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Abstract 
Epithelial cells are the organism’s first defensive barrier to pathogens, toxins, and 

other noxious elements. Constant exposure of the skin, the lung, and the gut to these 

elements requires exquisite control over the process of regeneration to ensure that 

damaged cells are constantly replenished while preventing overgrowth and maintaining 

organ size. Several cellular proliferation and differentiation pathways are not only 

exploited by sub-populations of cells following injury to promote regeneration and 

repair, but also by tumor cells to promote growth and acquired resistance.  

In the lung, elegant studies have identified several putative stem cell populations 

contributing to the regeneration of lung epithelial cells following injury. However, 

despite the abundance of region specific lung stem/progenitor cells, a specific cellular 

source that could be activated in response to damage remains unknown. The studies 

presented here identify the Abl kinases as a potential cellular target in several progenitor 

cell types that might be targeted for efficient recovery following pathogen- and 

chemical-induced lung injury. Furthermore, these studies show that Abl inactivation 

promotes differentiation of basal-like, poorly differentiated tumors to well-differentiated 

tumors expressing terminal cell-type markers. We found that Abl kinase inhibition 

renders lung tumors more susceptible to chemotherapy.   
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This work identifies new Abl-regulated pathways in (1) lung regeneration 

following bacterial and viral pneumonia, (2) airway epithelium regeneration following 

chemical injury, and (3) lung cancer cell sensitization to chemotherapy.  
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1. Introduction 
Material from this chapter was originally published in Journal of Cell Science, 

129(1), 9-16. doi:10.1242/jcs.175521 in 2016.  

1.1 A Brief History of the Abelson Family of Tyrosine Kinases 

The Abelson (Abl) tyrosine kinases were first identified from studies of the 

Abelson murine lymphosarcoma virus (A-MuLV) that induced transformation of murine 

fibroblasts and lymphoid cells in vitro and lymphomas in vivo (1-3). Subsequent studies 

demonstrated that chromosomal translocation of human ABL1 to the Breakpoint Cluster 

Region (BCR) gene sequences results in production of the BCR-ABL1 fusion protein in 

patients with Philadelphia (Ph) chromosome-positive human leukemia (2). The BCR-

ABL1 chimeric protein exhibits elevated tyrosine kinase and transforming activities and 

has been identified in distinct human leukemias, including chronic myelogenous 

leukemia (CML) and acute lymphocytic leukemia (ALL). Sequencing studies identified 

ABL2 (also known as Abl-related gene or Arg) as a paralog of ABL1 (4). Oncogenic 

forms of both ABL1 and ABL2 have been identified in some forms of T-cell acute 

lymphoblastic leukemia (T-ALL) and acute myeloid leukemia (AML) as a result of 

chromosomal translocation of the ETV6 (TEL) gene to either ABL1 or ABL2 (reviewed in 

(5, 6)).  

The development of small molecule ATP competitive inhibitors targeting BCR-

ABL1 for the treatment of CML was a major breakthrough that opened the door to the 
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era of targeted therapies (7, 8). Treatment with imatinib or other FDA-approved ATP-

competitive inhibitors was shown to induce durable remissions and progression-free 

survival in the majority of chronic-phase Ph-positive CML patients, but they are not as 

effective for the treatment of blast crisis CML and Ph-positive ALL patients. 

While persistent activation of the Abl kinases is linked to the emergence of 

human and murine leukemias, the activities of the endogenous Abl kinases are highly 

regulated by diverse stimuli ranging from growth factors, chemokines, DNA damage, 

oxidative stress, adhesion receptors, to microbial pathogens (reviewed in (5, 9)). Once 

activated, the Abl kinases regulate signaling pathways implicated in cytoskeletal 

reorganization important for cellular protrusions, cell migration, morphogenesis, 

adhesion, endocytosis, and phagocytosis (reviewed in (9, 10)). Abl kinases can also 

regulate cell survival and proliferation pathways depending on the cellular context (5). 

Emerging data support a role for abnormally activated Abl kinases in diverse 

pathologies including several solid tumors, inflammatory disorders, and 

neurodegenerative diseases. Moreover, accumulating reports have revealed that Abl 

family kinase function is subverted by numerous microbial pathogens to achieve entry, 

motility, release and/or survival in mammalian host cells (reviewed in (11)). Thus, 

targeting the Abl kinases with small molecule inhibitors that were initially developed to 

treat CML patients might be employed to treat distinct pathologies with hyper-active 

Abl kinases. 
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1.2 Structure, modular domains, and enzymatic regulation of the 
Abl kinases 

Abl kinases have been identified in all metazoan and premetazoan unicellular 

organisms such as the choanoflagellate Monosiga bevicollis (9). The structural domains of 

mammalian Abl kinases are shown in Figure 1. Vertebrate metazoans express ABL1 (c-

Abl) and ABL2 proteins that share a highly conserved SH3-SH2-SH1 cassette containing 

a tyrosine kinase Src homology 1 (SH1) domain and regulatory SH3 and SH2 domains. 

