and TLR4 are necessary to sustain some NF-NB signaling and 

prevent epithelial cell death during homeostasis (Jiang et al., 2005). Global deletion of 

TLR4, but not TLR2, caused increased morbidity and increased alveolar fibrosis 

following bleomycin injury (Liang et al., 2016). Following bleomycin injury, TLR4 

expression decreased in AECII cells during the peak of cell proliferation, and global loss 

of TLR4 reduced AECII proliferation. Furthermore, loss of TLR4 enhanced AECII 

apoptosis following injury (Liang et al., 2016). 

Isolation of AECII cells three days post bleomycin revealed AECII cells form 

mice with loss of TLR4 had markedly reduced colony-forming efficiency compared to 

controls, but were similar when isolated from uninjured TLR4 KO and controls (Liang et 

al., 2016). In human patients presenting with IPF, there is no difference between TLR2 or 

TLR4 expression; however, there was reduced hyaluronan binding to TLR4, which is 

important for regulating progenitor cell functions of AECII cells. In vitro, AECII 

organoids formed from patients with IPF formed fewer colonies when control lungs 

(Liang et al., 2016). However, as TLRs are expressed in almost all cell types in all 

tissues, it is difficult to determine its role as it may be different in different cell types. 
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1.4.4 BMP/SMAD Signaling 

During homeostasis, BMP signaling is active in the majority of both AECII and 

AECI cells (Chung, Bujnis, Barkauskas, Kobayashi, & Hogan, 2018). Following 

pneumonectomy induced injury, the number of phosphorylated Smad1/5/8 (pSmad1/5/8) 

positive AECII cells was significantly reduced during the time of AECII cell 

proliferation. During peak AECII differentiation into AECI cells, the level of 

pSmad1/5/8+ AECII cells recovered back to homeostasis levels (Chung et al., 2018). 

Similar dynamics were seen in other alveolar cells, including pdgfrD+ stromal cells. 

AECII cells cultured in organoids exhibited decreased colony-forming efficiency 

when in the presence of BMP4 or BMP2 and had decreased proliferation compared to 

control alveolarspheres. AECII cultured with BMP antagonists to inhibit BMP signaling 

indicated that colony-forming efficiency and organoid size did not change, but that the 

number of AECII cells that differentiation into HopX+ AECI cells was significantly 

reduced. However, as these antagonists would also affect pdgfrD+ stromal cells, it is 

difficult to determine if the effects of BMP antagonists are acting directly on AECII cells 

or stromal cells that, in turn, affect AECII-to-AECI differentiation in vitro. Together this 

data would suggest that BMP signaling reduces AECII proliferation and that inhibition of 

BMP signaling reduces AECII differentiation into AECI cells. 

When BMP signaling was increased in AECII cells alone in organoid cultures, 

colony-forming efficiency and colony size was reduced. Similarly, when BMP signaling 

was increased in pdgfrD+ stromal cells, the colony-forming efficiency and colony size of 

AECII cultures was also reduced. Activating BMP signaling individually in either in 
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AECII cells alone or stromal cells alone had a reduced effect compared to BMP signaling 

agonists, suggesting BMP signaling can affect both AECII cells directly and their 

supporting cells to create similar environmental cues for proliferation and differentiation.  

In contrast to BMP signaling in organoid cultures, in vivo, when BMP signaling 

was enhanced specifically in AECII cells during pneumonectomy injury, there was no 

effect on AECII proliferation. However, when BMP signaling was enhanced in pdgfrD+ 

stromal cells, AECII proliferation was significantly reduced. Enhanced BMP signaling in 

AECII cells promoted their differentiation into AECI cells following pneumonectomy. 

Overall, current experiments on BMP signaling on AECII cells suggest that high BMP 

signaling prevents self-renewal and differentiation, following injury, loss of BMP 

signaling promotes AECII proliferation and “primes” them for differentiation which then 

requires recovery of BMP signaling. Additionally, these studies further illustrate the 

importance of supporting niche cells surrounding AECII cells during lung repair and 

regeneration.  

 

1.4.5 Inflammation 

Numerous studies have illustrated the effect of inflammation on tissue injury, 

repair, and regeneration; however, the effects and mechanisms of inflammation on lung 

alveolar repair and regeneration are still unclear. AECII organoid cultures treated with 

IL-1E and TNFα exhibited significantly increased proliferation of AECII cells (Katsura, 

Kobayashi, Tata, & Hogan, 2019). Interestingly, IL-1E and TNFα cytokines did not affect 

AECII differentiation or alveolarsphere composition compared to untreated organoids 
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(Katsura et al., 2019). In vivo, when IL-1 receptor was knocked out, AECII cells 

exhibited decreased proliferation compared to control mice (Katsura et al., 2019). 

However, as a global IL-1r knockout, it is unclear what additional effects this may be 

creating, which is affecting AECII cell-mediated repair. IL-1r knockouts organoids 

showed decreased colony-forming efficiency, both AECII knockouts and pdgfrD+ 

knockouts affected CFE with the highest effect seen when both were knocked out 

(Katsura et al., 2019). Similar effects were seen when TNFα receptor knockouts were 

tested. In vivo, however, receptor KOs had no effect compared to controls. Furthermore, 

the deletion of MYD88 or inhibition of IRAK4 in AECII cells, which is necessary for 

NF-NB activation, showed decreased CFE and AECII proliferation in organoid cultures 

(Katsura et al., 2019). Previous studies have illustrated the importance of NF-NB for 

AECII survival, and it is still unclear how much NF-NB and upstream modulators are 

effecting AECII progenitor cell functions versus promoting cell death when NF-NB 

signaling is reduced (Jiang et al., 2005; Liang et al., 2016). Furthermore, it is hard to 

interpret how in models with limited inflammation, such as in the pneumonectomy model 

or in typical organoid cultures, why AECII proliferation and differentiation is occurring 

in the absence of IL-1β and TNFα signaling. 

  Following bleomycin-induced lung injury, AECII cells upregulate the expression 

of IL-6 (Liang et al., 2016). IL-6 is produced in response to infectious and tissue injury 

and has numerous functions, including regulating T cell differentiation (or inhibiting 

depending on T cell subtype), VEGF production and angiogenesis, and 

proliferation/differentiation of specific cell types (Tanaka, Narazaki, & Kishimoto, 2014). 
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In AECII organoid cultures, inhibition of IL-6 reduced CFE, where the addition of 

recombinant IL6 increased CFE (Liang et al., 2016). Following a bleomycin-induced 

injury in TLR4 KO mice, where the AECII cells have diminished IL-6 expression, the 

addition of rIL-6 promoted AECII proliferation and decreased hydroxyproline content of 

the lung. IL-6 did not change the inflammatory response in TLR4 KO mice, nor did it 

affect AECII cell apoptosis. As IL-6 was administered to TLR4 global KO mice, it is 

difficult to interpret its effects on AECII progenitor cell functions compared to effects on 

other cells mediating the alveolar niche environment. Similarly, it is also unclear if 

administration of additional IL-6 in wild type mice would be beneficial following 

bleomycin-induced injury.  

 Resident alveolar macrophages are a critical first line of defense and have been 

suggested to be necessary for AECII cell-mediated inflammation from inhaled pathogens. 

In vitro, AECII cells are unable to mount an immune response to gram-positive bacteria 

but can be induced to have an inflammatory response following culture with BALF fluid 

from infected mouse lungs. Suggesting that AECII cells need first to be "activated" by 

other cytokines to mount their own immune response. Alveolar macrophages are 

dispersed throughout the alveolar region, with approximately one alveolar macrophage 

for every three alveoli and are essential for pathogen surveillance (Kirby, Coles, & Kaye, 

2009; Westphalen et al., 2014). Interestingly, resident alveolar macrophages formed gap 

junctions with AECII cells and did not migrate toward bacteria or inflammatory 

chemokine signaling during infection (Westphalen et al., 2014). Following LPS induced 

lung injury, loss of Myd88, a critical factor in TLR4-NF-NB signaling cascade in 
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response to LPS (Akira & Takeda, 2004), resulted in decreased calcium spike formation 

in AECII cells and decreased lung inflammation (Westphalen et al., 2014). It would 

appear that alveolar macrophages, connected to AECII cells through gap junctions’ 

function to regulate the inflammatory response following pathogenic infection. 

  Following bleomycin-induced injury, infiltration of inflammatory monocytes 

enhanced fibrosis during the injury phase, however, during the recovery stage, if 

macrophages were depleted, fibrosis was also enhanced (Gibbons et al., 2011) suggesting 

a dynamic role for macrophages in lung tissue injury and repair. Macrophages generally 

polarize depending on local environmental cues and can be broadly separated into two 

groups, M1 and M2. M1 macrophages, also called classically activated macrophages, are 

generally associated with pro-inflammatory conditions where M2, also called 

alternatively activated macrophages, are associated with tissue repair and regeneration 

(Aurora & Olson, 2014; Aurora et al., 2014; Gibbons et al., 2011; Gordon & Martinez, 

2010). Following pneumonectomy, Csf1r+ monocytes and macrophages infiltrated the 

lung during the peak of proliferation and regeneration and located close to AECII cells at 

the periphery of the lung where most regeneration is occurring (Lechner et al., 2017). 

Infiltrating macrophages took on an M2 like phenotype (Lechner et al., 2017). 

 CCL2, secreted by both AECII cells and surrounding pdgfrD+ fibroblasts, was 

necessary for the recruitment of monocytes to the injured region of the lung. Loss of 

CCR2, the receptor for the CCL2 chemokine, resulted in decreased lung regeneration and 

diminished AECII proliferation and AECI cells that were lineage labeled from pre-

existing AECII cells. However, as the lung did grow in size after pneumonectomy, this 
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would suggest other progenitor cell types may be playing a role when AECII progenitor 

cell functions are inhibited. Furthermore, loss of IL-4 and IL-13, which allows 

macrophage recruitment to the lung but inhibits the M2 phenotype, also reduced AECII 

mediated lung regeneration in vivo. AECII cells cultured in vitro with macrophages, 

instead of PDGFRD fibroblasts increased organoid formation, suggesting macrophages 

can directly promote AECII progenitor cell functions in vitro. Although it appears that 

macrophages are important for AECII progenitor cell "activation," the mechanisms for 

how macrophages are affecting AECII cells by either direct contact, cytokine/growth 

factor production, or general anti-inflammatory properties, is still unclear. 

 

1.4.6 Mechanical Tension 

AECII cells proliferate and differentiate into AECI cells following 

pneumonectomy induced lung injury. When a prosthesis is implanted in place of the left 

lobe following its removal, tidal volume, AECII proliferation, and AECII-to-AECI 

differentiation all decreased, suggesting mechanical tension is essential for promoting 

lung regeneration following pneumonectomy (Z. Liu et al., 2016). Interestingly, loss of 

mechanical tension reduced Yap signaling in AECII cells. Yap and its paralog Taz are 

co-transcription factors that are the downstream mediators of the Hippo pathway and 

have been previously shown the play significant roles during mechanical tension (Dupont 

et al., 2011). Yap expression was undetectable in AECII cells during homeostasis, but 

expression significantly increased following PNX and was similarly absent in mice given 

prosthesis. These results suggest that Yap is a crucial sensor for mechanical tension. 

Furthermore, Yap translocation into the nucleus following PNX was depending on JNK 

and p38 activation by cdc42 (Z. Liu et al., 2016). However, although mechanical tension 
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and Yap activation appear to be important for AECII progenitor cell functions following 

PNX, it remains unclear what the mechanisms downstream are and how they are 

promoting AECII proliferation and differentiation. During the development of AECII and 

AECI cells, the mechanical force of amniotic fluid has also been proposed to determine 

which cells become AECI versus AECII cells in the newly forming alveoli (J. Li et al., 

2018). However, it is unclear if mechanical forces regulating embryonic alveolar 

progenitor cell fate is similar to that of fully differentiated adult cells. 

 

1.4.7 Hippo Signaling 

Previous studies have shown that Yap can regulate stem and progenitor cell 

behaviors (Mo, Park, & Guan, 2014; Bin Zhao, Tumaneng, & Guan, 2011). In the lung, 

Yap is expressed in multiple epithelial cells, including basal, secretory, and ciliated cells 

(R. Zhao et al., 2014). Furthermore, basal cells have the highest expression of Yap and 

nuclear yap (R. Zhao et al., 2014). Loss of Yap in basal cells did not affect cell apoptosis 

or proliferation; however, it caused unrestrained differentiation into p63+Scgb3A2+ 

double-positive secretory cells and CK5+FoxJ1+ double-positive ciliated cells. These 

double-positive cells are present during airway epithelial regeneration following dioxide-

induced injury, and loss of Yap in p63+ cells resulted in the simplification of the 

pseudostratified epithelium into columnar epithelium in vivo (R. Zhao et al., 2014). 

Lineage tracing of Yap KO p63+ basal cells resulted in an increased number of lineage 

labeled cells that expression CC10 and FoxJ1 in the absence of injury (R. Zhao et al., 

2014). In total, the number of basal cells that differentiation increased two-fold when Yap 

was deleted, making it unclear if this small increase in differentiated cells can affect 

phenotype effects of airway epithelium. Interestingly, the total number of basal cells did 
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not change, suggesting they can either still proliferative, or another cell type can 

differentiate into basal cells following yap loss. 

In contrast to yap deletion, yap overexpression in CK5+ basal cells resulted in 

increased basal cell proliferation and total basal cell numbers in the trachea. 

Overexpression of Yap resulted in significantly reduced basal cell differentiation into 

ciliated and club cells. Loss of yap produced CK5+p63- basal cells, a cell type never seen 

in control mouse lungs, and overexpression of Yap in CC10 club cells resulted in a more 

basal-like cell type that expression T1D and p63. In all of these experiments, a reversal of 

Yap expression resulted in a reversal of effect. Lastly, inhibition of Yap in CC10 cells 

resulted in a blockade of dedifferentiation into basal cells (R. Zhao et al., 2014). 

Yap has previously been shown to interact with p63 in cell lines in vitro 

(Chatterjee, Sen, Chang, & Sidransky, 2010; Yuan, Luong, Hudson, Gudmundsdottir, & 

Basu, 2010). In basal cells, Yap interreacted with Np63, but not with the other isoform 

Tap63. Loss of Yap resulted in decreased p63 target genes in basal cells. Similar to loss 

of Yap, loss of p63 in vitro resulted in decreased basal cell numbers in vitro (R. Zhao et 

al., 2014). 

The previous study did not address the effects of Hippo signaling during injury 

and regeneration. Yap staining was seen in CCSP+ club cells and tubulin+ ciliated cells 

(Lange et al., 2015). Following either naphthalene or diphtheria toxin A injury, Yap 

levels increased, and phosphorylated yap decreased in these cell types (Lange et al., 

2015). Loss of Mst1/2, the kinase responsible for Yap and Taz inactivation, in Scgb1a1+ 

club cells resulted in airway hyperplasia. Furthermore, Yap activation, by Mst1/2 deletion 

enhanced airway epithelial cell proliferation and migration but inhibited aspects of 

differentiation. However, the effect of Hippo signaling in alveolar epithelial cells or on 

alveolar regeneration is still not apparent. Although it is becoming more evident that Yap 
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plays a role in lung epithelial regeneration, the downstream signaling resulting in Yap 

mediated regeneration is still unclear. Additionally, the effect of Taz, the paralog of Yap, 

is also relatively unexplored in lung biology and regenerative mechanisms.  
 

1.4.8 WNT Signaling 

Axin2 is a primary downstream target for WNT signaling. Lineage tracing of 

Axin2+ cells showed that about 1% of AECII cells are also Axin2+ and were 

sporadically spaced throughout the alveolar region (Nabhan et al., 2018). These AECII 

cells also expressed all standard markers of AECII and surfactant proteins, suggesting 

they were functioning as AECII cells. Interestingly, although AECII cells are generally 

quiescent during homeostasis in the lung, the majority of Axin2+ cells gave rise to 

daughter cells and AECI cells, suggesting they were proliferating and differentiation and 

possibly responsible for the majority of cell turnover in the absence of injury (Nabhan et 

al., 2018). Furthermore, inhibition of Wnt signaling in Axin2+ cells promoted their 

differentiation into AECI cells in vivo. Forced activation of Wnt signaling in AECII cells 

resulted in decreased differentiation into AECI cells, but neither seemed to affect AECII 

proliferation and AECI cell population (Nabhan et al., 2018). 

Following Diphtheria toxin-induced epithelial injury through the Shh-Cre, the 

majority of AECII cells expressed Axin2, and the majority of AECII cells proliferated 

and acted as progenitor cells after injury (Nabhan et al., 2018). During homeostasis, the 

majority of Wnt signaling appears to come from PDGFRα fibroblasts to help regulate the 

AECII cell niche in vivo. However, inhibition of Wnt signaling in PDGFRα only limited 

Wnt signaling in half of the Axin2+ AECII cells, suggesting other cells may also produce 
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WNT or that WNT signaling in these Axin2+ AECII cells may not depend on WNT 

ligands (Nabhan et al., 2018). Furthermore, as alveolar fibroblasts are in close proximity 

to every AECII cells in the alveolar region, it is unclear why such a small proportion 

would participate in Wnt signaling. Lastly, it is still unclear following injury where WNT 

ligands are coming from and how WNT signaling is being activated.  

 Following influenza injury in the lung alveolar region, Axin2+ AECII cells were 

responsible from the majority of epithelial regeneration in minor injured regions, but not 

in regions of the lung with “total epithelial cell loss” which were occupied by fibroblasts 

and basal cells (Zacharias et al., 2018). RNA sequencing revealed that total AECII cells 

and Axin2+ AECII cells had similar gene expression profiles, but ATAC sequencing 

revealed Axin2+ cells were more "primed" or had open chromatin in regions where 

proliferation and differentiation genes were (Zacharias et al., 2018). In vitro, when 

Axin2+ cells were removed from the total AECII cell population and cultured in 

organoids with pdgfrα+ fibroblasts, organoids without Axin2+ AECII cells did not form 

into alveolarspheres suggesting Axin2+ cells are the primary cell responsible for 

proliferation and differentiation (Zacharias et al., 2018). 