This cassette is preceeded by an N-teminal cap region. Both kinases also have F-actin 

binding domains within their large carboxy (C)-terminal sequences. The DNA-binding 

domain, nuclear localization signals, and nuclear export signal in the ABL1 C-terminus 

are consistent with its nucleo-cytoplasmic localization, while the microtubule- and actin-

binding domains in the ABL2 C-terminus are consistent with its localization at the cell 

periphery (12). Conserved proline-rich sequences in the C-terminal domain of the Abl 

kinases mediate protein-protein interactions (9). Alternative splicing of the first exons 

produces various isoforms of ABL1 and ABL2 that harbor distinct N-terminal sequences. 

The 1b isoforms of both Abl kinases contain an N-terminal glycine that is myristoylated. 

Additional ABL2 isoforms have been reported but little is known regarding their 

function (13).  
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Figure 1: Structure, modular domains, and enzymatic regulation of Abl kinases. 
Activation of the Abl kinases leads to a release of the SH3-SH2-SH1 clamp structure, 
exposing the activation loop and allowing substrates to bind at the active site. 

The activity of the Abl kinases is tightly regulated by intra-molecular and inter-

molecular interactions that result in alternative conformations of the kinase domain 

corresponding to auto-inhibited and active states (14, 15). These include the binding of 

the SH3 domain to the polyproline-containing sequence connecting the SH2 and SH1 

domains as well as interactions of the SH2 domain with the SH1 domain, leading to the 

formation of a SH3-SH2-SH1 clamp structure (16). The auto-inhibited conformation is 

further stabilized by an N-terminal cap and binding of the N-terminal myristoylated 

residue to a hydrophobic pocket within the kinase domain (Figure 1). Interestingly, the 

M. brevicollis ABL2 lacks the N-terminal myristoylation and cap sequences and was 

reported to be constitutively active when expressed in mammalian cells (17). 
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The ATP-competitive inhibitors of the Abl kinases can be sub-classified into type 

1 inhibitors targeting the active conformation of the kinase domain (dasatinib, bosutinib) 

and type 2 inhibitors targeting the inactive conformation of the kinase domain (imatinib, 

nilotinib, ponatinib). A third class includes allosteric inhibitors that do not target the 

ATP-binding pocket, but instead bind to regulatory domains to inhibit kinase activity.  

Among the allosteric inhibitors are GNF2 and GNF5, which bind to the myristoyl-

binding pocket in the C-lobe of the Abl kinase domain (8). In contrast to ATP-

competitive inhibitors that target multiple kinases, the allosteric inhibitors are highly 

selective for the Abl kinases. Crystal structures of Abl kinases in complexes with several 

inhibitors have permitted visualization of their inactive and active conformations. The 

crystal structure of the ABL1 SH2-SH1 domains bound to dasatinib revealed an 

extended conformation that included a contact interface between the SH2 domain and 

the N-lobe of the kinase domain (18). Interestingly, a crystal structure of the isolated 

ABL2 kinase domain with imatinib revealed the presence of two imatinib molecules 

with one bound to the ATP-binding site and the second one to the myristate binding site 

(19). These and other studies have shown that binding of inhibitors to the SH1 domain 

can capture multiple conformational states of the Abl kinases.   

The enzymatic activity of Abl kinases can also be regulated by inter-molecular 

interactions with distinct binding partners that negatively or positively regulate their 

activity, and by autophosphorylation or phosphorylation by other kinases, such as Src 
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and receptor tyrosine kinases (RTKs) (9). Phosphorylation of ABL1 Y412 (corresponds to 

ABL2 Y439) in the activation loop of the kinase domain enhances catalytic activity while 

phosphorylation of Y245 in the SH2-kinase domain linker (corresponds to ABL2 Y272) 

further enhances catalytic activity by disrupting inhibitory intra-molecular interactions. 

Upon activation, Abl kinases phosphorylate and bind to multiple targets to regulate 

diverse processes described below. 

1.3 Abl kinases regulate cytoskeletal dynamics required for 
cellular protrusions, cell adhesion, polarity, and migration 

The most evolutionarily conserved and well characterized function of the Abl 

kinases is their ability to regulate cytoskeletal dynamics (5, 10). Abl kinases are 

transiently activated by growth factors that stimulate RTKs and lead to actin 

cytoskeleton reorganization that is required for the formation of lamellipodial 

protrusions, membrane dorsal ruffles, cell migration, invasion, cell scattering, and/or 

tubulogenesis (20-23). Abl-dependent regulation of cytoskeletal dynamics is mediated 

by the phosphorylation of target proteins such as cortactin, which is required for 

platelet-derived growth factor (PDGF)-induced dorsal membrane ruffles (23), as well as 

actin nucleating-promoting factors, such as N-WASP and WAVE proteins required for 

membrane protrusions (12, 24-26). Abl kinases also transduce signals from cell surface 

receptors, such as integrins, cadherins, chemokine receptors, and the T cell receptor 

(TCR), to reorganize the cytoskeleton. Integrin engagement induced by plating 

fibroblasts on fibronectin promotes activation of the Abl kinases required for the 
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formation of membrane protrusions and remodeling of focal adhesions and F-actin 

stress fibers (10). ABL2 is activated by direct binding to the β1-integrin cytoplasmic tail, 

and the phosphorylated ABL2 in turn phosphorylates the β1 tail (27). Integrin-

dependent spindle orientation was shown to require ABL1-mediated phosphorylation of 

the NuMA microtubule-binding protein, a modification that is required for NuMA 

localization to the cortex and correct alignment of the spindles (28). ABL1 knockout mice 

exhibit spindle misorientation in basal skin cells, a phenotype that has been previously 

linked to β1-integrin-mediated cell substratum adhesion (29).  