 

1.5 Conclusions 

 There has been much progress in determining which cells in the lung act as 

epithelial progenitor cells under various injury models. Signaling mechanisms that are 

activated in epithelial progenitor cells following injury have recently started to be 

elucidated; however, there is still a large gap between pathways that are activated during 
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proliferation and differentiation and understanding what those signaling pathways are 

regulating. Since it appears that the majority of lung epithelial cells can act as progenitor 

cells under specific circumstances, understanding which molecular pathways are being 

activated and their role on progenitor cell proliferation and differentiation would be of 

higher therapeutic value. In addition to progenitor cell molecular pathways, it is 

becoming increasingly clear that similar to true "stem cells," the local environment or 

niche surrounding lung epithelial progenitor cells are also important. Epithelial cells are 

surrounded by other cell types, including lymphatic, vascular, mesenchymal, and 

immune, however, the interaction between these different systems and epithelial cells is 

only starting to be explored. 
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Figure 1. Schematic depicting mouse lung epithelial structure. 
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CHAPTER 2 

METHODS 
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2.1 Mice 

All mice were bred and raised in the pathogen-free mouse facility at Temple 

University. C57BL/6 mice (Jackson Laboratories) and SPC-CreERT2 mice (Chapman et 

al., 2011) and Yap floxed, Taz floxed (Xin et al., 2011), and Rosa26-mTmG mice 

(Jackson Laboratories) were used. Generation and genotyping of the SPC-CreERT2, 

Rosa26-mTmG, Yap floxed, and Taz floxed lines have been previously described 

(Chapman et al., 2011; Xin et al., 2011). SPC-CreERT2 mice, Yap floxed mice, Taz 

floxed mice and Rosa26-mTmG mice were kept on a mixed C57BL/6:129SVJ 

background. All experiments used 6- to 10-week-old male mice. 

 

2.2 Bacterial Infection 

The pneumococcal strain used was the clinical isolated strain SpT4 (Tettelin et al., 

2001). SpT4 was stored at -80C and grown in tryptic soy agar plus catalase (57 ugP/mL) 

under microaerophilic conditions for 14-16 hours at 37C with 5% CO2, then subcultured 

and grown to an optical density of 0.5-0.7. The broth was centrifuged, and the bacteria 

were washed in sterile PBS and resuspended in 4 ml of sterile PBS immediately prior to 

infection. Mice were anesthetized using ketamine/xylazine mixture and infected i.n with 

a dose of approximately 5x106 CFU in 30 ul of sterile PBS. 

 

2.3 Bacterial loads 

Pneumococcal loads were determined by homogenization of lung tissue in sterile 

PBS and blood serum at 1, 4, 7, and 14 days after infection of the animals. Tissue 
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homogenate (100 ul) or blood serum (50 ul) and further dilutions were plated on tryptic 

soy agar plates plus catalase (57 ugP/ml) for culture overnight at 37C with 5% CO2, and 

the number of CFU was counted. 

 

2.4 Quantification of lung damage 

Lung damage was assessed in BALF. Lungs were lavaged with 1 ml of PBS. 

BALF was recovered and centrifuged at 1,650 g for 3 minutes at 4C and supernatant 

collected. Protein levels were quantified by Pierce BCA protein assay (Thermo 

Scientific) per the manufacturer’s instructions. All plates were read on a Safire II plate 

reader (Tecan). 

 

2.5 Tissue harvest and immunostaining for histology 

Mice were euthanized by overdose of tribromoethanol (Avertin, 300 mg/kg) 

followed by cervical dislocation. After exposing the heart and lungs, the descending aorta 

was cut, and a 25-gauge needle was inserted into the right ventricle to flush at least 10 ml 

of PBS until the color of lungs changed to pink/white. A tracheostomy was performed on 

the exposed trachea and a 23-guage stub needle tip was placed into the trachea. The lungs 

were inflated with 4% paraformaldehyde (PFA) at a pressure of 20 cm H2O. The trachea 

was then tied off, and intact lungs were immersed in 4% PFA for 4 hours at 4C. Lung 

lobes were separated and washed with cold PBS overnight. After ethanol dehydration, 

lungs were embedded in paraffin and sectioned at 6 um. To perform 

immunohistochemical staining, slides were deparaffinized and rehydrated. Tissue 
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sections were then incubated in citrate buffer (pH 6.0) for 20 minutes at 95-100C, 

followed by permeabilization and blocking with 0.3% Triton X-100 and 5% goat serum 

or horse serum (for goat primary antibodies) in PBS for 1 hour at room temperature (r.t). 

Primary antibodies were diluted in PBS and incubated overnight at 4C. Secondary 

antibodies were diluted in PBS and incubated for 1 hour at r.t. Immunostainings for Yap 

and Taz protein were performed using a TSA Fluorescein Tyramide Amplification 

System. EdU staining, TUNEL staining, and DAPI nuclear staining were performed 

according to the manufacturers’ recommendations. Tissue sections were washed 3 times 

with PBS between antibody incubations for 15 minutes each. Slides were mounted with 

Aqua-Poly Mount (Polysciences Inc.), and images were captured on a Zeiss LSM 710 

confocal microscope and a Nikon eclipse fluorescence microscope. Images were 

processed with ImageJ/FIJI (NIH). Quantitation of cell numbers was completed using at 

least 10 randomly selected images per animal. 

 

2.6 Lung dissociation for flow cytometry 

Alveolar epithelial cells were isolated using previously described protocols 

(Messier, Mason, & Kosmider, 2012). Briefly, after lungs were cleared of blood by 

perfusion with PBS, as described for the tissue harvest procedure above, 3mL of dispase 

(25 U/ml, 37C) was instilled into the lungs through the trachea followed with instillation 

of 0.5 ml of 1% low melting agarose into the lungs. Agarose was hardened by adding ice 

on top of the lungs for 2 minutes. Lung lobes were then separated and incubated in 1 ml 

of dispase for 6 minutes at 37C. Each lung lobe was minced in DMEM containing 
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penicillin G, streptomycin, L-glutamine, HEPES and DNase I (120 U/ml), followed by a 

rotating incubation for 10 minutes at r.t. The cells were then filtered sequentially through 

100 and 40 um strainers and centrifuged. The cells were incubated with red blood cell 

lysis buffer for 1 minute on ice and washed with PBS containing 5% BSA and 0.5 M 

EDTA. For immune cell flow cytometry, lungs were dissociated with a 

collagenase/DNase I solution, as previously described (Lechner et al., 2017; Y. Wang et 

al., 2017). Lung lobes were cut into small pieces by scalpel blade and then incubated in 5 

ml of digestion solution containing collagenase type I (3mg/ml), DNase I (80U/mL), 10% 

FBS, and 2-ME (0.055 mM) for 45 minutes at 37C. Flow cytometry was performed on a 

BD LSRII and sorting was performed on a BD INFLUX. 

 

2.7 Immunostaining for flow cytometry 

Dissociated cells were blocked with CD16/CD32 Fc receptor block at 1:100 for 

20 minutes. After washing with PBS, cells were incubated with fluorophore-conjugated 

antibodies for 1 hour. For live cell staining, LIVE/DEAD Fixable Aqua Dead Cell Stain 

Kit was added along with fluorophore-conjugated antibody mix at a 1:1000 dilution. 

Cells were washed twice with PBS, placed in FACS buffer containing 1% BSA and 

0.05% sodium azide in PBS, and then assessed using a LSRII (BD). Analysis was 

performed using FlowJo (10.4.2). 
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2.8 Gene expression and microarray analysis 

qPCR analysis was performed using TRIzol-isolated RNA, which was used to 

generate cDNA using random hexamer primers and Superscript III RT. For microarray 

analysis, total RNA was extracted form 6- to 8-week-old SPC-CreERT2, Rosa26-mTmG 

GFP+ cells at 0 and 8 dpi, and SPC-CreERT2, Yap floxed, Taz floxed, Rosa26-mTmG 

GFP+ cells at 8 dpi, converted to cDNA and used on Affymetrix Mouse Gene 1.0 ST 

arrays. Data were analyzed using Affymetrix Microarray Suite 5.0, Significance Analysis 

of Microarray (SAM), and the Empirical Bayes Analyses of Microarrays (EBAM). Genes 

with 1.5-fold or greater changes over that of the experimental mean at P<0.01 (ANOVA) 

were considered significant. All original microarray data were deposited in the NCBI’s 

Gene Expression Omnibus database (GEO GSE86027). Hierarchical clustering was 

performed using Gene Cluster 3.0. Gene Ontology (GO) associations and relative P 

values were determined using the ToppGene Suite (https://toppgene.cchmc.org). The 

following primer pairs were used: 

Yap: 

F: TGGGAGATGGCCAAGACATC R: CATGTTGTTGTCTGATCGTTGTGA 

Taz: 

F: CAGAAACTGCGGCTTCAGAG R: GTTTCCATGGGGAGCTGTC 

Ctgf: 

F: AACCGCAAGATCGGAGTG R: TGCTTTGGAAGGACTCACC 

Cyr61: 

F: TGAGTTAATCGCAATTGGAA F: GTGGTCTGAACGATGCATTTC 

https://toppgene.cchmc.org/
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Birc5: 

F: AAGGAATTGGAAGGCTGGG R: TTCTTGACAGTGAGGAAGGC 

Birc2: 

F: TGTCTCAGTACTTTTGAATGCTGAA R: AGGGCCATTCTATTCTTCCG 

Fgf1: 

F: AGGATCCTTCCTGATGGCAC R: CCGGTCTCCGTACCCTTTAT 

Fgfr3: 

F: CACACATCCAGTGGCTGAAG R: CCACATTCTCACTGATCCAGG 

Wnt3a: 

F: AGGAGTGCCAGCACCAGTTC R: CATGGACAAAGGCTGACTCC 

Bmp4:  

F: TTCAAGATTGGCTCCCAAGA R: AAAACGACCATCAGCATTCG 

Tgfb2: 

F: GGAGTCACAACAGTCCAGCC R: AATGTAAAGAGGGCGAAGGC 

Egfr: 

F: GCCATCCTGTCCAACTATGG R: GATGGGGTTGTTGCTGAATC 

Ccnd1: 

F: TTCCTCTCCAAAATGCCAGA R:AGGGTGGGTTGGAAATGAAC 

Nfkbia 

F: GGAAGTCATTGGTCAGGTGAAG R:GTTGGTGATCACAGCCAAGT 

Nfkbib 

F: CCCAGAGAACGAAGAGGAGC R: GACAGCTACATGGAGTGGGG 
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Nfkb1 

F: CCGGGAGCCTTAGTGAGA R: CTTTGCAGGCCCCACATAGT 

Cxcl3: 

F: GAGACCATCCAGAGCTTGAC R: ACTTCTTGACCATCCTTGAGAG 

Ccl21a: 

F: CGAGGCTATAGGAAGCAAGAAC R: TTCCTCAGGGGTTTGCACATAG 

Il1b: 

F: TCTTTGAAGTTGACGGACCC R: AGCTGGATGCTCTCATCAGG 

Gapdh: 

F: TGCACCACCAACTGCTTAG R: CTTCTGGGTGGCAGTGATG 

 

2.9 Western blot 

For extraction of proteins from AECIIs, lungs were dissociated with a dispase 

solution, as described in the procedure of lung dissociation for flow cytometry above. 

AECIIs were further purified using magnetic beads and column isolation, as previously 

described (de Hoon, Imoto, Nolan, & Miyano, 2004). Briefly, cells were incubated with 

CD45 microbeads for 15 minutes at 4C and washed with cold column buffer (PBS 

containing 5% BSA and 0.5M EDTA). Cells were resuspended in cold column buffer and 

applied to MACS LS columns on a MACS separator (Miltenyi Biotec). The flow-through 

cells were blocked with FcR blocking reagent for 10 minutes at 4C, followed by an 

incubation with biotinylated EpCAM antibody for 30 minutes at 4C. Cells were washed 

and incubated with streptavidin Microbeads for 20 minutes at 4C. Cells were resuspended 



 

55 

in cold column buffer and applied to MACS LS columns. The columns were then 

removed from the magnetic separator. The magnetically labeled AECIIs were collected 

by forcing 5 ml of cold column buffer into the column. After centrifugation, AECIIs were 

lysed using RIPA buffer containing protease and phosphatase inhibitors. For extraction of 

proteins from tissues, lungs were homogenized in RIPA buffer using a tissue grinder. 

Protein concentrations were determined using the BCA Protein Assay Reagent Kit (Bio-

Rad). Protein extracts were analyzed on polyacrylamide gels (10%) NuPAGE Bis-Tris 

Gel; Invitrogen) and transferred to nitrocellulose membrane (Bio-Rad). The blots were 

blocked in 5% BSA in TBS for 1 hour at r.t., followed by incubation with primary 

antibody diluted in block overnight at 4C. The blots were washed 3x with TBS 

containing 0.1% Tween 20 (TBST) for 15 minutes and incubated with near-infrared 

fluorophore-conjugated secondary antibodies diluted in TBST for 1 hour at r.t. Signals 

were detected using the Odyssey imaging system (LI-COR Biosciences). 

 

2.10 Cell lines, transfections, and treatments 

Mouse MLE-15 cells (abm Inc., catalog T0495) were grown in DMEM/F12 

containing 2% FBS, 10mM HEPES, and 10 nM hydrocortisone. HEK293T cells were 

purchased from ATCC and grown in DMEM containing 10% FBS. DNA transfections 

were done with X-tremeGENE HP DNA Transfection Reagent (Roche) in antibiotic-free 

medium according to the manufacturer’s instructions. Yap shRNA and scrambled shRNA 

were used as previously described (Tian et al., 2015). Lentiviral particles were prepared 
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by transiently transfecting HEK293T cells with lentiviral vectors together with packaging 

vectors (pMD2-VSVG and psPAX2). 

 

2.11 Plasmids 

Murine Yap was described previously (Park et al., 2016) and subcloned into the 

pCMV-Tag3B vector. Murine Taz was expressed in the pCMV-Sport6 vector (Addgene 

plasmid 27318). Yap-5SA and Taz-S89A plasmids were purchased from addgene 

(plasmid 27371 and 32840). Murine Tead2 cDNA was purchased from OriGene (catalog 

MR223302) and subcloned into the pcDNA3.1(+) vector. NF-NB response luciferase 

reporter was purchased from Promega (catalog E8491). A 1900 bp region of the murine 

INBD, gene enhancer (-8600 to approximately -6700 kb relative to the ATG site) was 

cloned into a pGL3 luciferase reporter vector (Promega, GenBank, catalog U4789). Point 

mutations within the INBD, enhancer-luciferase reporter plasmid was generated using the 

QuikChange Site-Directed Mutagenesis Kit (Stratagene). Sequences of cloning primers 

are provided in Supplemental Table 4. 

 

2.12 ChIP quantitative PCR 

ChIP assays are performed using the EZ-Magna ChIP A/G Chromatin 

Immunoprecipitation Kit (Millipore). An equal amount of chromatin (1x106 cells) was 

used for each precipitation. Cells were crosslinked with 1% formaldehyde for 10 minutes 

at r.t., and the reaction was quenched with the addition of 0.14 M glycine for 5 minutes at 

r.t. Cell pellets were resuspended in SDS lysis buffer (10 mM Tris-HCl, pH 8.0, 10 mM 
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NaCl, 3 mM MgCl2, 1% NP-40, 1% SDS, 0.5% deoxycholic acid, and protease 

inhibitors). Chromatin was sheared using a snonicator (Vibracell) on ice and then 

processed for antibody incubation overnight at 4C. The following antibodies (0.5 ug) 

were used: Tead, Yap and control IgG. Protein A/G agarose beads were added to each 

reaction and incubated for 1 hour at 4C. The agarose beads were washed, and chromatin 

was revere crosslinked and purified according to the manufacturer’s instructions. 4% of 

the precipitated chromatin was used for each PCR reaction. 

 

2.13 Luciferase reporter assay 

MLE-15 cells were seeded on 12-well plate. Cells were transfected with INBD-

luciferase reporter or NF-NB response luciferase reporter together with Renilla luciferase 

reporter plasmid and either the Tead2, Yap, or Taz plasmid. After 24 hours, cells were 

lysed and processed for luciferase assay using the Dual Luciferase Assay System 

(Promega). 

Preparation of nuclear extracts and cell lysates. AECIIs (5x106) were centrifuged 

at 200g for 5 minutes, and the pellet was suspended in 250 ul of hypotonic buffer (10 mM 

HEPES, pH 7.9, 0.1 mM EDTA, 10 mM KCl, protease and phosphatase inhibitor cocktail 

solution, 1X). Cells were incubated at 4C for 15 minutes, which was followed by adding 

12.5 ul of 10% NP40 and vortexing for 10 seconds. After centrifuging at 6,000 g at 4C 

for 10 minutes, cell pellets were suspended in 50ul of nuclear extraction buffer (10 mM 

HEPES-KOH, pH 7.9, 10% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.1 mM EDTA, 

protease and phosphatase inhibitor cocktail solution, 1X). Nuclei were lysed by 
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incubating at 4C for 30 minutes, with vortexing for 15 seconds at 10-minute intervals. 

Lysates were centrifuged at 14,000 g for 10 minutes at 4C. Supernatants were collected, 

and the protein concentrations were measured using the BCA assay. Nuclear protein 

aliquots were stored at -80C. 

 

2.14 Protein cytokine array 

Whole-lung left lobes were isolated and flash frozen in liquid nitrogen. Tissue 

was homogenized in 2 ml PBS per lobe containing cOmplete Mini protease inhibitor 

cocktail (Millipore Sigma). Following homogenization, Triton X-100 was added to a 

final concentration of 1%, then frozen at -20C overnight. Samples were thawed on ice 

and centrifuged at 10,000 g for 5 minutes, and supernatants were collected. A 

standardized BCA protein assay was performed to measure lysate protein concentration 

(Thermo Fisher Scientific, catalog 23225). Purified protein lysates (300 mg) were applied 

to the Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D) Systems, catalog 

ARY006). The chemiluminescence reaction was measured with a Konica Minolta SRX-

101A Medical Film Processor (code no. 1051/1052). Densitometry quantitation was 

performed in FIJI/ImageJ (NIH). 