 

Figure 2: Abl kinase regulation of cytoskeletal dynamics. The Abl kinases act 
downstream of a variety of receptors and mediate cytoskeletal dynamics through 
multiple small GTPases, including the Rac, Rap, and Rho GTPases.  
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Remodeling of the cytoskeleton by Abl kinases downstream of diverse stimuli is 

mediated in part by the small GTPases, Rac1, RhoA, and Rap1 (Figure 2). Abl kinases 

activate Rac1 downstream of growth factor-stimulated RTKs leading to formation of 

membrane ruffles (30). Abl kinases also activate Rac1 in T cells in response to chemokine 

stimulation which is required for T cell polarization and F-actin polymerization (31). Abl 

kinases activated downstream of chemokine receptors promote Rap1 activation leading 

to T cell migration and polarization (31). In contrast, activation of ABL2 in epithelial cells 

grown on collagen inhibits β1-integrin signaling by suppressing Rap1 activity, while 

also inhibiting Rac1 and disrupting the Par3/Par6 polarity complex (32). These examples 

illustrate that regulation of Rac1 and Rap1 by Abl kinases is cell context- and stimuli-

dependent. In response to integrin engagement, ABL2 inhibits RhoA in fibroblasts and 

dendritic spines by phosphorylating p190RhoGAP which in turn inhibits RhoA (10, 33). 

However, Abl kinase activation downstream of the ligand-stimulated MET RTK kinase 

promotes RhoA activation (22). These findings indicate that regulation of RhoA activity 

downstream of Abl kinases is also cell context-dependent. 

Abl kinases are also activated in response to E-cadherin and N-cadherin (34, 35). 

Active Abl kinases are required for both the maintenance and remodeling of cadherin-

dependent adherens junctions (Figure 2). Simultaneous inactivation of both ABL1 and 

ABL2 disrupts adherens junctions in fibroblasts and epithelial cells (32, 34). Recently, 

Abl kinases were shown to phosphorylate the actin-binding protein vinculin at epithelial 
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cell-cell junctions and this modification was required to promote E-cadherin-mediated 

adhesion and force transmission (35). Growth factor-induced turnover of cadherin-based 

epithelial and endothelial cell-cell junctions also requires Abl kinases. Inactivation of 

both Abl kinases impairs HGF-mediated dissolution of E-cadherin-mediated cell-cell 

junctions (22). Similarly, inhibition of Abl kinases prevents dissolution of VE-cadherin-

dependent intercellular junctions in endothelial cells that have been treated with VEGF, 

thrombin, or histamine (36). Abl kinases link signaling from the HGF receptor, MET, to 

RhoA activation, which leads to increased phosphorylation of myosin light chain (p-

MLC2) and actomyosin contractility, thereby disrupting epithelial cell-cell junctions (22). 

However, inhibition of the Abl kinases in endothelial cells treated with VEGF or 

thrombin suppresses p-MLC2 levels through a Rho-independent pathway (37). 

Importantly, treatment of wild type mice with Abl-specific allosteric inhibitors or genetic 

inactivation of Abl1 in Abl2 heterozygous mice blocks VEGF-induced vascular 

permeability (37). The phenotypes of mice lacking global or tissue-specific knockouts of 

the Abl kinases support a role for these kinases in the regulation of cytoskeletal 

dynamics required for cell-cell adhesion and other cellular processes. 

1.4 Abl-dependent regulation of membrane and organelle 
trafficking 

Plasma membrane plasticity is regulated by forces that are generated by the actin 

and microtubule cytoskeletons. Abl kinases contain both actin- and microtubule-binding 

domains and phosphorylate several proteins that regulate the actin and microtubule 
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cytoskeletons (reviewed in (9)). Thus, Abl kinases have the potential to directly and/or 

indirectly regulate the actin and microtubule cytoskeletons, thereby promoting plasma 

membrane remodeling and receptor endocytosis. Activated ABL1 was shown to inhibit 

ligand-induced EGFR endocytosis in part through phosphorylation of the EGFR, which 

results in decreased binding to the Cbl ubiquitin ligase, a protein that promotes 

ubiquitination and lysosomal degradation of the receptor (38). Additionally, active ABL1 

disrupts the interaction of Cbl with Abi1, a binding partner and substrate of the Abl 

kinases, which is also a component of the WAVE protein complex that promotes Arp2/3-

dependent actin polymerization (39). EGFR endocytosis is also regulated by RAB5, a 