 

2.15 Hydroxyproline assay 

Lungs were homogenized in 1 ml of PBS and then hydrolyzed in 6 N HCl at 120C 

for 16 hours. After centrifugation at 10,000 g for 5 minutes, the supernatant was 

transferred to a new tube and then processed for dryness by heating the tube at 65C on a 
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hot plate overnight. Oxidation reagent mix (100 ul, 14% chloramine T, 0.24 M citric acid 

monohydrate, 0.2 M acetic acid glacial, 0.53 M sodium acetate trihydrate, 0.85 M sodium 

hydroxide) was added to the crystalline residue in the tube. After incubation at r.t for 20 

minutes, 100 ul of Erlich’s solution was added to the mixture and then processed for 15-

minute incubation at 65C. Absorbance was measured at 550 nm. 

 

2.16 Ashcroft scoring method of estimating severity of pulmonary fibrosis.  

Ashcroft scores were quantified as previously described (Ashcroft, Simpson, & 

Timbrell, 1988). Eight images per sample at various parts of each lung were taken and 

their fibrosis score averaged to get a fibrosis score for the sample as a whole. Each image 

was graded individually based on the Ashcroft criteria. For images that had areas of 

fibrosis and areas of normal lung tissue, a score was given to each section and then 

averaged to yield the fibrosis score of the image. 

 

2.17 Intratracheal instillation in mice 

The procedure was performed as previously described (Starcher & Williams, 

1989). Mice were anesthetized by i.p. injection of ketamine/xylazine mixture, and 

AAV6-INBD or AAV6-GFP or AAV6-null diluted in 50 ul of sterile PBS was instilled 

intratracheally via a 23-guage cannula. The dose was 2.5x1010 vp/animal. 
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2.18 Statistics 

Data are reported as mean r SEM. Multiple groups were compared by 1-way 

ANOVA followed Tukey’s or Dunnett’s post hoc test. Multiple groups with multiple 

time points were compared by 2-way ANOVA, followed by Sidak’s multiple 

comparisons and post hoc tests. Student’s t test was used when comparing 2 experimental 

groups. A P value of less than 0.05 was considered significant. A P value of greater than 

0.05 was considered not significant. All analyses were performed with GraphPad Prism 

7.  

 

2.19 Study approval 

This study was conducted according to the guidelines outlined by the Public 

Health Service Policy on the Human Care and Use of Laboratory Animals. All protocols 

for breeding at experiments with animals were approved by the IACUC at Temple 

University, protocol 4732. 
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CHAPTER 3 

ALVEOLAR EPITHELIAL INJURY AND RECOVERY FOLLOWING 

BACTERIAL PNEUMONIA 
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3.1 Introduction 

Previous studies have illustrated the importance of injury when studying lung 

epithelial regeneration, as there is little cell turnover during homeostasis. Bacterial 

pneumonia is a leading cause of mortality and morbidity worldwide, and despite effective 

antibiotics and vaccines, there is still substantial pulmonary morbidity in susceptible 

individuals (Kumar et al., 2011). Even with antibiotics and vaccines, the mortality rate of 

pneumococcal disease has remained unchanged since the 1950s (Ludwig, Bonanni, 

Rohde, Sayiner, & Torres, 2012). Furthermore, with increasing antibiotic resistance, the 

current treatment and management of bacterial pneumonia may quickly become 

compromised. 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 (Bhowmick et al., 2013). While the virulence of the 

pneumococcus and host factors that contribute to bacterial pneumonia are becoming 

apparent, 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. 

The lung epithelial barrier plays a major role in protecting the alveoli from 

frequent environmental insults. During respiration, the alveoli are necessary for gas 

exchange, and damage to the alveolar epithelium can obstruct this vital process. 

Therefore, the regenerative response of the alveolar epithelium is critical to maintain the 

epithelial barrier from external environments and preserve respiratory function to prevent 

the progression of lung diseases. Models of lung damage in mice have demonstrated that 
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the regenerative processes in the lung involve local stem/progenitor cell populations 

(Giangreco, Reynolds, & Stripp, 2002; C. F. B. Kim et al., 2005; Kumar et al., 2011; J. R. 

Rock et al., 2011). Defects in this process have been linked to severe chronic pathological 

conditions including chronic obstructive pulmonary disease (COPD) and idiopathic 

pulmonary fibrosis (IPF), where the normal reparative capacity of the alveolar epithelium 

has been diminished (Aoshiba & Nagai, 2009; “Definitions, Epidemiology, 

Pathophysiology, Diagnosis, and Staging,” 1995; Jiang et al., 2005; Noble, Barkauskas, 

& Jiang, 2012; Tsuji, Aoshiba, & Nagai, 2006). Alveolar epithelial type II cells (AECIIs) 

which express surfactant protein C (SPC), have been considered to be a primary 

stem/progenitor cell for the alveolar epithelium in both mice and humans (Barkauskas et 

al., 2013; Evans et al., 1973; J. R. Rock et al., 2011). Lineage tracing of SPC+ AECIIs 

demonstrates their capacities of self-renewal and differentiation into AECIs during both 

the homeostatic state and regeneration following injury (Barkauskas et al., 2013; Degryse 

& Lawson, 2011; Peng et al., 2015; J. R. Rock et al., 2011).  

Besides their stem/progenitor capacities, AECIIs have immune-modulatory 

functions. AECIIs release cytokines and chemokines that recruit leukocytes to the sites of 

injury/infection and activate these cells to mount an immune response (Fehrenbach, 2001; 

Manicone, 2009). Dysregulated immune responses have been implicated in a variety of 

inflammatory and fibrotic conditions affecting humans. In some types of pulmonary 

fibrosis, patients have abnormal alveolar structure with a loss of AECIs and accumulation 

of immune cells (Kawanami, Ferrans, & Crystal, 1982; Ludwig et al., 2012; Todd, 

Luzina, & Atamas, 2012). The mechanisms for the failure of AECI regeneration are not 
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clear, however. One explanation for the loss of AECIs is the loss of local stem/progenitor 

cells, the sources for generating new AECIs, after injury. However, this stem-progenitor 

cell loss may not 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 (Vaughan et al., 2015). Those findings 

imply that non-stem/progenitor cell loss-specific mechanisms are responsible for the 

impaired lung regeneration that occurs in fibrotic lungs. In this chapter, we show that 

mice infected with Streptococcus pneumoniae strain T4 (SpT4) have injuries exclusively 

in lung alveoli, with loss of AECIs and AECIIs and increased infiltration of immune 

cells. This is followed by rapid resolution of lung inflammation and alveolar epithelial 

regeneration via the proliferation of pre-existing SPC+ AECIIs and their differentiation 

into AECIs. 

 

3.2 Results 

3.2.1 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 5x106 CFU. SpT4 infection 

causes direct infection of the lower respiratory tract and acute bacterial pneumonia in 

mice, as indicated in previous reports (Malley et al., 2006; Y. Wang et al., 2017). Lungs 

were harvested at 2, 4, 7, and 14 days post-infection (dpi) and analyzed by histology 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 
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with an antibody specific for the SpT4 capsule and TUNEL staining, individually (Figure 

2, A-C). In contrast, their levels were reduced after 2dpi, as seen by the gradual decrease 

in SpT4+ and TUNEL+ numbers within the alveolar region by 14 dpi. To determine 

pneumococci clearance 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 2B). 

Substantial destruction of alveolar epithelial cells was observed, as evidenced by a 

significant loss of cell type-specific markers for AECIs (T1D) and AECIIs (SPC) at 2, 4, 

and 7 dpi (Figure 2A). By 14 dpi, the number of those cell populations returned to the 

basal level (Figure 2, D and E). The damage and recovery of lung epithelium during 

bacterial pneumonia were specific to the alveolar region, as there were no significant 

changes in the expression of airway epithelial cells, including club cells (CC10), ciliated 

cells (ETubulin IV), and basal cells (p63) (Figure 3). 

 

3.2.2 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 

EdU and were sacrificed after a 3-hour labeling period. The frequency of EdU 

incorporation was determined on sectioned lungs by co-labeling with an antibody against 

SPC (AECII) (Figure 4A). A transient increase of DNA synthesis was observed in 

AECIIs, with a peak labeling index of 7% r 0.3% occurring at 4 dpi (Figure 4B). 
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 We next performed genetic lineage tracing of adult SPC+ AECIIs using the SPC-

CreERT2, Rosa26-mTmG mouse line. Mice were administered 3 i.p. injections of 

tamoxifen at 0.2 mg/g per dose to induce GFP expression in SPC+ AECIIs. Mice were 

then infected with SpT4 at 14 days after the last tamoxifen treatment. Lungs were 

analyzed by immunohistochemistry and flow cytometry. Differentiation of AECIIs to 

AECIs was measured by co-immunostaining for lineage-labeled AECII marker (GFP) 

and AECI marker (T1D) (Figure 4C). We examined AECII-to-AECI differentiation by 

quantifying the percentage of GFP+ alveolar surface area covered by AECII-derived 

AECIs (GFP+T1D+) on sectioned lungs. There were no significant changes between non-

infected and SpT4-infected lungs within 6 dpi. However, we observed a significant 

increase in the level of AECII-to-AECI differentiation (GFP+T1D+) at 7 dpi and onwards 

(Figure 4D and Figure 5). Consistent with this finding, FACS analysis showed a 

significant increase in the percentage of AECIs derived from pre-existing (lineage-

labeled) AECIIs (GFP+T1D+) at 7 dpi compared with that in non-infected lungs. At 14 

dpi, the level of GFP+T1D+ was elevated by 4.7 r 0.4-fold compared with that at 7 dpi. 

(Figure 4E). 

  It has been postulated that inflammatory cells are essential drivers of tissue repair 

and regeneration. However, correlations between persistent lung inflammation and 

decreased lung regeneration have been observed in both various animal injury models 

and human patients. To assess the lung inflammatory responses and their association with 

alveolar epithelial regeneration, we characterized the immune phenotypes in mouse lungs 

during bacterial pneumonia. Consistent with previous reports, high levels of 
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inflammatory response were observed in the lung, as evidenced by the significant 

increase in the number of immune cells (CD45+) within 7 dpi including T lymphocytes 

(CD3+), alveolar macrophages (CD11c+CD64+), and neutrophils (Ly6g+) (Figure 6, A-

E). Yet the accumulation of inflammatory cells in the lung waned over time, as seen by 

the decrease in the number of those cell populations by 14 dpi. Mouse lungs exhibited 

profibrotic lesions at 7 dpi but recovered form SpT4 infection without the acquisition of 

lung fibrosis at 14 dpi, as evidenced by Masson's trichrome staining and hydroxyproline 

assay on lung tissue lysates (Figure 6, F and G). The transient accumulation of lung 

inflammatory cells was accompanied by the loss of AECIs and the increase of profibrotic 

lesions, while the resolution of inflammatory cells coincided with the time frame of AECI 

recovery, AECII-to-AECI differentiation, and regression of profibrotic lesions in the lung 

(Figure 6, H-J); thus implying that resolution of lung inflammation was closely 

associated with alveolar epithelial regeneration. 

 

3.3 Summary 

 Bacterial pneumonia has long been associated with lung damage, but how the host 

recovers from lung damage and the potential role of lung regeneration versus fibrosis has 

not been fully understood. Here, we investigated the recovery from bacterial pneumonia 

in mice infected by SpT4. We found that mice had massive tissue damage exclusively in 

the lung alveoli during bacterial pneumonia and that the loss of epithelial cells was 

correlated with increased immune cell infiltration and fibrotic legions. Mice that 

recovered from pneumococcal infection lacked detectable lung fibrosis suggesting that 
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considerable regeneration of lung tissue had occurred. Numerous studies have 

demonstrated alveolar epithelial regeneration after injury involving SPC+ AECIIs 

(Hogan et al., 2014) (See Chapter 1). Here we showed that pre-existing SPC+ AECIIs 

had increased proliferation within 7 dpi. We also showed that pre-existing SPC+ AECIIs 

differentiated into AECIs at sites of damaged lung alveolar during 7-14 dpi, coinciding 

with the time frame when inflammation was resolving in the lung (Figure 8). Given the 

important contributes of AECIIs in lung repair and regeneration, we next wanted to 

determine the molecular mechanisms underlying AECII activities in intact tissue. 
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3.4 Figures and Figure Legends 

 

 



 

70 

3.4.1 Figure 2. Alveolar epithelial injury and recovery in SpT4-infected mice. Lung 

tissues were collected at 0, 2, 4, 7, and 14 dpi with SpT4. (A) Immunostaining of lung 

sections with antibodies to the type 4 capsule of SpT4, T1D, 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 

a quantitative culture of colonizing pneumococci. (C) Quantification of cell apoptosis by 

counting TUNEL+ cells on lung sections. (D) Lung cells were dissociated, and T1D+ 

cells were quantified as a percentage of total CD45- cells by flow cytometry. (E) 

Quantification of the number of SPC+ cells on lung sections. N t 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. 

 

 

 

 



 

71 

 

3.4.2 Figure 3. Characterization of SpT4-infected airway epithelial cells. (A) 

Immunostaining of lung sections with antibodies to CC10 (green), ETubulin IV (red), and 

p63 (green). Cell nuclei were stained with DAPI (blue). Arrows in p63/DAPI images 

indicated p63+ cells. 
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3.4.3 Figure 4. Alveolar epithelial regeneration in mouse lungs during bacterial 

pneumonia. (A) Schematic of experimental design (left) and confocal images of lung 

sections at 0 dpi and 4 dpi. AECIIs in DNA synthesis phase were detected using Click-iT 

EdU Alexa Fluor (green) and co-immunostaining with an antibody against pro-SPC 

(SPC) (red). Cell nuclei were stained with DAPI (blue). (B) quantification of EdU+SPC+ 

cells as a 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 
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differentiation was visualized by co-immunostaining with antibodies against GFP 

(lineage-labeled AECIIs) and T1D (AECIs). Arrowheads point to regions double-positive 

for GFP and T1D. (D) Quantification of percentage of GFP+T1D+ area of total GFP+ 

area per field using ImageJ. (E) Flow cytometry analysis of dissociated lung cells 

showing the percentage of GFP+T1D+ cells of total T1D+ cells at indicated time points. 
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3.4.4 Figure 5. Alveolar Epithelial Regeneration Time Course. (A) Schematic 

illustrating lineage tracing from AECII-to-AECI cells following injury. (B) Schematic of 

SPC-CreERT2, Rosa26-mTmG mouse with the experimental design for lineage tracing 

pre-existing SPC+ AECII cells. (C) Lineage tracing of SPC+ AECIIs following SpT4 

infection. Adult SPC-CreERT2, Rosa26-mTmG mice were treated with 3 doses of 

tamoxifen (i.p.) to label SPC+ AECIIs. Fourteen days after the last tamoxifen treatment, 

mice were infected with SpT4. Lung tissues sections were obtained at progressive dpi and 

immune-stained with antibodies to GFP (green) and T1D (red) and DNA counterstain 

(DAPI, blue). Scale bars: 50 um. 
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3.4.5 Figure 6. Inflammatory resolution in mouse lungs after SpT4 infection. (A) 

Quantification of the number of inflammatory cells (CD45+) in the lung using flow 

cytometry (n=3-15 per group). (B) Immunostaining of lung sections with antibody 

against CD3 (red), with nuclei labeled by DAPI (blue). (C) Quantification of the number 

of T cells (CD3+CD45+) in the lung using flow cytometry. (D) Flow cytometry of 

dissociated lung cells at 7 dpi were performed by gating on CD11c+CD64+CD45+ cells 

(left panel). (E) Flow cytometry of dissociated lung cells at 7 dpi were performed by 

gating on Ly6G+CD45+ cells (left panel). Quantification of the number of Ly6G+CD45+ 

cells in the lung (right panel). (F) Lung sections were stained with Alcian blue and clear 

face red. (G) Quantification of collagen level on lung tissue lysates using hydroxyproline 

assay. (H-K) Graphics depict the overall trend of lung inflammatory resolution versus 

either bacteria (H), AECI (T1D+) cell recovery (I), AECII-to-AECI differentiation (J), or 

fibrotic lesion regression (K). (C-E): n=4-19 per group; (G): n=3-4 per group. **P < 0.01; 

***P < 0.0001, 1-way ANOVA. Scale bars: 50 um (B-and F-bottom panel); 500 um (F-

top panel) 
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3.4.6 Figure 7. FACS Gating Scheme for Epithelial and Inflammatory Cells. Gating 

Scheme for AECI cells (CD45-T1D+GFP-), Lineage Labeled AECII cells (CD45-T1D-

GFP+), AECII-derived AECI (CD45-T1D+GFP+), Total Immune Cells (CD45+), 

Neutrophils (CD45+Ly6G+), T Cells (CD45+CD3+), Helper T cells 

(CD45+CD3+CD4+CD8-), cytotoxic T cells (CD45+CD3+CD4-CD8+), T regulatory 

cells (CD45+CD3+CD4+CD8-CD25+) and alveolar macrophages 

(CD45+CD64+CD11c+). 
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3.4.7 Figure 8. Model depicting Infection, Injury, and Resolution of the alveolar 

epithelium following SpT4 induced bacterial pneumonia.  
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CHAPTER 4 

YAP AND TAZ REGULATE ALVEOLAR REGENERATION AND 

RESOLUTION OF LUNG INFLAMMATION FOLLOWING BACTERIAL 

PNEUMONIA 
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4.1 Introduction 

 In addition to defining the progenitor cell populations that are important for 

alveolar repair and regeneration, determining the mechanisms that regulate progenitor 

cell functions in response to injury are also critical. Although still controversial, basal 

cells, club cells, submucosal gland duct cells, AECIs, AECIIs, BASC and LNEP (a6b4 

cells) have demonstrated the potential to proliferate and differentiate into other lineages 

both in vivo and in vitro (Hogan et al., 2014; Kotton & Morrisey, 2014). These cells 

represent a majority of epithelial cells found in the lung, suggesting that almost any 

epithelial cell in the lung is capable of becoming a stem/progenitor cell depending on the 

type, severity, and location of injury in the lung. Since the lung utilizes multiple cell 

types to promote repair and regeneration, understanding the mechanisms that regulate 

progenitor cell function in the lung is becoming increasingly important. 