GTPase that promotes early endosome fusion and subsequent degradation of EGFR in 

the lysosome (40). The activity of RAB5 is regulated by RIN1, a RAS effector that binds 

and activates the Abl kinases and is also a guanine nucleotide exchange factor (GEF) for 

RAB5 (41, 42). Recent data suggest that binding of the RIN1 SH2 domain to tyrosine 

phosphorylated EGFR balances RIN1-RAB5-mediated EGFR endocytosis and lysosomal 

degradation with RIN1-ABL-dependent EGFR stabilization by blocking 

macropinocytosis of the receptor (42). While overexpression of active ABL1 inhibits 

EGFR internalization, endogenous ABL1 activity was reported to be required for 

antigen-induced endocytosis of the B cell receptor (43). ABL1 inactivation impaired 

capping of B cell receptors and delayed their internalization which correlated with 

decreased Rac activation (43). A role for Abl kinases in clustering of receptors at the 
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plasma membrane was also shown at the postsynaptic membrane of the neuromuscular 

junction (NMJ) (44). Here, Abl kinase activity is required for agrin-induced clustering of 

the acetylcholine receptors (AChRs) on the postsynaptic membrane of the NMJ, which 

may be mediated through Abl-dependent regulation of cytoskeletal dynamics.  

Consistent with a role for Abl kinases in membrane trafficking events, Abl 

kinases were recently shown to control the inward trafficking of caveolin-1 in part 

through regulation of actin stress fibers by Diaphanous-1, a member of the formin 

family of actin regulatory proteins (45). Further, Abl kinases were shown to regulate 

phagocytosis of antibody-coated pathogens in macrophages (46, 47). Bone marrow-

derived macrophages from mice lacking both Abl1 and Abl2 display impaired 

phagocytosis,  and treatment of macrophages with pharmacological inhibitors of the Abl 

kinases impairs FcγR-mediated phagocytosis in part by decreased Abl-mediated 

phosphorylation of the Syk tyrosine kinase (46). Inhibition of the Abl kinases also 

decreases phagocytosis of opsonized polystyrene beads and reduces the uptake of 

Leishmania amazonensis by macrophages (47). Several pathogens rely on the activity of 

the endogenous Abl kinases to enter into host cells. Although loss of ABL1 reduces 

complement-mediated phagocytosis, ABL2 activity is required for immunoglobulin-

mediated phagocytosis (47).  

Abl kinases have been shown to regulate organelle trafficking by promoting  

fusion of autophagosomes to lysosomes and regulating lysosome motility and 
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localization in fibroblasts and alveolar carcinoma cells (48). Abl kinases also promote 

endosome maturation and trafficking of proteins to the lysosome for degradation (48, 

49). Trafficking of early endosomes and lysosomes along microtubules facilitates 

organelle motility and fusion events. It is currently unknown whether the phenotypic 

consequences of ABL1 and ABL2 inactivation on endosome and lysosome trafficking 

and function is mediated by Abl-dependent regulation of the microtubule and actin 

cytoskeletons. Regardless, it is clear that Abl kinases regulate membrane trafficking 

processes required for receptor clustering, internalization, particle uptake, and organelle 

fusion. 

1.5 Abl-dependent regulation of cell proliferation and survival 
pathways in normal cells 

Abl kinase-mediated signal transduction from diverse cell surface receptors also 

regulates cell proliferation and survival pathways during development and cellular 

homeostasis (50) (Figure 3). Cytoplasmic Abl kinases promote mitogenic signaling 

downstream of the PDGFR. Mouse embryo fibroblasts deficient for Abl1 exhibit a delay 

in DNA synthesis following PDGF stimulation (20, 51). Activation of Abl kinases 

downstream of the PDGFR is mediated in part by Src kinases, leading to induction of 

Myc and increased DNA synthesis (51). PDGFR-Src-Abl signaling also increases 

mitogenesis through Rac activation, which in turn activates the Jun N-terminal kinase 

(JNK) and NADPH oxidase (Nox) pathways in fibroblasts (52). Analysis of osteoblasts 

derived from Abl1-null mice showed that Abl1 is required for osteoblast proliferation, 
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and its loss results in premature senescence (53). Abl1 also mediates cell proliferation 

downstream of the EphB2 receptor in the intestinal epithelium as shown by decreased 

proliferation in the small intestine and colon of Abl1 mutant mice (54). Abl1 is required 

for EphB signaling to cyclin D1, which promotes cell proliferation in the intestinal 

epithelium (Figure 3).    

 

Figure 3: Abl-dependent regulation of cell proliferation and survival pathways in 
normal cells. Abl kinases regulate cell proliferation and survival downstream of 
receptor tyrosine kinases in endothelial cells, epithelial cells, fibroblasts, and immune 
cells during development and cellular homeostasis. 

Abl kinases regulate cell proliferation downstream of the antigen receptors in T 

and B cells. Abl1 deficient mice have decreased pro-B, pre-B and peritoneal B-1 cells (55-

57). Abl1-deficient B cells exhibit decreased proliferation in response to anti-IgM and 
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have defective B cell receptor-induced activation and signaling (57, 58). Abl kinases are 

activated downstream of the T cell receptor (TCR) and are required for tyrosine 

phosphorylation of downstream kinases (ZAP70) and adaptor proteins (LAT and Shc) 

required for maximal T cell proliferation and IL-2 production (59, 60). Interestingly, 

murine Abl1 was recently shown to function downstream of ShcA in immature 

thymocytes to regulate proliferation, differentiation, and migration (61).  

Recently, Abl kinases were shown to regulate Angiopoietin (Agpt1)-mediated 

endothelial cell survival by activation of the Tie2 receptor that is activated by binding to 

angiopoietin-1 (Angpt1) (37). Inactivation of both ABL1 and ABL2 in human endothelial 

cells markedly decreased Angpt1 signaling mediated in part by inhibition of the pro-

survival Akt pathway (Figure 3). Inactivation of the Abl kinases also decreased 

expression of Tie2 (37). Interestingly, expression of exogenous Tie2 only partially 

rescued Angpt1-mediated survival, suggesting that the Abl kinases modulate 

Angpt1/Tie2 signaling through additional mechanisms, beyond regulating Tie2 receptor 

levels. ABL1 may also promote vascular development through neuropilin-1, a receptor 

for vascular endothelial growth factor A (VEGF-A) (62, 63). Endothelial deletion of Abl1 

in Abl2-null mice resulted in focal loss of vasculature due to apoptosis, leading to 

localized tissue necrosis, with late-stage embryonic and perinatal lethality (37). The 

phenotypes of endothelial Abl knockout mice are consistent with a role for these kinases 

in the regulation of cell survival pathways. 
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1.6 Role for Abl kinases in solid tumors 

While a role for Abl kinases in the initiation and progression of human and 

mouse leukemia is well documented, only more recently has a role for ABL1 and ABL2 

in solid tumors been described (reviewed in (5)). Abl activation in solid tumors is not 

linked to chromosome translocation events as found in human leukemias, but rather is 

driven by enhanced Abl activation in response to stimulation by oncogenic tyrosine 

kinases, chemokine receptors, oxidative stress, and metabolic stress. A number of 

reports have suggested a role for Abl kinases in the regulation of tumor cell migration, 

growth and/or survival based on the use of ATP-competitive inhibitors such as imatinib, 

nilotinib and dasatinib. However, these and other inhibitors target a broad spectrum of 

kinases (5). Therefore, we only highlight here studies that employ mouse models with 

genetic inactivation (knockout or knockdown) of the Abl kinases.  

Activation of Abl kinases in some solid tumors has been linked to alterations in 

primary tumor growth. Inactivation of Abl1 in the Apcmin/+ mouse model of intestinal 

adenoma impaired EphB2-mediated tumor promotion and extended the life span of 

Apcmin/+ mice (64). Notably, the ABL1 kinase was found to be hyperactive in human 

hereditary leimyomatosis and renal cell carcinoma (HLRCC) that is characterized by 

deficiency in the enzyme fumarate hydratase leading to the accumulation of high levels 

of fumarate (65). High fumarate levels activate ABL1, which in turn promotes aerobic 

glycolysis through the activation of the mTOR-HIF1α pathway and neutralizes high 
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levels of oxidative stress through enhanced nuclear localization of the antioxidant 

response transcription factor NRF2 (Figure 4).  

 

Figure 4: Abl kinases in solid tumors (image designed by Dr. Jun Wang). Activation of 
the Abl kinases can lead to (1) tumor growth and survival through mTOR, Nrf2, and 
CyclinD1 signaling; (2) invasion and metastasis through TRIO, integrin, and Src 
signaling; and (3) drug resistance through NFκB and HSP90 signaling in solid tumors. 

Abl kinases also regulate motility, invasion and metastasis of solid tumors. 

Knockdown of ABL2 alone decreased cancer cell invasion and intravasation following 

implantation of MDA-MB-231 breast cancer cells in the mammary fat pad (66). Abl 

kinases were also shown to promote melanoma cell invasion and metastasis (49). ABL2 

localizes to invadopodia and was shown to regulate the maturation of invadopodia by 
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linking activation of the EGFR and Src kinases to tyrosine phosphorylation of cortactin 

(67). Furthermore, Abl kinases promote the expression and/or localization of other 

invasion-regulatory proteins such as the type 1-matrix metalloproteinase (MT1-MMP) 

(67-69). A recent report demonstrated a novel role for Abl kinases in promoting 

colorectal cancer cell invasion and metastasis by linking the activation of NOTCH to the 

phosphorylation of TRIO, which results in its enhanced Rho-GEF activity and a 

corresponding increase of Rho-GTP levels (70) (Figure 4).  