The molecular mechanisms underlying lung alveolar regeneration have been 

studied in adult mice following pneumonectomy (Lechner et al., 2017). Regeneration of 

lung alveoli depends on an increased inflammatory state in the lung, a process that 

requires the recruitment of monocytes and macrophages into the lung alveoli. It is unclear 

how inflammatory responses that generally lead to lung regeneration in acute injury are 

absent in fibrotic lungs with persistent inflammatory responses. Previously, we showed 

that AECIIs are a significant progenitor cell population following S. pneumoniae 

infection to regenerate the alveolar epithelium. Here we show that nuclear expression of 

Yap and Taz, the mediators of the Hippo signaling pathway, were markedly increased in 

AECIIs following SpT4 infection. Since Yap and Taz have previously been reported to 
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affect cellular functions such as proliferation, cell survival, stem cell maintenance, 

regeneration as well as inflammation (Harvey, Zhang, & Thomas, 2013); we wanted to 

further investigate their role in AECIIs during alveolar epithelial regeneration and 

resolution of lung inflammation in response to bacterial pneumonia induced injury. 

 

4.2 Hippo Signaling Pathway 

The hippo pathway, a relatively new cellular signaling module, was first 

discovered in 1995 from a screen for suppressors of tissue growth in drosophila (Oh & 

Irvine, 2010; Pan, 2010); and was later found the be conserved in mammals (X. Varelas, 

2014). Functionally, the hippo pathway can regulate cellular processes, including 

proliferation, differentiation, and cell death, all of which are important when analyzing 

tissue repair and regeneration (Harvey et al., 2013; Johnson & Halder, 2013; Moroishi, 

Hansen, & Guan, 2015). The hippo pathway functions as a Serene/Threonine kinase 

cascade that regulates the downstream effector proteins Yap and Taz (Taz, also known as 

WWTR1) (X. Varelas, 2014). When the Hippo pathway is on, phosphorylated MST1/2 

phosphorylates the kinases LASTS1/2, which in turn phosphorylates the proteins Yap and 

Taz (Hansen, Moroishi, & Guan, 2015). When Yap and Taz are phosphorylated, their 

nuclear translocation is inhibited, and are either sequestered in the cytoplasm by 14-3-3 

proteins or degraded (Hansen et al., 2015; Pan, 2010; X. Varelas, 2014). When the Hippo 

pathway is turned off, LATS1/2 are not phosphorylated and therefore not activated, and 

unphosphorylated Yap and Taz can translocate into the nucleus where they can bind other 

transcription factors to transcribe Yap and Taz target genes (Hansen et al., 2015).  
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The hippo pathway can respond to multiple upstream signals, including 

mechanical changes, cellular stress, extracellular stimuli, adhesion changes, polarity, and 

recently inflammation. These signals can regulate the Hippo pathway kinase cascade by 

activating or inhibiting MST1/2 or LATS1/2, and in turn, regulate Yap and Taz 

phosphorylation. Besides for phosphorylation by upstream kinases, Yap and Taz can also 

be regulated by various scaffolding components through sequestration, protein stability 

and transcriptional regulation (Bae et al., 2015, p. 4; DeRan et al., 2014; Heidary Arash, 

Song, Song, Shiban, & Attisano, 2014; Lignitto et al., 2013; Salah, Melino, & Aqeilan, 

2011). Interestingly, many of these proteins that can sequester Yap and Taz in the 

cytoplasm also act as scaffolding proteins during Hippo pathway inactivation (Yap/Taz 

activation).  

In addition to understanding upstream components that can regulate Hippo 

pathway signaling and Yap/Taz phosphorylation, the role of the Hippo pathway 

downstream effectors are still being discovered. Yap and Taz have been shown to play a 

part in many major signaling systems including GPCR (Bao et al., 2011; Feng et al., 

2014; G. Liu et al., 2015; Miller et al., 2012; Mo et al., 2014; Fa-Xing Yu et al., 2014, 

2012), Wnt (Azzolin et al., 2012; Barry et al., 2013; Konsavage, Kyler, Rennoll, Jin, & 

Yochum, 2012; Xaralabos Varelas et al., 2010), TGFb (Hiemer, Szymaniak, & Varelas, 

2014; Serrano, McDonald, Lock, Muller, & Dedhar, 2013; Xaralabos Varelas et al., 

2008), EGF (Fan, Kim, & Gumbiner, 2013; Haskins, Nguyen, & Stern, 2014, p. 1; Reddy 

& Irvine, 2013; J. Zhang et al., 2009), Notch (Camargo et al., 2007; Y. Li, Hibbs, Gard, 

Shylo, & Yun, 2012; Rayon et al., 2014; Tschaharganeh et al., 2013), and TLR signaling 



 

83 

(B. Liu et al., 2016). Currently, the most studied role for Yap and Taz is their role in 

regulating transcription. Yap and Taz do not contain a DNA binding domain, and 

therefore, function as transcription cofactors in the nucleus (Hansen et al., 2015). To date, 

TEAD transcription factors appear to be the primary mediator of Yap/Taz targeted 

transcriptional regulation, but other transcription factors appear to play roles under 

specific scenarios or in specific cell types (Liu-Chittenden et al., 2012; Ota & Sasaki, 

2008; Vassilev, Kaneko, Shu, Zhao, & DePamphilis, 2001; W. Zhang et al., 2014; B. 

Zhao et al., 2008). Some other transcription factors that have been shown to complex 

with Yap/Taz-TEAD or just Yap/Taz alone are SMADs, p63, RUNX, and PAX, making 

the pool of genes that can be regulated by Yap or Taz extremely large and diverse. Yap 

and Taz regulate TEAD transcriptional activity through chromatin remodeling (Oh et al., 

2013; Skibinski et al., 2014) by recruiting methyltransferase complexes into the 

proximity of the transcription factors, leading to increased histone methylation and 

opening of the chromatin (Oh et al., 2014; Qing et al., 2014).  

Although chromatin remodeling appears to be the primary mechanism for 

Yap/Taz-TEAD mediated transcriptional regulation, it is unclear how Yap/Taz interact 

with other transcription factors. In some situations, Yap/Taz can also act as co-repressors, 

even when complexed with TEAD transcription factors, further complicating how these 

transcriptional cofactors regulate gene expression (Beyer et al., 2013; M. Kim, Kim, 

Johnson, & Lim, 2015). Lastly, Yap and Taz can also regulate miRNA processing, 

adding additional complexity and diversifying the pool of genes which are affected by 

Yap and Taz (Chaulk, Lattanzi, Hiemer, Fahlman, & Varelas, 2014; Mori et al., 2014; 
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Tumaneng et al., 2012). As the mechanisms that regulate Yap and Taz, as well as the 

resulting processes that occur from Yap and Taz activation, are not entirely understood, 

we wanted to further define these mechanisms in a model of lung disease and 

regeneration.  

 

4.3 Results 

4.3.1 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 receptor signaling, 

JAK/STAT, and p38 signaling were all induced in SpT4-infected mice (Figure 10). 

Quantitative reverse transcriptase PCR (qRT-PCR) analysis confirmed increased 

expression of Yap and Taz, the two paralogous transcriptional coactivators of the Hippo 

pathway (X. Varelas, 2014; F.-X. Yu & Guan, 2013), 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 (0 dpi) (Figure 11). Inhibition of Hippo 

signaling leads to nuclear Yap/Taz localization and activity (X. Varelas, 2014; F.-X. Yu 

& Guan, 2013). Nuclear Yap/Taz expression was not detected in AECIIs of noninfected 

lungs (Figure 12A). However, we observed increases in nuclear Yap/Taz protein levels in 
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AECIIs before (4 dpi) and during (7 dpi) differentiation towards AECIs (Figure 12A). 

Western blot confirmed higher levels of Yap/Taz protein in AECIIs purified from lungs 

at 7 dpi compared with those from noninfected lungs (Figure 12B). Moreover, nuclear 

locations of Yap/Taz proteins were also elevated in AECIIs at 7 dpi compared with 

noninfected AECIIs, as quantification 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 7 dpi than in noninfected AECIIs (Figure 

12B). 

 

4.3.2 Yap/Taz deletion in AECIIs impairs alveolar epithelial regeneration 

and causes prolonged fibrotic lesions during bacterial pneumonia.  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 adult mouse lungs with tamoxifen-inducible Yap/Taz 

gene deletion in SPC+ AECIIs. SPC-CreERT2, Yapf/f, Tazf/f, Rosa26-mTmG mice were 

administrated with tamoxifen i.p. to delete Yap and Taz in SPC+ AECIIs (referred to 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 (Figure 11B). 

To gain insight into the role of Yap/Taz in AECIIs in the steady-state adult lung, 

we quantified the survival, self-renewal, and differentiation of lineage-labeled SPC+ 

AECIIs at 9 days and 12 weeks after tamoxifen administration. We lineage labeled 
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AECIIs by generating SPC-CreERT2, floxed Yap/Taz, Rosa26-mTmG mice so that GFP 

reporter could be used to label and trace AECIIs in which Yap/Taz had been deleted. We 

found no detectable changes in GFP+ cell apoptosis, as assessed by TUNEL staining at 9 

days and 12 weeks after tamoxifen administration (Figure 11, C and 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% r 0.10% vs. 1.45% r 0.1%; P < 0.001; Figure 11E) The 

decreased AECII cell cycle progression in Yap/Taz mutant mice was also observed by 

immunostaining of sectioned lungs for the cell cycle marker Ki67 (0.30% r 0.09% vs. 

1.80% r 0.09%; Yap/Taz mutant vs SPC-CreERT2, Rosa26-mTmG control, respectively; 

P < 0.001; Figure 11F). By 12 weeks after tamoxifen administration, there were no 

significant differences in the percentage of lineage-labeled AECIIs that were EdU+ 

(EdU+GFP+) between Yap/Taz mutant and control mice (0.16% r 0.02% vs. 0.18% r 

0.08%; Figure 11E). However, the level of Ki67+GFP+ was still lower in Yap/Taz 

mutant mice than that in control mice (0.76% r 0.09% vs. 1.44% r 0.4%, P < 0.01; 

Figure 11F). Quantification 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 differentiated into AECIs (GFP+T1D+) at 12 weeks after 

tamoxifen administration compared with control mice (1.68% r 0.25% vs. 2.70% r 

0.10%; P < 0.05; Figure 11G). Histological analysis showed Yap/Taz mutant mice had 

normal alveolar structures at 4 weeks after tamoxifen administration but exhibited patchy 

distribution of subtle interstitial infiltrates in the alveolar septa at 12 weeks after 
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tamoxifen administration (Figure 11H). FACS analysis revealed that Yap/Taz mutant 

lungs at 12 weeks after tamoxifen administration had increased numbers of inflammatory 

cells (CD45+) compared with SPC-CreERT2 control lungs (Figure 11I). This data 

indicated that deletion of Yap/Taz in adult SPC+ AECIIs led to decreased AECII 

proliferation and AECII-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 the loss of Yap/Taz contributed to the alveolar epithelial 

injury in vivo, Yap/Taz mutant mice were exposed to SpT4-induced lung injury. Yap/Taz 

mutant mice had little difference in AECI or lineage labeled AECII cell numbers, as 

showed by IHC and western blot at 4 dpi (Figure 13A). Furthermore, although not 

significant, there appeared to be a trend in increased club cells within the lung 

parenchyma in Yap/Taz mutant lungs at 4 dpi (Figure 13A). TUNEL staining illustrated 

that there was significantly increased apoptotic cells in Yap/Taz mutant lungs compared 

to controls 4 dpi (P = 0.04). Lastly, there was no difference in bacterial load within the 

lung parenchyma at 1dpi (Figure 13B). Next, we wanted to determine whether Yap/Taz 

contributed to alveolar epithelial regeneration in vivo following 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 

(Figure 14A). 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 

(Figure 15B), indicating more damage to lung tissue integrity in Yap/Taz mutant mice. 
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SPC-CreERT2 control mice started to regenerate AECIs (T1D+) and AECIIs (SPC+) 

within a week after SpT4 infection and had full recovery of those cell populations by 14 

dpi. (Figure 2, D and E and Figure 15, 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 15, A and B). Yap/Taz mutant 

mice developed severe fibrotic lesion 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-CreERT2 control 

mice (Figure 15, C-E). Fibrotic lesions regressed over time, as seen by the gradual 

decrease in Ashcroft score and collagen burden by 56 dpi in Yap/Taz mutant lungs 

(Figure 15, D and E, and Figure 14C). Lungs of single Yap mutant mice developed minor 

fibrotic lesions at 14 dpi, while the lungs of single Taz mutant mice recovered from 

bacterial pneumonia without the acquisition of fibrotic lesions at 14 dpi (Figure 14D). We 

focused on Yap/Taz mutant mice in this study, since single mutant mice had minor or no 

phenotypes in response to SpT4 infection. 

To determine the causes of impaired alveolar epithelial regeneration observed in 

Yap/Taz mutant mice, we profiled bacterial lung loads by measuring CFU. We found no 

differences in bacteria numbers in lung homogenates and blood serum from Yap/Taz 

mutant mice compared with SPC-CreERT2 controls after SpT4 infection (Figures 13B 

and 14, E, and F). We next evaluated the effects of Yap/Taz deletion on the process of 

alveolar epithelial damage. Tunnel staining of lung sections showed no differences in the 
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number of cells between Yap/Taz mutant and control lungs (Figure 14, 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 

fibrotic lung lesions during bacterial pneumonia.  

To determine how Yap/Taz might contribute to alveolar epithelial regeneration, 

we examined their effects on AECII proliferation and AECII-to-AECI differentiation 

(Figure 16A). 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 EdU+ or Ki67+ (Figure 

16, B and C). At 14 dpi, 24.1% r 2.1% of total lineage-labeled GFP+ cells in control 

lungs were T1D+ (GFP+T1D+). In contrast, GFP+T1D+ cells were reduced by 72.6% 

(6.6% r 2.1%) in Yap/Taz mutant lungs (Figure 16, D-F), indicating decreased AECII-to-

AECI differentiation in Yap/Taz mutant lungs. The AECII-to-AECI differentiation defect 

was persistent in Yap/Taz mutant lungs, as the levels of AECIs derived from lineage-

labeled AECIIs (GFP+T1D+) were still significantly lower in Yap/Taz mutant lungs at 56 

dpi than in SPC-CreERT2, Rosa26-mTmG control lungs (Figure 16F). Collectively, these 

data indicated that loss of Yap/Taz in AECIIs diminished alveolar epithelial regeneration 

derived from pre-existing SPC-expressing AECIIs and led to prolonged fibrotic lesions in 

the lung during bacterial pneumonia. 

 

4.3.3 Yap/Taz regulates AECII inflammatory responses by targeting INBD. 

To understand the underlying mechanisms for these observations, we performed 
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microarray analysis on lineage labeled AECIIs (GFP+) isolated from Yap/Taz mutant and 

SPC-CreERT2 control lungs at 8 dpi. After normalization of data sets, we used 

ToppGene to identify pathways that were induced for 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 regulation of cell differentiation, inflammation response, leukocyte 

chemotaxis, and lipid metabolic process were all induced in Yap/Taz mutant mice 

(Figure 17). qRT-PCR confirmed decreased expression of Yap, Taz, and Yap/Taz -

dependent target genes, including Ctgf, Cyr61, Birc5, and Birc2, in GFP+ AECIIs of 

Yap/Taz mutant mice at 7 dpi compared with those of SPC-CreET2 control mice (Figure 

18A). The expression of several markers associated with positive regulation of cell 

proliferation and differentiation, including Fgf1, Fgfr3, Tgfb2 Wnt3a, Bmp4, and Egfr, 

was significantly reduced in GFP+ AECIIs of Yap/Taz mutant mice (Figure 18A). 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 Nfkb1 itself was unchanged, expression of Nfkb1 repressor genes Ikba 

(Nfkbia) and Ikbb (nfkbib) was significantly decreased in Yap/Taz mutant GFP+ AECIIs 

(Figure 18A). In contrast, the expression of NF-Nb-dependent target genes, including 

Cxcl3 and Ccl21a, was significantly increased in Yap/Taz mutant GFP+ AECIIs (Figure 

18A). We detected a significant increase in IL1E protein, a cytokine known to expand 

differentiation T cells (Sims & Smith, 2010), in BALF from Yap/Taz mutant mice at both 
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7 dpi and 14 dpi compared with that form SPC-CreERT2 control mice (figure 18B). 

Cytokine array on lung tissue lysates showed the higher levels of cytokines, including 

IL1E as well as CXCL9, a T cell chemotactic cytokine (Ochiai et al., 2015, p. 9), in 

Yap/Taz mutant mice at 7 dpi and 14 dpi compared with SPC-CreERT2 control lungs 

(Figure 18C and Figure 17, 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 18D). Immunostaining on sectioned lung tissues 

confirmed the increased number of CD3+ T cells located in lung alveoli of Yap/Taz 

mutant mice at 14 dpi (Figure 18, E and F). Interestingly, CD3+ T cells were enriched in 

areas where AECIIs failed to differentiate into AECIs in Yap/Taz mutant lungs (Figure 

18F). In 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-CreERT2 control lungs 

(Figure 17D). In contrast, the number of neutrophils (Ly6G+) was not significantly 

changed in Yap/Taz mutant lungs compared with control lungs (Figure 17D). The effect 

of Yap/Taz mutant AECIIs on lung inflammation waned over time, as seen by the 

equivalent levels of T cells (CD3+) and macrophages (CD11c+CD64+) at 56 dpi between 

Yap/Taz mutant and SPC-CreERT2 controls (Figure 18D and Figure 17D). These results 

indicated that loss of Yap/Taz in AECIIs led to prolonged inflammatory responses in 

lung alveoli during bacterial pneumonia. 