An increase in the activation of endogenous Abl kinases has been reported in 

some cancers that are resistant to chemotherapy. Doxorubicin induces atypical NF-κB 

activation through ABL1 kinase activity in breast cancer cells, and combination 

treatment with the ABL inhibitor imatinib and doxorubicin significantly enhanced cell 

death of breast cancer cells (71, 72). In estrogen receptor (ER)-positive breast cancer cells, 

ABL is a functional partner of ER and inhibition of ABL resulted in sensitization to anti-

estrogen therapies with tamoxifen, fulvestrant and aromatase inhibitors (72-75). In 

addition, inhibition of ABL1 was reported to sensitize breast cancer cells to the EGFR 

and ERBB receptor tyrosine kinase inhibitor, lapatinib (76-78), and prostate and renal 

cancer cells to Heat Shock Protein 90 (Hsp90) inhibitors (79) (Figure 4). 

1.7 Role for Abl kinases in neurodegenerative and inflammatory 
diseases 

Recent data has implicated abnormally activated Abl kinases in multiple 

neurodegenerative diseases (reviewed in (80)) (81, 82). Pharmacological inhibition of Abl 
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kinases in both Alzheimer’s disease (AD) and Parkinson’s disease (PD) models facilitates 

amyloid clearance and reduces neuro-inflammation, two key drivers of neuronal cell 

death. Common to the pathogenesis of both AD and PD is the E3 ubiquitin ligase, 

parkin, which has a neuroprotective role through the ubiquitination and clearance of 

misfolded proteins as well as autophagic clearance of β-amyloid and phosphorylated 

Tau (83, 84). In response to oxidative stress in neurodegenerative disease, ABL1 

translocates to mitochondria where it phosphorylates parkin, resulting in loss of its E3-

ligase activity (83). Treatment with imatinib decreases parkin phosphorylation thereby 

increasing its neuroprotective function (Figure 5) (reviewed in (85)). Abl kinases also 

have a role in neuro-inflammation. Treating an AD mouse model with Abl kinase 

inhibitors not only cleared β-amyloid and dissolved plaque, but it also reduced astrocyte 

and dendritic cell numbers and modulated the cytokine and chemokine profiles  (86) 

and improved cognitive performance (87, 88).  

 

Figure 5: Abl kinases in neurodegenerative disease. Activation of ABL1 in neurons 
following stress results in apoptosis mediated by p53 and the misfolded protein 
response.  
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Abl kinases have multiple targets that may contribute to Parkinson’s disease 

pathology. Abl kinases phosphorylate α-synuclein, a protein found in the fibrillar 

aggregates known as Lewy bodies in Parkinson’s disease and Lewy body dementia (89) 

(90). Abl kinases phosphorylate Cdk5 on tyrosine-15 which contributes to cell death via 

activation of p53 (91, 92) and reduces dopaminergic signaling by phosphorylating 

DARPP-32, a major target for dopamine and protein kinase A in the striatum (93).  

Treatment of mice with nilotinib in models of Parkinson’s disease reduced dopamine 

neuron loss, behavioral deficits, and motor symptoms (93, 94).  
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2. The Role of Abl Kinases in Lung Epithelial Cell 
Regeneration Following Pathogen-Induced Injury 

Material from this chapter was originally submitted for review at Nature Medicine 

in December 2017 with resubmission in June 2018 under the title: “ABL kinase inhibition 

promotes lung regeneration through expansion of an SCGB1A1+ SPC+ cell population 

following bacterial pneumonia.” 

2.1 Background 

Current therapeutic interventions following respiratory infections are hampered 

by the evolution of multidrug resistance in pathogens as well as the lack of effective 

cellular targets. Moreover, despite the abundance of region specific lung 

stem/progenitor cells, a specific cellular source that can be activated in response to 

infections remains unknown. Here, we found that loss of Abl1 specifically in Scgb1a1-

expressing cells leads to a significant increase in the proliferation and differentiation of 

bronchiolar epithelial cells, resulting in an expansion of SCGB1A1+ SPC+ cells, a 

putative bronchioalveolar stem cell population, to enhance alveolar regeneration 

following Staphylococcus aureus-induced pneumonia. Furthermore, treatment with an 

Abl-specific allosteric inhibitor enhanced regeneration of the alveolar epithelium and 

promoted accelerated recovery of mice following pneumonia. Our study revealed a 

potential cellular target and a lung progenitor cell that can be targeted for efficient 

recovery after infections with bacterial and viral pathogens. 
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Damage to the lung epithelium in response to pathogens is a major health 

problem worldwide. Parenchymal lung infections disrupt lung epithelial architecture 

and function by eliciting destruction of airway and alveolar cell populations (95-98). 

Approximately 50,000 cases of lung infection by Staphylococcus aureus occur per year in 

the United States (99), and S. aureus pneumonia has high morbidity and mortality rates, 

as it frequently presents in the context of hospital-acquired pneumonia and/or with 

influenza or other respiratory viral infections (100-102). Currently there are no approved 

drugs that directly prevent or repair epithelial cell damage following pathogen-induced 

lung injury. Therapeutic strategies to protect or promote lung epithelial cell regeneration 

following injury could profoundly improve patient outcomes when used in combination 

with antibiotics and supportive care, particularly in the context of infections caused by 

viruses or resistant bacterial strains.  