Because Yap/Taz mutant AECIIs had reduced expression of Ikba and Ikbb, we 

hypothesized that an INB/NF-NB pathway drives the inflammatory response in Yap/Taz 



 

92 

mutant lungs during bacterial pneumonia. Given recent identification of the Yap/INB 

signaling axis as a potential means of generating inflammatory repose in drosophila post-

gram (+) bacterial infection (B. Liu et al., 2016), we investigated whether Yap/Taz 

controls INB levels in the mouse lung. Examination of the INbD genomic locus revealed 5 

potential Tead-binding motifs (TBM) within a 10 kb region upstream of the 

transcriptional state site (Figure 19A), while there was no potential TBM in the 10 kb 

region upstream of the Ikbb genomic locus. For the subsequent experiments, we focused 

on INBD because it was shown to be the most efficient INB molecule to control NF-NB 

transcriptional activity in previous studies (Malek, Chen, Huxford, & Ghosh, 2001; 

Simeonidis, Liang, Chen, & Thanos, 1997; Tran, Merika, & Thanos, 1997). 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 TBM1 site of Ikba (Figure 19B). To determine whether the 

TBM1 site was responsive to Tead transactivation, MLE-15 cells were transfected with 

pGL3 luciferase reporter containing the TBM1-3 region along with an expression 

plasmid encoding murine Tead2 (Figure 19C). This study showed that the expression of 

Tead2 transactivated the pGL3-INBD-TBM1-3.luc reporter. Co-expression of Tead2 with 

Yap or Taz further enhanced the transactivation of the pGL3-INBD-TBM1-2.luc reporter 

(Figure 19C). In contrast, the expression of Tead2 did not activate the pGL3-INBD-

TBM1-3 mutant.luc reporter in which TBM1 was mutated (Figure 19C). 
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INBD has previously been shown to be required for inhibiting NF-NB-mediated 

inflammatory response in the lung (Skerrett, 2004), raising the possibility that the 

regulation of INBD expression by Yap/Taz may affect NF-NB transcriptional activity. To 

test this hypothesis, AECIIs from adult mouse lungs were cultured for 48 hours in the 

presence of a Yap shRNA lentivirus that inhibited Yap expression (Tian et al., 2015). 

Gene expression analysis showed that expression of Yap shRNA reduced the expression 

of INBD in AECIIs compared with scrambled shRNA lentivirus-treated AECIIs (Figure 

17e). Analysis of NF-NB transcriptional activity showed that Yap shRNA-treated AECIIs 

had higher levels of NF-NB transcriptional activity compared with scrambled shRNA-

treated or nontreated control AECIIs (Figure 19D). Moreover, AECIIs purified from 

Yap/Taz mutant mice at 7 dpi showed higher levels of NF-NB transcriptional activities 

than those from SPC-CreERT2 control mice (Figure 19E). In contrast, overexpression of 

Yap or Taz in AECIIs using Yap-5SA or Taz-S89A adeno-associated virus type 6 

(AAV6), which had the best transfection affinity for AECII cells (Figure 20), led to 

increased Ikba expression and decreased NF-NB transcriptional activity compared with 

AAV6 GFP-treated AECIIs (Figure 17, E and F). To determine whether Yap/Taz-

induced INBD expression affected NF-NB signaling, MLE-15 cells were transfected with 

the NF-NB response luciferase reporter. This study showed that the expression of Yap 

shRNA led to increased transactivation of the NF-NB response luciferase reporter. In 

contrast, overexpression of Yap or Taz reduced the transactivation of the NF-NB response 

luciferase reporter (Figure 19F). These results indicated that Yap/Taz regulated NF-NB 

response by targeting INBD in AECIIs (Figure 19G). 
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4.3.4 INBD overexpression promotes inflammatory resolution and alveolar 

epithelial regeneration in Yap/Taz mutant lung. To determine whether the loss of 

INBD expression was responsible for the prolonged inflammatory response and delayed 

alveolar epithelial regeneration observed in Yap/Taz mutant mice, we restored INBD 

expression in Yap/Taz mutant lungs using the AAV6 vector for the expression of murine 

INBD. We first evaluated whether intratracheal instillation of AAV6 led to efficient gene 

transfer and expression in AECIIs. Mouse lungs treated with AAV6-GFP at a dose of 2.5 

x 1010 vp/animal exhibited abundant GFP staining in the lung alveolar region and much 

lower staining in the airway epithelium at 48 hours after installation (Figure 21A). In 

lung alveoli, 97.3% r 1.1% of GFP+ cells were SPC+ and less than 2.5% of GFP+ cells 

were CD3+ (Figure 21B). These results indicated that intratracheal instillation of AAV6 

resulted in preferential transduction of SPC+ AECIIs in mouse lungs. Next, Yap/Taz 

mutant mice were administrated with AAV6-INBD at a dose of 2.5 x 1010 vp/animal 

through intratracheal instillation at 7 dpi. Twenty-four hours later, AECIIs were purified 

and performed for gene expression analysis by qRT-PCR. INBD overexpression in 

Yap/Taz mutant lungs restored INBD transcription, while Ikba expression in 

inflammatory cells (CD45+) was unchanged (Figure 21C). Restoration of Ikba expression 

in Yap/Taz mutant lungs was sufficient to inhibit NF-NB-mediated gene expression in 

AECIIs since AAV6-INBD treated AECIIs exhibited decreased expression of NF-NB-

dependent genes (Cxcl3, Ccl21a) compared with PBS treatment (Figure 21C). We 

observed a significant decrease in IL1E protein in BALF from AAV6-INBD-treated 

Yap/Taz mutant mice at 14 dpi (Figure 22, A and B) cytokine array showed that AAV6-
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INBD-treated Yap/Taz mutant lungs at 14 dpi produced lower levels of cytokines, 

including cytokines associated with T cell accumulation (IL1E, CXCL9) and anti-

inflammatory resolution responses (TIMP-1), TREM-1) (Figure 22C and Figure 23, A 

and B). PBS-treated Yap/Taz mutant lungs showed results similar to those of AAV6-null-

treated Yap/Taz mutant lungs showed results similar to those of AAV6-null-treated 

Yap/Taz mutant lungs and were used as the controls in this study (Figure 23, A-C). The 

impairment in inflammatory resolution in Yap/Taz mutant lung was partially recovered 

by ectopic INBD overexpression, as AAV6-INBD treatment on Yap/Taz mutant mice led 

to a significant reduction in the number of CD3+ T cells in the lung at 14 dpi (Figure 

22D). Inflammatory responses were not completely absent in AAV6-INBD-treated 

Yap/Taz mutant lungs, however, as the numbers of neutrophils (Ly6G+) and 

macrophages (CD11c+CD64+) were equivalent between AAV6-INBD-, PBS- and 

AAV6-null-treated Yap/Taz mutant lungs (Figure 23, D and E). 

We next assessed whether the partial inflammatory resolution was sufficient to 

accelerate alveolar epithelial regeneration and regression of fibrotic lesions in Yap/Taz 

mutants. Analyses of lung sections by immunostaining and flow cytometry showed 

AAV6-INBD-treated Yap/Taz mutant lungs exhibited significant improvement in the 

recovery of AECIs at 14 dpi compared with PBS- or AAV6-null-treated Yap/Taz mutant 

lungs (Figure 23, E-G, and Figure 22C). Moreover, AAV6-INBD treatment led to 

improved lung tissue integrity in Yap/Taz mutant mice as gauged by the total protein 

measurement in their BALF (Figure 23H and Figure 22C). The regenerated AECIs in 

AAV6-INBD-treated Yap/Taz mutant lungs were not associated with the differentiation 
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of pre-existing SPC+ AECIIs into AECIs. AECII-to-AECI differentiation (GFP+T1D+) 

in AAV6-INBD-treated Yap/Taz mutant lungs was equivalent to that in PBS-treated 

Yap/Taz mutant lungs (Figure 24, A-C), suggesting non-lineage labeled AECIIs 

contributed the recovered AECIs. We measured Ashcroft scores in trichrome-stained 

lung sections and collagen burden in lung tissue lysates at 14 dpi and found a significant 

decrease in fibrotic lung lesions in AAV6-INBD-treated Yap/Taz mutant mice compared 

with PBS- or AAV6- mull-treated mice (Figure 22, I-K, and Figure 23C). Together, these 

findings indicated that restoration of INBD expression in Yap/Taz mutant lung promoted 

inflammatory resolution and accelerated alveolar epithelial regeneration and regression of 

fibrotic lung lesions during bacterial pneumonia.  

 

4.4 Summary 

 AECIIs synthesize and secrete surfactant as well as proliferate and differentiate 

into AECIs after injury to maintain the integrity of the alveolar wall. AECIIs also secrete 

cytokines and chemokines under appropriate stimulation, showing their role in 

modulating immunologic activity in the alveolar space. Given the vital contribution of 

AECIIs in lung repair and regeneration, it is critical to determine the molecular 

mechanisms underlying AECII activities in intact tissues. In this chapter, we showed that 

the hippo pathway effectors Yap and Taz expression and nuclear activity increased in 

AECIIs following bacterial pneumonia. Yap and Taz regulated AECII activities, 

including their proliferation, differentiation into AECIs, and inflammatory response both 

during homeostasis and during the regeneration phase following bacterial pneumonia 
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induced injury. Our data demonstrates that Yap and Taz are essential for the proliferation 

and differentiation of AECII cells into AECI cells following injury. 

 We also illustrate a previously unknown function for Yap and Taz in negatively 

regulating AECII mediated inflammation. The gram-positive pathogen streptococcus 

stimulation of AECIIs to affect inflammatory cytokine/chemokine production required 

the activation of Yap, Taz, and INBD. We found that INBD was transcriptionally 

regulated by Yap/Taz-Tead complex in AECIIs. Therefore, Yap/Taz-dependent functions 

are associated with the termination of NF-NB-dependent transcription of inflammatory 

genes through the induction of INBD expression. Loss of Yap/Taz removed a “brake” on 

AECII activation and increased expression of inflammatory genes, leading to elevated 

local inflammation and enhanced accumulation and persistence of inflammatory cells and 

fibrosis in the lung.   

 Restoration of the Yap/Taz target INBD, the inhibitor of NF-NB, promoted the 

resolution of lung inflammation and alveolar epithelial recovery following bacterial 

pneumonia. Interestingly, this recovery was not due to pre-existing lineage labeled AECII 

cells, and that the rescuing effects of INBD did not improve AECII-to-AECI 

differentiation. This would suggest that non-lineage labeled SPC+ AECIIs contributed 

the regenerated AECIs and that Yap and Taz are necessary for AECII progenitor cell 

functions. Overall, these results demonstrate three critical roles for epithelial regeneration 

following bacterial pneumonia: 1. Yap and Taz are necessary for AECII mediated 

progenitor cell functions in the alveoli. 2. Yap and Taz promote resolution of NF-NB 

mediated inflammation through the production of the NF-NB inhibitor INBD. And 3. 
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Inflammation, although necessary for clearance of bacteria, has a negative effect on 

epithelial progenitor cell functions and a deleterious role in the epithelial cell niche. 

Based on these findings, we want to further analyze the role of inflammation, in the 

absence of hippo signaling, on AECII progenitor cell functions. 
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4.5 Figures and Figure Legends 

4.5.1 Figure 9. Schematic of the hippo signaling pathway. 
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4.5.2 Figure 10. Microarray analysis of AECII cells during bacterial pneumonia. 

(Top) Comparison of Up-regulated genes in control lineage labeled AECII cells at 0 and 

8 dpi illustrating the upregulation of the hippo signaling pathway. (Middle) Comparison 

of down-regulated genes between SPC-CreERT2, Rosa26-mTmG, and SPC-CreERT2, 

Yapf/f Tazf/f, Rosa26-mTmG (Yap/Taz Mutant) AECII cells. (Bottom) Comparison of up-

regulated genes between SPC-CreERT2, Rosa26-mTmG, and SPC-CreERT2, Yapf/f 

Tazf/f, Rosa26-mTmG (Yap/Taz Mutant) AECII cells. 

 

ID Name p-value q-value Bonferroni q-value FDR B&H q-value FDR B&Y Hit Count in Query List Hit Count in Genome
749777 Hippo signaling pathway 5.72E-03 1.00E+00 3.89E-02 3.39E-01 50 154
M19784 T Cell Receptor Signaling Pathway 6.58E-03 1.00E+00 4.32E-02 3.76E-01 19 47
P00038 JAK/STAT signaling pathway 4.52E-03 1.00E+00 3.28E-02 2.85E-01 9 16
692234 PI3K-Akt signaling pathway 4.20E-03 1.00E+00 3.10E-02 2.69E-01 101 342
P05918 p38 MAPK pathway 4.12E-03 1.00E+00 3.07E-02 2.67E-01 16 36
138031 Syndecan-2-mediated signaling events 4.17E-03 1.00E+00 3.08E-02 2.68E-01 15 33
138036 FoxO family signaling 3.57E-03 1.00E+00 2.74E-02 2.39E-01 20 48
138024 TGF-beta receptor signaling 4.90E-04 1.00E+00 5.64E-03 4.90E-02 23 51
1269594 Signaling by Wnt 4.59E-04 1.00E+00 5.47E-03 4.76E-02 106 340
138001 mTOR signaling pathway 2.84E-05 9.53E-02 5.57E-04 4.85E-03 29 61
M5489 IL 6 signaling pathway 6.24E-05 2.10E-01 1.11E-03 9.66E-03 14 22

ID Name p-value q-value Bonferroni q-value FDR B&H q-value FDR B&Y Hit Count in Query List Hit Count in Genome
GO:0008284 positive regulation of cell proliferation 7.40E-62 3.06E-58 1.53E-58 1.36E-57 62 924
GO:0043066 negative regulation of apoptotic process 1.57E-03 1.00E+00 1.97E-02 1.83E-01 41 905
GO:0030334 regulation of cell migration 2.09E-08 1.26E-04 2.29E-06 2.12E-05 49 742
GO:0045595 regulation of cell differentiation 2.86E-07 1.72E-03 2.12E-05 1.97E-04 83 1699
GO:0048286 lung alveolus development 5.41E-03 1.00E+00 4.82E-02 4.47E-01 6 58
GO:0035329 hippo signaling 4.28E-05 2.57E-01 1.19E-03 1.10E-02 7 35

ID Name p-value q-value Bonferroni q-value FDR B&H q-value FDR B&Y Hit Count in Query List Hit Count in Genome
GO:0006954 inflammatory response 4.61E-04 1.00E+00 1.63E-02 1.48E-01 31 711
GO:0030595 leukocyte chemotaxis 8.17E-07 4.16E-03 1.22E-04 1.12E-03 18 200
GO:0045596 negative regulation of cell differentiation 6.18E-07 3.14E-03 9.53E-05 8.68E-04 38 694
GO:0006629 lipid metabolic process 9.40E-07 4.78E-03 1.36E-04 1.24E-03 60 1377

Down-regulated genes in Yap/Taz mutant GFP+ cells at 8dpi  compared with Ctrl GFP+ at 8dpi 

Up-regulated genes in Yap/Taz mutant GFP+ cells at 8dpi  compared with Ctrl GFP+ at 8dpi 

Analysis of gene ontology features in microarray data 
Up-regulated genes in Ctrl GFP+ cells at 8dpi  compared with Ctrl GFP+ at 0dpi 
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4.5.3 Figure 11. Effects of Yap/Taz deletion in adult SPC+ AECIIs during 

homeostasis. (A) Adult SPC-CreERT2, Rosa26-mTmG mice were treated with 3 doses 

of tamoxifen to label SPC+ AECIIs. Fourteen days after the last tamoxifen treatment, 

mice were infected with SpT4. Mouse lung epithelial cells were isolated at 0 dpi and 7 

dpi and processed for FACS analysis. FACS-sorted GFP+ AECIIs were used for RNA 

isolation and qRT-PCR analysis. (B) qRT-PCR results showing Yap, Taz, Ctgf, Cyr61 

mRNA levels in FACS-sorted GFP+ AECIIs from SPC-CreERT2, Rosa26-mTmG mice 

or SPC-CreERT2, Yap/Taz mutant, Rosa26-mTmG mice at 0 dpi. (C) Schematic of 

experimental design for studies performed in (D-H). (D) Quantification of cell apoptosis 

in the lung by counting TUNEL+ cell numbers on lung sections (>= 10 randomly 

selected fields per animal). (E) Quantification of cell proliferation as the percentage of 

EdU+GFP+ cells of total GFP+ cells on lung sections. (F) Quantification of cell 

proliferation as the percentage of Ki67+GFP+ cells of total GFP+ cells on lung sections. 

(G) Confocal images of lung sections at 12 weeks after tamoxifen treatment with 

immunostaining of anti-GFP (green) and anti-T1D (red), and DNA counterstain (DAPI, 

blue). Asterisks indicate regions double-positive for GFP and T1D. The percentage of 

GFP+T1D+ of total GFP+ cells by FACS analysis was graphed (right panel). (H) Images 

of lung sections with hematoxylin and eosin (H+E) staining at 4 weeks and 12 weeks 

after tamoxifen treatment. (I) Flow cytometry of dissociated lung cells at 12 weeks after 

tamoxifen treatment were performed by gating on CD45+ cells. Quantification of CD45+ 

live cell numbers was graphed (right panel). * P < 0.05; ** P < 0.01; *** P < 0.001; **** 

P < 0.0001, 2-way ANOVA (D-F) and student's t-test (A, B, G, I). (E) and (F) Ten fields 
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per animal and ~ 800 GFP+ cells per animal were analyzed. (A-I): n=3-6 per group. Scale 

bars: 20 um (G); 50 um (H). 
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4.5.4 Figure 12. Alveolar Yap/Taz expression in mouse lungs during bacterial 

pneumonia. (A) 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). (B) Western blot using lung tissue 

lysates at 0 dpi or purified AECIIs at 0 and 7 dpi, blotted with anti-Yap, anti-pYap 

(Ser127), anti-Taz, anti-pTaz (S89), and anti0b-actin. Histograms showed an average of 

total Yap or Taz normalized to b-actin (loading control), together with the average ratio 

of pYap/Yap and pTaz/Taz. N>=4 per group (B). (C) MLE-15 cells were transfected with 

a Tead luciferase for 48 hours then infected with SpT4. (D) qRT-PCR of MLE-15 cells 

cultured with SpT4 analyzing Yap/Taz target genes Cyr61 and Ctgf. (E) Schematic of 
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Taz genomic locus showing potential NF.B binding sites (NBS) *P< 0.05; **P< 0.01; 

****P < 0.0001, 1-way ANOVA (D) and student's t-test (B). Scale bars: 10 um. 
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4.5.5 Figure 13. Phenotype of Yap/Taz mutant lung injury following bacterial 

pneumonia. (B) Immunostaining with antibodies against T1D (AECIs) GFP (lineage-

labeled AECIIs), CC10 (Club) as well as TUNEL staining at 4 dpi between SPC-

CreERT2 controls and SPC-CreERT2, Yap/Taz Mutant mice with quantificaitons on the 

right. (B) Immunostaining with antibodies against SpT4 capsule at 1 dpi (left) and CFU 

assay of whole lung tissue at 20 hours post-SpT4 infection (right). 