Lung epithelial cells are the first line of defense against foreign agents such as 

pathogens and chemicals. The lung epithelium is comprised of airway and alveolar 

epithelial cells. In the airway epithelium, elegant studies have identified both basal and 

secretory cells as critical cell types in regeneration during normal cell turnover and 

following injury (103-107). In the alveoli, Type II alveolar epithelial cells (AEC) have 

been identified as critical for regeneration following injury to Type I AECs (108). Other 

reports have suggested that a small subpopulation of cells at the bronchioalveolar duct 

junction (BADJ) expressing markers of both secretory cells (SCGB1A1+) from the airway 
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and Type II AECs (SPC+, expressed by Sftpc) may serve as progenitor cells for epithelial 

cells in the distal airway and the alveoli (109). However, at baseline, the contribution of 

this putative “bronchioalveolar stem cell” (BASC) population is small with on average 

<1 cell per BADJ (103). Therefore, targeting pathways that promote expansion of these or 

other progenitor cells after lung injury would ameliorate the morbidity and mortality 

associated with pneumonia and other conditions that cause lung damage.       

Here we uncover a previously unknown role for the Abelson (Abl) kinases in the 

regulation of regeneration in the lung epithelium after pathogen-induced injury. The 

Abl kinases, Abl1 and Abl2, are a family of non-receptor tyrosine kinases that regulate a 

wide variety of cellular processes during development and normal homeostasis (37, 60, 

110, 111), but can have deleterious effects on cell survival, proliferation, and cell-cell 

junction adhesion upon their upregulation following inflammation, tumorigenesis, and 

oxidative stress (5, 47, 80, 91, 112-114). We and others have previously identified a role 

for the Abl kinases in the integrity of endothelial cells in the context of vascular leak (36, 

115-119). However, therapies focused on preventing vascular leak have not translated to 

viable therapeutic approaches for the treatment of acute lung injury in clinical trials 

(120). Here we report that genetic and pharmacological inactivation of Abl kinases 

mobilizes secretory cells from the distal airway and BADJ to promote the expansion of 

double-positive SCGB1A1+ SPC+ cells leading to enhanced regeneration of the damaged 

lung alveolar epithelium following bacterial infection induced by live S. aureus and other 
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bacterial and viral pathogens. These findings suggest that available Abl kinase specific 

inhibitors, which have been used for treating leukemia, might be re-purposed to treat 

the damaged lung following pathogen exposure.   

2.2 Results 

2.2.1 Abl kinases are upregulated in lung epithelial cells following 
injury 

To evaluate whether Abl kinases play a role in lung epithelial cell integrity 

during regeneration and/or repair, we first assessed Abl expression in primary human 

bronchial epithelial cells (HBEC) grown in air-liquid interface (ALI) cultures before and 

after pathogen-induced injury. HBECs were grown in ALI cultures for 28 days to induce 

differentiation of basal cells to a pseudostratified layer of basal, secretory, and ciliated 

epithelial cells (121). At day 28, HBECs were incubated with S. aureus and then 

harvested one and five days after bacterial inoculation to evaluate Abl kinase RNA and 

protein expression (Figure 6A). We observed a >20-fold increase in predominantly Abl1, 

and to a lesser extent Abl2, transcripts at 24 hours that persisted up to five days 

following exposure to bacteria (Figure 6B). Abl protein expression was similarly 

enhanced after pathogen exposure (Figure 6C). Previous reports have shown that 

enhanced Abl kinase activity is associated with a wide variety of pathologies including 

endothelial barrier dysfunction, tumorigenesis, and inflammation (111). Thus, Abl 

kinase inhibition may affect the response of lung epithelial cells during injury, 

regeneration, and/or repair.  
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Figure 6: Abl kinases are upregulated in human bronchial epithelial cells and GFP-
labeled cells from CC10 (Scgb1a1)-CreERT; Rosa26-fGFP mice following exposure to 
S. aureus. (A) Timeline: Primary HBECs are seeded on polyester inserts in a transwell 
chamber. Cells are exposed to S. aureus at day 28 once they have fully differentiated into 
a pseudostratified layer of ciliated, secretory, and basal cells and are then harvested one, 
two, and five days after injury. (B) mRNA expression of ABL kinases increases following 
exposure to S. aureus. n = 3 patients, each sample run in triplicate. (C) Immunoblotting 
with ABL1 and ABL2 antibodies shows an increase in ABL1 and ABL2 protein 
expression 24 hours after exposure to S. aureus. n=3 patients, each sample run in 
triplicate.  (D) Timeline of mouse experiment: Two weeks prior to nasal insufflation of 5 
X 108 CFU S. aureus, mice were treated with tamoxifen to induce excision of Abl1 in CC10 
(Scgb1a1)-CreERT mice. (E) Abl1 mRNA expression increases in GFP-labeled cells 72 
hours after exposure to S. aureus and is decreased in Abl1fl/fl mice compared to wild-type 
control mice (n=4-8 animals per group, each sample run in duplicate).  