  



 

108 

 

 

4.5.6 Figure 14. Effects of Yap/Taz deletion in adult SPC+ AECIIs during bacterial 

pneumonia. (A) Mice infected with SpT4 were weighed daily, and the percentage 

change in weight from the baseline was graphed. For 0-14 dpi, n=16 per group; for 21 
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and 56 dpi, n=4-5 per group. (B) Bronchoalveolar lavage fluids (BALF) were obtained 

from SpT4-infected mice to measure levels of protein (n=3-9 per group). (C) Mouse lung 

sections at 56 dpi were stained with Alcian blue and nuclear fast red. (D) Mouse lung 

sections at 14 dpi were stained with Alcian blue and nuclear fast red. The graph on the 

right is showing fibrotic lung lesions quantified by measuring the Ashcroft score (n=3-4 

per group). (E) Bacterial loads in lung homogenate measured by CFU plating. (F) Mouse 

blood serum was obtained and plated for quantitative culture. (G) Mouse lung sections at 

7 dpi with TUNEL staining to indicate apoptotic cells. Arrows indicated TUNEL+ cells. 

(H) Cell apoptosis was quantified by counting TUNEL+ cells on lung sections (>= 10 

randomly selected fields per animal). *P < 0.05; **P < 0.01; ***P< 0.001; ****P< 

0.0001, 2-way ANOVA (A, B, E, F, H) and 1-way ANOVA (D). Scale bars: 50 um (C, 

D, G). 
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4.5.7 Figure 15. Phenotypes of Yap/Taz mutant lungs during bacterial pneumonia. 

(A) Immunostaining of lung sections with nuclei labeled by DAPI (blue) and antibodies 

to T1D (red) or pro-SPC (SPC) (green). (B) Lung cells were dissociated ant T1D+ cells 

were quantified as a 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) Ashcroft 
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score and (E) hydroxyproline assay (n = 3-4 per group). *P < 0.05; **P < 0.01; ***P < 

0.001; ****P < 0.0001, 2-way ANOVA. Scale bars: 50 um (A, C [bottom panel]); 500 

um (C [top panel]). 
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4.5.8 Figure 16. 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 AECIIs) 

(green), and co-labeling 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). (C) Confocal image of lung section from SPC-CreERT2, Rosa26-mTmG 
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mouse at 7dpi 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 sections at 14 dpi with nuclei labeled by 

DAPI (blue) and antibodies against GFP (green) and T1D (red). Asterisks indicate 

regions double-positive for GFP and T1D. (E) Lung cells were dissociated, and flow 

cytometry was performed by gating on GFP+T1D+. 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+T1D+ cells of total T1D+ cells. The numbers in the bottom right gates 

represent all T1D+ cells of total live CD45- cells. (F) Quantification of GFP+T1D+ cells 

as the percentage of GFP+T1D+ of total T1D+ 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). 
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4.5.9 Figure 17. Inflammatory responses in Yap/Taz mutant lungs. (A) Heatmap for 

microarray gene expression data of FACS-sorted GFP+ AECIIs from SPC-CreERT2, 

Rosa26-mTmG, and Yap/Taz mutant lungs at 8dpi. (B) Blot images of cytokine array 

from whole lung lysates at 0, 7, and 14 dpi. (C). Quantification of cytokine protein levels 

by densitometry (n=1 per group). (D) Flow cytometry of dissociated lung cells was 

performed by gating on CD11c+CD64+CD45+ or Ly6G+CD45+ cells (left panels). 

Quantification of the number of CD11c+CD64+CD45+ and Ly6G+CD45+ cells int eh 

lung at 0, 7, 14 and 56 dpi (right panels). (E) AECIIs were purified from adult wild-type 

mice and cultured with either scrambled shRNA (sc shRNA) lentivirus, Yap shRNA 

lentivirus, AAV6-GFP, AAV6-Yap-5SA, or AAV6-Taz-S89A. Forty-eight hours after 

infection, RNAs were isolated and processed for qRT-PCR analysis (n=3 per group). (F) 

Adult wild-type mouse AECIIs were purified, cultured, and infected with either AAV6-

GFP or AAV6-Yap-5SA or AAV6-Taz-S89A. Forty-eight hours after infection, cells 

were processed for NF-NB transcription activity measurement (n=4 per group). *P < 

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, 2-way ANOVA (D) and 1-way 

ANOVA (E, F) and Student's t-test (E). 
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4.5.10 Figure 18. Inflammatory responses in Yap/Taz mutant mice. (A) GFP+ 

AECIIs at 7 dpi were sorted by FACS and analyzed by qRT-PCR (n = 4 per group). (B) 

BALF was analyzed for IL-1E by ELISA assay (n = 4-6 per group). (C) Cytokine assay 

showed protein levels of IL-1E and CXCL9 in mouse lung lysates (n = 1 per group). (D) 

Flow cytometry of dissociated lung cells was performed by gating on CD3+CD45+ cells, 

and quantification of the total number of CD3+CD45+ cells in the lung was graphed (n = 

3-10 per group). (E). Confocal images of lung sections at 14 dpi with nuclei labeled by 

DAPI (blue) and antibodies to GFP (green) and CD3 (red). Scale bars: 20 um. (F) 

Quantification of the number of CD3+ cells as the ratio of CD3+ cell number versus 

GFP+ area per field using ImageJ (n = 3-5 per group). *P < 0.05; **P < 0.01; ***P < 

0.001; ****P < 0.0001, Student's t-test (A) and 2-way ANOVA (B, D, F).  
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4.5.11 Figure 19. Regulation of Yap/Taz on INBD expression and NF-NB 

transcriptional activity in AECIIs. (A) Schematic of INBD genomic locus showing 

potential Tead binding sites (TBM) in the 10 kb upstream of the INBD transcription start 

site. (B) Chromatin from MLE-15 cells was immunoprecipitated with either Tead or Yap 

antibody, and qRT-PCR results were graphed (n = 3). (C) MLE-15 cells were transfected 

with pGL3 vector containing an INBD-TBM1-3 or an INBD-TBM1-3 mutation, in which 

TBM1 was mutated, along with the expression plasmid encoding either murine Tead2 or 

Yap or Taz. Twenty-four hours after transfection, cells were processed for luciferase 
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activity measurement (n = 3-6 per group). (D) Adult WT mouse AECIIs were purified, 

cultured, and infected with either Yap shRNA lentivirus or scramble shRNA lentivirus or 

were given no treatment. Forty-eight hours after lentiviral infection, cells were processed 

for NF-NB transcription activity measurement. (E) AECIIs were purified from mouse 

lungs at 0 dpi and 7 dpi, and their NF-NB transcriptional activity was graphed. (F) MLE-

15 cells were infected with either Yap shRNA lentivirus or scramble shRNA lentivirus or 

were given no treatment. Forty-eight hours after lentiviral infection, cells were 

transfected with NF-NB luciferase vector containing NF-NB response elements, along 

with an expression plasmid encoding either murine Yap or Taz. Twenty-four hours after 

transfection, cells were processed for luciferase activity measurement (n = 3). (G) 

Schematic model of interacting Yap/Taz and INBD/NF-NB in AECIIs. *P < 0.05; **P < 

0.01; ***P < 0.001; ****P < 0.0001, 1-way ANOVA (B, C, D, F) and 2-way ANOVA 

(E). 
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4.5.12 Figure 20. Adeno-associated virus (AAV) infection efficiency on mouse AECII 

cells. IHC images depicting infection efficiency on cultured AECII cells between AAV1-

9-GFP. Note the best infection efficiency for AAV6-GFP on AECII cells in vitro. Scale 

bars: 200 um.  
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4.5.13 Figure 21. AAV6-mediated gene expression in Yap/Taz mutant lungs. (A) 

Schematic of experimental design and immunostaining on lung sections with antibody to 

GFP (green) and DNA counterstain (DAPI, blue). Dashed white lines indicated the 

airway. Percentage of GFP+ cells localized in parenchyma or airway of total GFP+ cells 

were graphed. (B) Images of lung sections with immunostaining of anti-pro-SPC (SPC) 

(red, top panel), anti-GFP (green), anti-CD3 (red, bottom panel) and DNA counterstain 

(DAPI, blue). Arrows indicated SPC+GFP+ cells. The percentage of SPC+GFP+ or 

CD3+GFP+ cells of total GFP+ cells were graphed. (C) AECIIs (CD45-EpCAM+) and 
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CD45+ were purified from adult mouse lungs at 24 hours after AAV6-INBD or PBS 

treatment. RNAs were isolated and processed for qRT-PCR analysis (n=3-4 per group). 

(D) Schematic of experimental design and survival rate of Yap/Taz mutant mice after 

treatment with either PBS, AAV6-GFP, or AAV6-INBD. ***P < 0.001; ****P < 0.0001, 

Student's t-test (A, B) and 1-way ANOVA (C). Scale bars: 50 um (A and B).  
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4.5.14 Figure 22. Inflammatory resolution and alveolar epithelial recovery in 

Yap/Taz mutant lungs with AAV6-INBD treatment. (A) Schematic of experimental 

design for B-K. (B) BALF was analyzed for IL-1E by ELISA assay (n = 4-5 per group). 
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(C) Cytokine assay showed protein levels of IL-1E and XCXL9 in mouse lung lysates (n 

= 1 per group). (D) Flow cytometry of dissociated lung cells was performed by gating on 

CD3+CD45+ cells, and quantification of the total number of CD3+CD45+ cells in the 

lung at 14 dpi was graphed (n = 5-6 per group). (E) Immunostaining of lung sections at 

14 dpi with nuclei labeled by DAPI (blue) and antibody to T1D (red). White dashed lines 

indicate T1D- region in the lung. (F) Flow cytometry of dissociated lung cells was 

performed by gating on T1D+CD45- cells. (G) Quantification of the percentage of 

T1D+CD45- cells of total CD45- cells in the lung at 14 dpi (n = 4-5 per group). (H) 

Quantification of total protein in BALF at 14 dpi (n = 5-6 per group). (I) Lung sections at 

14 dpi were stained with Alcian blue and nuclear fast red. (J) Quantification of Lung 

fibrotic regions at 14 dpi using the Ashcroft scoring method (n = 4-6 per group). (K) 

Quantification of collagen level on lung tissue lysates at 14 dpi using hydroxyproline 

assay (n = 4 per group). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, 1-way 

ANOVA. Scale bars: 50 um. 
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4.5.15 Figure 23. Rescue effects of AAV6-INBD treatment in Yap/Taz mutant lungs. 

(A) Blot images of cytokine array from whole lung lysates at 14 dpi. (B) 

Quantification of cytokine protein levels by densitometry (n = 1 per group). (C) PBS-

treated Yap/Taz mutant lungs showing similar results as AAV6-null-treated Yap/Taz 
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mutant lungs at 14 dpi, including IL-1E protein level in BALF using ELISA assay, 

number of CD3+ cells and percentage of T1D+ cells using flow cytometry, BAALF total 

protein level using BCA assay, and collagen content in lung tissue lysates using 

hydroxyproline assay (n = 4-6 per group). (D) Flow cytometry of dissociated lung cells 

was performed by gating on Ly6G+CD11c-CD45+ cells (top panels) or 

CD11c+CD64+CD45+ cells (bottom panels) at 14 dpi. (E) Quantification of the number 

of Ly6G+CD45+ and CD11c+CD64+CD45+ cells in the lung at 14 dpi. (n = 5-12 per 

group). *P < 0.05; **P < 0.01, Student's t-test (C) and 1-way ANOVA (E).  
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4.5.16 Figure 24. Effects of AAV6-INBD treatment on AECII differentiation in 

Yap/Taz mutant lungs. (A) Confocal images on lung sections at 14 dpi with 

immunostaining of anti-GFP (green), anti-T1D (red), and DNA counterstain (DAPI, 

blue). Scale bars: 20 um. Asterisks indicate regions double-positive for GFP and T1D. 

(B) Flow cytometry of dissociated lungs was performed by gating on GFP+ T1D+ cells at 

14 dpi. The number in the top left gate represented all GFP+ cells of total live CD45- 

cells. The number int eh top right gate represented GFP+T1D+ cells of total T1D+ cells. 

The number in the bottom right gate represented all T1D+ cells of total live CD45- cells. 

(C) Quantification of percentage of GFP+T1D+ of total T1D+ cells (left panel) or total 

GFP+ cells (right panel) (n = 5-10 per group). *P < 0.05; **P < 0.01; ****P < 0.0001, 1-

way ANOVA. 
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4.5.17 Figure 25. Schematic illustrating the molecular mechanisms of Yap and Taz 

in AECII cells during bacterial pneumonia. 

 

 

 

 

 

 

 

Mst1

Hippo Pathway (AECII)

Lats2

Yap/Taz Yap/Taz

Mob1b

P

SpT4 Injury

(Cytoplasm)

Yap/Taz
TEAD

IkBa p50 p65
(NFκB)

Immune Cell 
Infiltration

Inflammatory Cytokines 
& Chemokines

Alveolar Fibrosis

Alveolar Epithelial
Repair and Regeneration

Yap/Taz
TEAD

Yap/Taz-Tead Target Genes

Nucleus

P

P

AECII Proliferation and
AECII-to-AECI Differentiation



 

130 

4.5.18 Figure 26. Model depicting differences of infection, injury, and resolution of 

the alveolar epithelium between wild-type and Yap/Taz mutant mice. 
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CHAPTER 5 

REGULATION OF LUNG ALVEOLAR EPITHELIAL CELL 

DIFFERENTIATION BY T CELLS 
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5.1 Introduction 

Models of lung damage in mice have demonstrated that the regenerative processes 

in the lung involve local stem/progenitor cell populations (Hogan et al., 2014; Kotton & 

Morrisey, 2014). During bacterial pneumonia, alveolar epithelial type II cells (AECIIs) 

act as an alveolar epithelial progenitor cell population that is capable of proliferation and 

differentiation into AECI cells in response to injury (LaCanna et al., 2019). Besides their 

stem/progenitor capacities, AECIIs also have immune-modulatory functions 

(Fehrenbach, 2001; Manicone, 2009). AECIIs release cytokines and chemokines that 

recruit leukocytes to the sites of injury/infection and activate these cells to regulate an 

immune response. Dysregulated immune responses have been implicated in a variety of 

inflammatory and fibrotic conditions affecting humans and in some types of pulmonary 

fibrosis, an accumulation of immune cells is seen along with abnormal alveolar structure 

and loss of AECI cells (Gereke et al., 2007; Kawanami et al., 1982; Todd et al., 2012). 

During infection of the lungs, the initial inflammatory response is necessary to 

protect the host and eliminate invading pathogens. Furthermore, recent studies in adult 

mice following pneumonectomy have illustrated an essential role of the immune system 

during alveolar regeneration, even in the absence of invading pathogens (Lechner et al., 

2017). Following pneumonectomy injury, regeneration of the lung alveoli depends on an 

increased inflammatory state of the lung, a process that required the recruitment of 

monocytes and macrophages into the alveoli. Although the initial immune response is 

necessary to eliminate invading pathogens and promote tissue regeneration, inflammation 

can also cause immunopathology, and ideally, its timely resolution ensures that it is self-

limiting. In humans, persistent inflammatory responses are often detected in diseased 

lungs, suggesting a potential target amenable to intervention. 
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In the previous chapters, we showed that mice infected with SpT4, the most 

common pathogen of community-acquired pneumonia, had injuries exclusively in the 

lung parenchyma, with loss of AECI and AECII and increased infiltration of immune 

cells (LaCanna et al., 2019). This was followed by alveolar epithelial regeneration via 

differentiation of pre-existing surfactant protein C (SPC) expressing AECII and AECI. 

This increase in AECII-to-AECI differentiation was correlated with an up-regulation of 

nuclear protein levels of Yap and Taz in AECII, which were necessary for AECII 

progenitor cell functions (LaCanna et al., 2019). Additionally, we noted T cell infiltration 

peaked at 7 days post-infection (7 dpi) when mouse lungs were the most injured 

(LaCanna et al., 2019). Regeneration of alveolar epithelial cells and resolution of fibrosis 

was inversely correlated with T cell infiltration in the alveoli. Loss of Yap and Taz in 

AECII cells inhibited their ability to turn off pro-inflammatory signaling resulting in 

increased and persisting T cells as well as increased fibrosis and decreased epithelial 

regeneration (LaCanna et al., 2019). Our previous work suggests that T cells negatively 

impact the ability of lung epithelium to regenerate following injury; however, their exact 

role during lung regeneration is still not clear. Here, we show that CD4/CD8 T cells play 

an essential role in regulating AECII differentiation capacity, in part, by modulating 

Yap/Taz nuclear activity in AECII.  
 

5.2 Results 

5.2.1 Alveolar epithelial injury regeneration corresponds with the resolution 

of T cell response following bacterial pneumonia. We used S. pneumoniae strain T4 

(SpT4) to infect mice by intranasal inhalation causing alveolar epithelial cell loss, 

transient fibrosis, and an acute inflammatory response within the lung parenchyma 

(Figure 27 A-E) (Chapters 3-4). Regeneration of the alveolar epithelium requires the 
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resolution of inflammation, specifically, the resolution of T cells within injured areas of 

the lung for AECII cells to differentiate into AECI cells and restore lung function (Figure 

27 F-K) (Chapter 4). Since AECII-to-AECI differentiate inversely correlates with the 

reduction of alveolar T cells, we next wanted to investigate further the role T cells may 

have on AECII-mediated alveolar repair and regeneration in the absence of Yap/Taz 

signaling inhibition.  

 

5.2.2 Persistent T cell response following bacterial pneumonia inhibits 

AECII-to-AECI differentiation. Since we have shown that reduced AECII mediated 

regeneration is correlated with increased T cell presence within injured regions of the 

alveoli, we next wanted to determine if T cell persistence alone would affect alveolar 

regeneration following bacterial pneumonia. SPC-CreERT2, Rosa26-EYFP mice were 

administered two doses of tamoxifen by i.p. fifteen and fourteen days before SpT4 

infection. Starting at 7 days post-infection (dpi), mice were given 1ug murine IL-1E per 

day for seven days before being sacrificed at 14dpi. IL-1E has been reported as a 

significant cytokine important for T cell activation (both CD4 and CD8) (Ben-Sasson et 

al., 2013, 2009); additionally, we previously showed that loss of Yap/Taz, which results 

in increased T cell persistence also leads to increased IL-1E levels within the lung 

parenchyma (LaCanna et al., 2019). In addition to IL-1E or saline treatment, mice were 

also given anti-CD3 antibody to block T cell activation and migration to the lungs, or 

anti-IgG controls. At 14 dpi, mice were sacrificed, and lungs were collected for FACS 

analysis (Figure 28A). FACS analysis illustrated that IL-1E treatment caused an increase 
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in the number of CD3+CD45+ T cells within the lung parenchyma, which was 

significantly reduced with administration of anti-CD3 antibody (Figure 28B). Further 

analysis of the T cell subsets, T helper cells (CD4+) and cytotoxic T cells (CD8+), 

showed increases in both of these T cell populations in the lung parenchyma following 

IL-1E treatment compared to saline controls and anti-CD3 treated mice (Figure 28C-D). 

FACS analysis indicated there was no difference between neutrophils (CD45+Ly6G+, 

Figure 28G) at 14 dpi, but a decrease in alveolar macrophages (CD11c+CD64+CD45+) 

was seen compared to IL-1E treated mice (Figure 28F). Macrophage numbers were 

unaffected by the administration of anti-CD3, indicating IL-1E may play a role in 

inhibiting macrophage migration into the lung, which has been shown to play essential 

roles in alveolar regeneration during pneumonectomy (Lechner et al., 2017). IL-1E 

treatment significantly reduced the number of lineage labeled AECII cells (GFP+) that 

co-expressed T1D at 14 dpi which was rescued when mice were also treated with anti-

CD3 antibody (Figure 28E); illustrating T cells, not IL-1E or macrophages, were the 

major inhibitory factor for AECII-to-AECI differentiation in vivo. Together, this data 

suggests that activated T cells can inhibit AECII mediated lung regeneration following 

bacterial pneumonia. 

 

5.2.3 Co-Culture of T cells with AECII cells inhibits AECII-to-AECI 

differentiation. Since IL-1E treatment and increased T cells persistence in the lung 

following bacterial pneumonia correlated with decreased AECII-to-AECI differentiation, 

we next wanted to determine further the specific role T cells have on AECII mediated 
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regeneration. To determine the role of T cells on AECII-to-AECI differentiation, AECII 

were isolated from wild type mice and were co-cultured with primary T cells in transwell 

inserts isolated from mouse spleens. T cells were added at three- and five-days following 

plating of AECII cells and activated by the addition of anti-CD3, anti-CD28, and mouse 

IL-2 into the culture media. AECII cells were analyzed at 7 days after culture for markers 

indicating AECII-to-AECI differentiation (Figure 29A). AECII cells cultured in the 

absence of T cells over seven days had increased expression of AECI markers, including 

Hopx, Rage, and Aqp5, as well as reduced expression of AECII markers Spa and Spb 

(Figure 29C). IHC of AECII cells alone further showed increased expression of Hopx by 

7 days in culture (Figure 29B). 

Co-culture of AECII cells with either activated CD8 or activated CD4 T cells 

resulted in decreased expression Hopx, Rage, and Aqp5 as well as decreased HopX 

protein levels (Figure 29B-C). Furthermore, the co-culture of CD4 T cells resulted in 

increased Spa expression, where co-culture of CD8 T cells resulted in increased Spb 

expression (Figure 29C). Together these results indicate that activated T cells may secrete 

cytokines, chemokines, and other growth factors that can inhibit AECII-to-AECI 

differentiation in vitro. AECII cells upregulate expression of Yap, Taz, and Yap/Taz 

target genes Ctgf and Cyr61 during differentiation into AECI cells both in vivo and in 

vitro (Figure 29D and Chapter 4). Following co-culture with activated CD4 or CD8 T 

cells, expression of Yap, Taz, Ctgf, and Cyr61 significantly decreased in vitro (Figure 

29D).  
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Additionally, the expression of inflammatory genes Irf1, Socs3, and Socs1 

significantly increased in vitro (Figure 29E). Our previous work shows that loss of 

Yap/Taz in AECII cells inhibits AECII-to-AECI differentiation both transcriptionally and 

through persistent inflammation. This data further shows that Yap/Taz signaling is 

necessary for AECII-to-AECI differentiation. Furthermore, this data shows that in the 

presence of activated T cells, AECII cells decreased Yap/Taz target gene expression and 

increase AECII mediated inflammation, which we have also shown inhibits alveolar 

regeneration from other epithelial progenitor cell populations. 

 

5.2.4 Impact of T cell cytokines on AECII-to-AECI differentiation. Since 

activated T cells alone can reduce AECII-to-AECI regeneration both in vivo and in vitro, 

we next wanted to determine the mechanisms behind T cell-mediated blockage of AECII 

cell regeneration. AECIIs were isolated from C57BL/6 mouse lungs using dispase 

digestion and MicroBeads binding methods. Mouse cytokines or activated T cells with 

and without anti-cytokine antibodies were added to AECII cells at 3, 6, 9, and 12 days in 

culture (Figure 30A). AECII cells were then collected at 14 days after culture, and gene 

expression for AECII, AECI, and inflammatory genes were assessed (Figure 30B-D). 

Compared to AECII cells cultured alone, AECII cells cultured with IFNJ had 

significantly decreased expression of AECI markers, Hopx, Rage, and Aqp5, as well as 

no change in AECII marker Spb and increased expression of the inflammatory gene 

Socs1 (Figure 30B). Similarly, IL-17A caused significantly decreased expression of 

HopX, Rage, and Aqp5 in AECII cells as well as no decrease in the AECII marker Spb; 
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however, IL-17A did not cause increased Socs1 expression in AECII cells in vitro (Figure 

30B). IL-4 did not affect the expression of any genes mentioned above (Figure 30B). 

 IFN-J is produced by activated CD8+ T cells in vivo. Since the co-culture of AECII cells 

with activated CD8+ T cells or AECII cells cultured with IFNJ resulted in decreased 

expression of AECI cell markers, we wanted to further analyze the effects of activated 

CD8 T cells on AECII differentiation in vitro. AECII cells were cultured with activated 

CD8 T cells with or without anti-IFNJ antibodies to neutralize the effects of INF-J on 

AECII cells (Figure 30C). Similar to previous data, AECII cells cultured with activated 

CD8 T cells had reduced expression of the AECI markers, Hopx, Rage, and Aqp5 (Figure 

30C). Additionally, no difference was seen between Spb expression, and the 

inflammatory gene Socs1 was significantly increased. Treatment of co-culture systems 

with anti-IFNJ to neutralize the IFN-J effect on AECII cell differentiation showed that 

cells treated with IFNJ had significantly increased expression of AECI marker genes; 

however, neutralization of IFNJ was not sufficient to completely rescue AECII-to-AECI 

differentiation seen in AECII cells co-cultured with vehicle alone, but it was sufficient to 

rescue expression of Socs1 completely (Figure 30C). These results illustrate that activated 

T cells inhibit AECII mediated regeneration, in part, through their secretion of the 

inflammatory cytokine IFNJ in vitro. 

 Since our data illustrate that both activated CD8 T cells and CD4 T cells can 

inhibit AECII-to-AECI differentiation independent of each other, we next wanted to 

examine the effects of CD4 helper T cell subsets and their effects on AECII-to-AECI 

differentiation in vitro. AECII cells co-cultured with activated Th0 T cells had little 
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difference in AECI marker Hopx or AECII marker Spb compared to vehicle controls 

(Figure 30D). However, AECII cells co-cultured with activated Th1 or Th17 T cells had 

reduced expression of the AECI marker Hopx, and Th1 T cells had increased expression 

of the AECII marker Spb compared to vehicle controls (Figure 30D). Since Th1 T cells 

reduced Hopx expression and increased Spb expression, we next co-cultured AECII cells 

with Th1 T cells in the presence of anti-IFNJ, to neutralize IFNJ, or with anti-IgG 

controls. Similar to results seen by activated CD8 T cells, Th1 T cells since anti-IFNJ had 

rescued expression of Hopx, Spb, and Scos1 compared to anti-IgG controls (Figure 30D).  

Overall this data suggests that IFNJ is a major inflammatory cytokine produced by both 

CD8+ and CD4+ T cells inhibiting AECII mediated regeneration. 

 

5.3 Conclusions 

 As shown in previous chapters, mice infected with SpT4 had injuries exclusively 

in the lung parenchyma, with loss of AECI and AECII and increased infiltration of 

immune cells. This was followed by alveolar epithelial regeneration via differentiation of 

pre-existing SPC-expressing AECII into AECI. This increase in AECII-to-AECI 

differentiation was correlated with the rapid resolution of T cells in lung alveoli. 

Following SpT4 induced lung injury in mice, persistent T cell responses in lung alveoli 

could be induced by administering IL-1E, which caused a dramatic inhibition for AECII-

to-AECI differentiation compared with vehicle-treated lungs. Depleting CD3+ T cells by 

administering anti-CD3 mAb caused improved AECII-to-AECI differentiation in IL-1E 

treated lungs in vivo. This data, along with data from chapter 4, further show that 
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activated T cells, although necessary for bacterial clearance, have a pathological role 

during alveolar regeneration by disrupting the progenitor cell niche and preventing 

AECII-to-AECI differentiation. 

Similarly, to our in vivo data, AECII-to-AECI differentiation was substantially 

inhibited when AECII cells were co-cultured with activated CD4 or CD8 T cells in both 

murine and human model systems in vitro. CD4 or CD8 T cells functioned, in part, by 

suppressing Yap/Taz nuclear activity and enhancing inflammatory gene signaling in 

AECII cells. Activated CD4 or CD8 T cell-released cytokines, including IFNJ and IL-

17A, inhibited AECII-to-AECI differentiation in vitro. Blockade IFNJ in the AECII- T 

cell co-culture system using anti-mouse IFNJ neutralizing antibody partially nullified 

inhibition effects of CD4 or CD8 T-cell response on AECII-to-AECI differentiation. Our 

findings indicate the critical role of T cells in regulating the differentiation of AECII 

toward AECI in the lung.   
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5.4 Figures and Figure Legends 

 

5.4.1 Figure 27. Alveolar epithelial injury, regeneration, and T cell resolution in 

SpT4-infected mice. (A) Masson’s trichrome-stained lung sections showing damage and 

recovery of alveolar architecture. (B) Quantification of fibrotic lung lesions by 

hydroxyproline assay on lung tissue lysates. (C) Immunostaining of lung sections for T1D 

(AECI) and SPC (AECII). (D) Quantification of the percentage of T1D+ cells by FACS 

and (E) SPC+ cells by counting the number of SPC+ cells per field. (F) Schematic of 

experimental design. (G) Confocal images of lung sections from SPC-CreERT2, Rosa26-
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mTmG mice showing lineage-labeled AECII (GFP+), and AECI (T1D+). (H) 

Quantification of percentage of GFP+ T1D+ area of total GFP+ area per field using 

ImageJ. (I) Flow cytometry analysis on dissociated lung cells showing the percentage of 

GFP+ T1D+ cells of total T1D+ cells. (J) Quantification of the number of T cells 

(CD3+CD45+) in the lung using FACS. (K) Graphics depict the overall trend of T cell 

resolution versus AECII-AECI differentiation after SpT4 infection. Data are means +- 

sem. P-value was calculated using one-way ANOVA. 
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5.4.2 Figure 28. Effects of persistent T-cell response on AECII-to-AECI 

differentiation in mouse lungs. (A) Schematic of experimental design. IL-1E was given 

by i.p. injection at a dose of 1 ug per mouse daily. F(ab’)2 anti-CD3 mAb and control 

hamster IgG (BioXCell) was given by i.p. injection at a dose of 250 ug per mouse. (B-D) 
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Flow cytometry analysis on dissociated lung cells showing percentage of CD3+ (B), 

CD4+CD3+ (C), CD8+CD3+ (D) T cells of total CD45+ cells, and the absolute number 

of indicated T cells in mouse lungs. (E) Quantification of percentage of lineage-labeled 

AECI (T1D+GFP+ in mouse lungs by FACS. (F and G) Flow cytometry analysis 

showing percentage and absolute number of macrophages (F) and neutrophils (G) in 

mouse lungs. (H) Study design and qRT-PCR analysis of isolated AECII. Data are means 

r sem. P-value was calculated using one-way ANOVA. 
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5.4.3 Figure 29. Co-culture of mouse primary AECII with mouse CD4 or CD8 T 

cells in vitro. (A) Schematic of experimental design. AECII cells were isolated from 

C57BL/6 mouse lungs using diapase digestion and MicroBeads binding methods. At 3 

and 5 days of culture, CD4 and CD8 T cells were isolated from C57BL/6 mouse spleens 

using MicroBeads binding methods and were stimulated using anti-CD3 (1 ug/ml) and 

anti-CD28 (0.5 ug/ml). The activated CD4 or CD8 T cells were then co-cultured with 
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AECII. The co-culture was supplemented with IL-2 (100 units/ml) to prolong the in vitro 

life span of T cells. AECII alone with anti-CD3/CD28 and IL-2 was used as the control. 

(B) Immunostaining on cultured AECII and quantification of HopX+ cells (AECI) at 7 

days of culture. (C-E) qRT-PCR analysis on mRNA isolated from cultured AECII at 7 

days of culture. Data are means r sem. P-value was calculated using one-way ANOVA. 
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5.4.4 Figure 30. Impact of CD4/CD8 T cell-released cytokine IFNJ and other 

cytokines on AECII differentiation capacity. (A) Schematic of experimental design. 

AECII cells were isolated from C57BL/6 mouse lungs using dispase digestion and 

MicroBeads binding methods. At indicated days of culture, mouse cytokines (10ng/ml) or 

activated CD8 T cells or CD4 T-cell subsets with or without anti-IFNJ antibody or 

control immunoglobulin G (IgG) (1 ug/ml) were then co-cultured with AECII. AECII 

alone with anti-CD3/CD28 and IL-2 (vehicle) was used as the control. (B-D) qRT-PCR 
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analysis of mRNA isolated from cultured AECII at 14 days of culture. Data are means r 

sem. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. n.s. = not significant. P-value 

was calculated using student's t-test (B) or one-way ANOVA (C and D).  
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5.4.5 Figure 31. Schematic illustrating the effect of T cells on the AECII progenitor 

cell niche. 
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CHAPTER 6 

DISCUSSION AND FUTURE DIRECTIONS 
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Bacterial pneumonia has long been associated with lung damage, but how the host 

recovers from lung damage and the potential role of lung regeneration versus fibrosis is 

not fully understood. Furthermore, due to increasing antibiotic resistance, current 

treatments and management of bacterial pneumonia may quickly become obsolete. Here, 

we investigated the recovery from bacterial pneumonia in mice infected by SpT4. We 

found that mice had massive tissue damage exclusively in lung alveoli during bacterial 

pneumonia. Mice recovering form pneumococcal infection lacked detectable lung 

fibrosis, suggesting that considerable regeneration of the lung tissue must be acting 

during this recovery. Numerous studies have demonstrated alveolar epithelial 

regeneration after injury involving SPC+ AECIIs (Hogan et al., 2014). We showed that 

SPC+ AECIIs increased proliferation within 7 dpi. We also showed that lineage labeled 

SPC+ AECIIs differentiation to AECIs at sites of damaged lung alveoli during 7-14 dpi, 

coinciding with the time frame when inflammation was resolved in the lung. 

  AECIIs synthesize and secrete surfactant as well as proliferate and differentiate 

into AECIs to maintain the integrity of the alveolar wall. AECIIs also secrete cytokines 

and chemokines under appropriate stimulation, showing their role in modulating 

immunologic activity in the alveolar space. Given the vital contributions of AECIIs in 

lung repair and regeneration, it is critical to determine the molecular mechanisms 

underlying AECII activities in intact tissues. We showed in this study that Yap and Taz 

expression and nuclear activity increased in AECIIs upon pneumococcal infection. Yap 

and Taz regulated AECII activities, including their proliferation, differentiation into 
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AECIs, and inflammatory responses during both homeostasis and lung regeneration 

following bacterial pneumonia-induced lung injury. 

  Yap and its closely related paralogue Taz are the transcriptional coactivators that 

are the primary downstream mediators of the Hippo pathway. When hippo signaling is 

inhibited, Yap and Taz (Yap/Taz) can accumulate in the nucleus where they interact with 

transcription factors such as TEA domain family members (TEAD) and activate gene 

expression associated with cell survival, proliferation and differentiation (F.-X. Yu & 

Guan, 2013). Recent studies have shown the important role of the Hippo/Yap pathway in 

controlling lung epithelial progenitor cell differentiation during embryogenesis and basal 

stem cell maintenance in the upper airway of adult lung (Lange et al., 2015; Mahoney, 

Mori, Szymaniak, Varelas, & Cardoso, 2014; R. Zhao et al., 2014). Furthermore, studies 

of pneumonectomy-induced alveolar regeneration show that Yap is essential for AECII 

proliferation and differentiation in response to mechanical tension in the lung (Z. Liu et 

al., 2016). We measured both AECII proliferation and AECII-to-AECI differentiation in 

the bacterial pneumonia mouse model. Our data is consistent with previous studies 

demonstrating the importance of Yap/Taz for the proliferation and differentiation of lung 

epithelial progenitor cells. 

This study demonstrates what we believe is a previously unknown function for 

Yap/Taz in negative regulation of AECII-derived inflammation. We found that Gram-

positive pathogen Streptococcus stimulation of AECIIs to affect inflammatory 

cytokine/chemokine production required the activation of Yap/Taz-INBD, a process that 

had been previously reported in Drosophila fat cells, both in vitro and in vivo (B. Liu et 
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al., 2016). A potential mechanism for Gram-positive pathogen-dependent activation of 

Yap/Taz-INB may be the TLR-mediated antimicrobial response (B. Liu et al., 2016). The 

inhibitory INB proteins have been discovered as fundamental regulators of the inducible 

transcription factor NF-NB (Hinz, Arslan, & Scheidereit, 2012). INBD preferentially binds 

to heterodimers containing p50, p65, and c-rel (Brown, Park, Kanno, Franzoso, & 

Siebenlist, 1993; de Martin et al., 1993; Le Bail, Schmidt-Ullrich, & Israël, 1993; S. C. 

Sun, Ganchi, Ballard, & Greene, 1993). Several comparative studies have demonstrated 

that INBD is the most efficient INB molecule to remove NF-NB from the target gene 

promotes and to terminate NF-NB-mediated gene induction (Beg et al., 1992; Hatada et 

al., 1992; Nolan, Ghosh, Liou, Tempst, & Baltimore, 1991; Zabel & Baeuerle, 1990). 

Generally, various stimuli such as TLR ligands trigger rapid INBD degradation, resulting 

in the release of NF-NB dimers and subsequent transcriptional activation (Hayden & 

Ghosh, 2008; Hinz et al., 2012; Vallabhapurapu & Karin, 2009). We found Yap/Taz-

Tead transcriptionally regulated INbD in AECIIs. Thus, Yap/Taz-dependent functions are 

associated with the termination of NF-NB-dependent transcription of inflammatory genes 

through the induction of INBD expression. Loss of Yap/Taz removed a “brake” on AECII 

activation and increased expression of inflammatory genes, leading to elevated local 

inflammation and enhanced accumulation and persistence of inflammatory cells in the 

lung.  

  Higher inflammatory responses in pneumococci-infected lungs have been 

previously reported (Malley et al., 2006; Paterson & Mitchell, 2006; Y. Wang et al., 

2017), but prior work did not examine immune responses in vivo that could affect lung 
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regeneration. Another study found increased AECII proliferation in mice following 

pneumonectomy, which was correlated with increased monocyte and macrophage 

recruitment and a heightened inflammatory state in the lung (Lechner et al., 2017). They 

further showed that the loss of recruited monocytes/macrophages impaired lung 

regeneration (Lechner et al., 2017). However, the impact of prolonged inflammation on 

lung regeneration has not been clear. There is a growing understanding that overly 

exuberant or persistent inflammatory responses can be found in fibrotic lungs (Birjandi et 

al., 2016; Herazo-Maya et al., 2013; Reilkoff et al., 2013). Our observations of increased 

IL-1E, Cxcl3, and Ccl21a expression in the fibrotic lungs of Yap/Taz mutants are 

consistent with a more inflammatory milieu during bacterial pneumonia. We found that 

SPC+ AECIIs required Yap/Taz to activate INBD, which inhibited NF-NB-mediated 

inflammation. Loss of Yap/Taz in SPC+ AECIIs led to persistent lung inflammation and 

fibrotic lesions in lung alveoli during bacterial pneumonia, indicative of impaired 

alveolar regeneration. We found no Yap/Taz-dependent defects in clearing pneumococcal 

load in vivo, leading us to the conclusion that it is a role for Yap/Taz in the resolution of 

lung inflammation through regulation of NF-NB nuclear activity that underlies alveolar 

regeneration. 

Loss of Yap/Taz in SPC+ AECII cells resulted in significant increased mortality 

and morbidity following infection even with no defects in bacterial clearance. 

Interestingly, mouse mortality specifically occurred between 3 and 5 dpi, suggesting loss 

of AECII-to-AECI differentiation may not be the major cause. AECII cells have 

numerous functions outside of tissue regeneration such as surfactant protein production, 
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fluid balance and barrier protection. Loss of Yap/Taz may regulate non-progenitor cell 

functions resulting decreased respiratory function resulting in increased mortality. 

Furthermore, loss of Yap/Taz resulted in an increased inflammatory response during 

regeneration, but its effect on acute inflammation following bacterial colonization is less 

clear. We noted increased protein levels in the BALF fluid of Yap/Taz mutant mice 

suggesting decreased battier function. Although we did not see increased bacterial loads 

in the blood in Yap/Taz mutants, decreased barrier function may result in increased 

susceptibility to sepsis following infection. Future studies analyzing lung function, 

cardiovascular function and sepsis would provide useful information in understanding 

why loss of Yap/Taz resulted in acute mortality following bacterial pneumonia. 

The resolution of inflammation in the lung is a highly controlled and coordinated 

process that involves the suppression of inflammatory gene expression and inflammatory 

cell clearance. We highlight the role of the endogenous anti-inflammatory mechanism of 

Yap/Taz that limits the excessive and prolonged production of inflammatory mediators in 

AECIIs. In general, the onset of inflammation is associated with the secretion of 

cytokines/chemokines to attract circulating immune cells to the site of injury to 

counteract the infected agent in the affected lung tissue. The activated AECIIs directed 

the inflammatory processes toward resolution after the tasks of immune cells are 

accomplished. However, in chronic pathologic inflammation, the inflammatory processes 

are not resolved, and active inflammation continues in a dysregulated fashion. The 

persistent lung inflammatory processes in Yap/Taz mutants suggest that inappropriate 
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Yap/Taz and INB/NF-NB signaling pathways may also be the major contributors that 

cause failed regeneration in pathologic chronic lung disease. 

We noted that Yap/Taz was required for pre-existing AECII-to-AECI progenitor 

cell functions following infection with SpT4. Loss of Yap/Taz resulted in prolonged 

alveolar regeneration that was not mediated by lineage labeled AECII cells, suggesting 

another progenitor cell population was able to regenerate alveolar epithelium once the 

inflammatory response had resolved. Multiple progenitor cell populations exist for the 

alveolar region outside of AECII cells including BASC, club cells, basal cells and LNEP. 

It would be interesting to see which progenitor cell population was responsible for 

alveolar regeneration when SPC+ AECII functions were inhibited, as this information 

may provide useful information for human diseases where the AECII progenitor cell 

functions have already been inhibited. Future studies could involve secondary injuries 

such as naphthalene, which specifically ablates club cells in the airway. If loss of club 

cells resulted in loss of regeneration in our Yap/Taz mutant mice we could claim that 

club cells were responsible for regeneration in the absence of functional AECII 

progenitor cells. If the lung continues to regenerate after naphthalene it would indicate 

different epithelial progenitors are responsible for alveolar regeneration after loss of 

Yap/Taz. Furthermore, lineage tracing of other epithelial populations during SpT4 

infection may give some insight to which populations can respond to bacterial pneumonia 

as well as the percentage of regeneration that is occurring by AECII cells versus other 

non-AECII populations.  
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Recently, a study indicated that during a bleomycin injury model, Yap was largely 

dispensable while Taz was the major downstream hippo pathway effector necessary for 

AECII mediated regeneration of the lung alveoli (T. Sun et al., 2019). Similarly, to our 

study, they found that inhibition of alveolar epithelial repair correlated with increased 

fibrosis. However, we found that loss of either Yap or Taz individually did not cause any 

substantial effects on AECII-to-AECI differentiation in vivo, however, loss of Yap did 

cause some prolonged fibrosis compared to control mice. Similar to our studies, they 

found that during homeostasis, AECII cells express Taz, but not Yap. The discrepancy 

between the necessity for Yap and Taz during regeneration may be due to how these 

different injury models activate the transcription of Yap and Taz. Following SpT4 

infection we noticed increased expression of both Yap and Taz, where following 

bleomycin Sun et al found increased Taz, but not Yap, expression. It may be that 

infection with a bacterial injury may induce pathways that upregulate both Yap and Taz 

where pathways induced by a bleomycin may only induce pathways that upregulate Taz. 

We found that infection of MLE15 cells with SpT4 resulted in increased expression of 

Yap, Taz and Yap/Taz target genes and that NF-NB may play a role in Taz transcription 

(Figure 12). Furthermore, studies have suggesting that AECII cells have a relatively high 

basal level of nuclear NF-NB activity to prevent cell death following injury indicating 

why Taz but not Yap is present in AECII cells during homeostasis (Jiang et al., 2005; 

Liang et al., 2016). Taz expression may be further induced following injury by increased 

activation of NF-NB where a pathway such as TLR2 signaling, which is absent in a 

bleomycin injury model, may induce Yap expression. In fact, one study has illustrated 
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that TLR2, a signaling pathway necessary for recognition of gram positive bacteria, was 

not important following bleomycin induced injury (Liang et al., 2016). If this is the case, 

loss of Yap or Taz individually may be compensated for by the expression of the other, 

where if Yap was not expressed during a bleomycin injury, loss of Taz alone may induce 

a similar effect if Yap is not present to compensate. 

Furthermore, differences between the two injury models may be due to type of 

lost cells and signaling pathways each individual injury effects. Previous research has 

extensively shown that depending on the type, location and severity of injury, different 

epithelial cells are capable of mounting a regenerative response. Although it is well 

accepted that multiple progenitor cell populations exist in the lung it is less clear why 

different populations are activated during different injury models. For example, it is 

unclear why basal cells migrate into the alveolar region following influenza but not 

following SpT4. Each injury model may induce a different combination of pathways that 

elicit stronger progenitor activation in some cell types then in others. Further research in 

understanding why specific progenitor populations are activated or which populations are 

inhibited during injury instead of simply claiming that all epithelial cells can act as 

progenitor cells. With a better understanding of how and why different progenitor cell 

populations are activated we can start to begin to understand why their activation is 

halted in human diseases such as IPF. 

Recently a study showed that mice treated with miRNA-302 following infection 

with SpT4 can promote epithelial regeneration (Yan Wang et al., 2019). miRNA-302 can 

inhibit hippo pathway kinases, allowing for decreased Yap phosphorylation and increased 
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nuclear expression (Tian et al., 2011). However, treatment with miR-302 was done 

during the peak of AECII proliferation and prior to AECII-to-AECI differentiation and 

translation to human diseases such as IPF, where progenitor cell functions have been lost 

and extensive fibrosis has already occurred may be difficult. Additionally, as hippo 

signaling has completely different effects on different cell types, such as activating 

fibroblasts, or inhibiting basal cell differentiation, directly targeting hippo signaling may 

be difficult without the tools to target specific cell populations. Although targeting more 

chronic pulmonary diseases may be difficult, direct hippo pathway targeting may be an 

interesting therapeutic avenue for acute diseases such as ARDS and influenza as an acute 

activation of Yap/Taz activity may not produce pathological effects such as fibrosis and 

cancer over a short period of time.  

 The hippo pathway appears to be regulated by numerous upstream pathways and 

appears to have numerous downstream targets differing based on cell type. Therefore, for 

more chronic pulmonary diseases it may be more interesting to examine Yap/Taz target 

genes or transcription factor partners as possible therapeutics. Many Yap/Taz target genes 

including CTGF and Cyr61 have unclear functions and specifically increasing or 

decreasing expression of one may provide more cell specific effects. Furthermore, 

inhibiting specific protein interactions such as Yap/Taz and SMAD transcription factors 

may reduce the activation of fibroblasts without effecting core functions in other cell 

types. 

In addition to studies suggesting that almost all epithelial cells can participate in 

some capacity to lung regeneration, it appears that multiple pathways, including many 
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developmental pathways, can alter progenitor cell functions in vivo. Therefore, 

understanding the downstream effects of these pathways may be of more therapeutic 

importance. We showed that loss of Yap/Taz resulted in accumulation of IL-1E and T 

cells which can inhibit progenitor cell function, presumably through regulation of the 

AECII “niche”. Furthermore, we show that treatment of mice with IL-1E during the time 

of AECII-to-AECI differentiation resulted in increased T cell infiltration into the lung; 

which could be inhibited with co-administration of anti-CD3. IL-1E treatment 

significantly reduced AECII-to-AECI differentiation in vivo, which was fully rescued 

with addition of anti-CD3 antibodies. IL-1E has previously been reported as a necessary 

cytokine to promote AECII-to-AECI differentiation in alveolarsphere cultures (Katsura et 

al., 2019), however, in vivo, IL-1E recruits and activates T cells, and the effect of T cell 

derived cytokines on AECII differentiation is unclear. Our data suggests that even in the 

presence of excess IL-1E, AECII-to-AECI differentiation was unaffected if T cell 

activation and migration into the lung was blocked. 

Co-culture of AECII cells with either activated CD4 or CD8 T cells resulted in 

decreased AECII-to-AECI differentiation in vitro. Furthermore, this decrease in 

differentiation was correlated with decreased expression of Yap, Taz and their target 

genes CTGF and Cyr61. Furthermore, CD8+ T cells as well as Th1 T cells seem to be the 

major players in inhibiting AECII-to-AECI differentiation, in part through the secretion 

of IFNJ and IL-17A. Together these findings are beginning to formulate a picture where 

excessive T cell infiltration into the alveoli, through repeated insults, could block 

Yap/Taz nuclear functions.  Decreased Yap/Taz signaling could lead to increased 
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inflammation and decreased epithelial progenitor cell functions which could in itself 

recruit more activated T cells, creating self-perpetuating disease eventually resulting in 

lung fibrosis and decreased respiratory function. 

 Although it may seem obvious that inflammation can inhibit cell proliferation and 

differentiation, the mechanisms and role of inflammation in lung repair and regeneration 

is still unclear. As mentioned before, previous studies have indicated that IL-1E (Katsura 

et al., 2019), and infiltrating macrophages (Lechner et al., 2017) are important for AECII 

mediated alveolar regeneration and numerous studies have illustrated in other tissues the 

important of an inflammatory response during tissue regeneration. Additionally, it is still 

unclear in human disease the effect of inflammation on tissue regeneration and future 

studies will need to more clearly define and characterize the inflammatory response 

during lung regeneration. 

 “Alveolarspheres” organoid cultures may be able to provide useful insights into 

the role of inflammation during the regenerative response in the lung. At its core, 

Alveolarspheres cultures begin with AECII cells co-cultured with a high density of 

alveolar fibroblasts and no AECI cells. Therefore, at the start, an alveolarsphere culture 

resembles an injured lung at the beginning of regeneration; there is a relatively low 

population and AECII cells that need to proliferate and differentiate into AECI cells with 

limited inflammatory responses over the course of fourteen to twenty-one days. It would 

be interesting to see if co-culturing these alveolarsphere organoids with different immune 

cells could affect AECII progenitor cell functions. Immune cells could be cultured within 

the matrix along with fibroblasts, or outside to analyze direct contact effects versus 
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effects from secreted factors. Recently, a paper has shown that co-culture of AECII cells 

with macrophages improved alveolarsphere formation compared to AECII cells alone. 

Furthermore, this system could be used to recreate entire infection time courses. For 

example, in a SpT4 infection model, we see infiltration of neutrophils, followed by 

macrophages, then by T cells, which we could replicate in vitro. We can then start to 

manipulate this response by adding different types of inflammatory cells at different time 

points to see what effect this would have on alveolarsphere growth.  

 One major area of research that still needs to be addressed is the role of epithelial 

cells on fibroblast activity. As shown in chapter 4, loss of epithelial cell regeneration 

leads to a prolonged fibrotic response and only when epithelial cells start to recover does 

fibrosis resolve (Figure 6E). In the adult lung AECII cells reside in close proximity to 

fibroblasts and epithelial-fibroblast interactions are thought to play an important role in 

the lungs reponse to injury and in the repair response following injury. A recent study has 

shown that when fibroblasts are co-cultured with human AECII, fibroblasts exhibited 

reduced expression of type 1 collagen and D-smooth muscle actin (Correll et al., 2019). 

Furthermore, they had decreased expression of fibroblasts groth factors and TGF-E. 

These findings would suggest that the presence of epithelelial cells actively inhibits 

fibroblast activation and scar formation. However, much more work is needed to 

understand the interaction between alveolar epithelial cells and fibroblasts.  

 Our findings show that bacterial pneumonia induced by SpT4 induces alveolar 

specific injury, resulting in loss of AECII and AECI cells. Loss of alveolar epithelial cells 

results in transient fibrosis in order to restore the barrier function of the epithelium. 
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Following the clearance of bacteria and inflammatory repose, AECII cells were able to 

regeneration the alveolar epithelium. We further found that this process was, in part, 

regulated by nuclear activity of Yap and Taz. Loss of Yap/Taz resulted in decreased 

AECII mediated regeneration, increased alveolar inflammation and prolonged fibrotic 

responses. We further found that loss of Yap/Taz was important for transcription of INBD 

to promote turning off the AECII mediated inflammatory response following bacterial 

clearance and immune cell infiltration. Loss of Yap/Taz resulted in increased T cell 

infiltration and persistence in injured regions, presumably altering the progenitor cell 

niche and blocking cell differentiation. In wild type mice, enhanced T cell activation and 

infiltration also resulted in decreased epithelial regeneration and we show that T cells, in 

part through the secretion of IFNJ and IL-17A can inhibit nuclear Yap/Taz activity and 

block AECII-to-AECI differentiation. This work starts to present a model where repeated 

alveolar epithelial injury results in persistent activation and infiltration of T cells. These T 

cells can block Yap/Taz signaling and inhibit AECII progenitor cell functions. Loss of 

Yap/Taz results in further T cell activation and infiltration and decreased progenitor cell 

functions leading to a self-propagating inflammatory state. As continual loss of epithelial 

cells occurs in an environment that prevents regeneration, increased fibrosis will occur 

and eventually lead to diminished respiratory function. 
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