2.2.2 Loss of Abl1 in SCGB1A1+ lung epithelial cells promotes 
recovery in a mouse model of pneumonia 

To evaluate the role of Abl kinases in bronchial epithelial cells following lung 

injury in vivo, we generated a conditional, cell-type specific knockout of Abl1 with 

concomitant expression of a farnesylated GFP (i.e. membrane bound GFP) reporter 
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(CC10 (Scgb1a1)-CreERT; Rosa26-fGFP; Abl1fl/fl) upon administration of tamoxifen. We 

obtained efficient (>75%) excision of Abl1 in Scgb1a1-expressing epithelial cells following 

intraperitoneal delivery of four doses of tamoxifen two weeks prior to inducing injury 

(122). Scgb1a1, also known as CC10 or CCSP, is widely used as a marker of secretory 

cells in the mammalian lung airways. To induce injury to the lung epithelium, we 

employed a mouse model of pneumonia using intranasal insufflation of 5 X 108 CFU S. 

aureus as previously described (123) (Figure 6D). In this model, mice survive the 

bacterial infection despite significant lung injury accompanied by inflammation and 

edema. Following nasal insufflation of S. aureus, we observed a >10-fold increase in Abl1 

expression in isolated GFP+ (Scgb1a1 driver) cells in wild-type mice that was abrogated 

in Abl1fl/fl mice (Figure 6E). Abl1fl/fl mice exhibited a remarkable recovery from bacterial 

infection compared to wild-type mice (Figure 7). Abl1fl/fl mice were active and lacked the 

pathological signs of infection displayed by wild-type mice after S. aureus infection (2-

minute tracing of mouse movement Figure 7B-C). Compared to wild-type mice, Abl1 

knockout mice exhibited significantly diminished injury in lung tissue sections 24 hours 

after injury and complete recovery by day 3 (Figure 7D-F). Bronchioalveolar lavage 

(BAL) samples taken from mouse lungs three days after exposure to S. aureus showed a 

significant decrease in protein (Figure 7G) in Abl1fl/fl compared to wild-type mice.  
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Figure 7: Inactivation of Abl kinases in Scgb1a1+ lung epithelial cells protects mice 
from S. aureus-induced lung injury. (A) Timeline: Two weeks prior to nasal insufflation 
of 5 X 108 CFU S. aureus, mice were treated with tamoxifen to induce excision of Abl1 in 
CC10 (Scgb1a1)-CreERT2 mice. (B-C) Screenshot and corresponding movement tracing of 
a two-minute video of wild-type and Abl1fl/fl mice 24 hours after nasal insufflation of S. 
aureus showing an increase in mouse movement in knockout mice compared to wild-
type mice. (D-E) H&E staining three days following nasal insufflation of S. aureus in 
wild-type and Abl1fl/fl mice (whole left lung (D) and magnified subset (E)) showing 
increased protein and cell infiltrates in the airspace of wild-type mice compared to 
Abl1fl/fl mice. (F) Quantification of alveolar space infiltrates on H&E sections of wild-type 
vs Abl1fl/fl mice normalized to a healthy, non-infected mouse with graphs depicting 
means and S.E.M. (G) Bronchioalveolar lavage showing reduced protein in Abl1fl/fl mice 
compared wild-type mice. Graphs represent means with S.E.M. 
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To evaluate whether loss of Abl1 in Scgb1a1-expressing epithelial cells could 

indirectly modulate the immune response to S. aureus infection, we performed 

fluorescence-activated cell sorting (FACS) analysis on cell populations from the alveolar 

space and the whole lung before injury and 6 hours, 24 hours, and 72 hours after 

exposure to S. aureus. Consistent with the decrease in protein present in the BAL fluid of 

Abl1fl/fl mice after injury, we observed a decrease in the total leukocyte counts in the BAL 

fluid component of the lungs 72 hours after injury in Abl1fl/fl mice compared to wild-type 

control mice (Figure 8A). Notably, there was no significant difference in the proportion 

of immune cell types, particularly in the fraction of neutrophils – the largest immune 

component in the first three days after injury – as measured by the proportion of CD45+ 

cells that were Ly6G+ (Figure 8B-C). No significant changes were observed in the total 

number of immune cells (CD45+) in the whole lung (non-BAL fluid component) or in the 

proportion of neutrophils (Ly6G+), macrophages (F4/80+), and T-cells (CD3+) at 6 hours, 

24 hours, and 72 hours after injury (Figure 8D-G). The finding that knockout of Abl1 in 

Scgb1a1+ cells leads to a decrease in cells in the BAL fluid component without changing 

the total immune cell population in the lung suggested that repair of the lung epithelium 

precedes the immune response. Therefore, whereas immune cells are able to freely 

permeate the alveolar space in wild-type mice after injury, fewer immune cells are able 

to enter the alveolar space and impair blood-gas exchange in knockout mice. No 

significant change in the levels of the inflammatory cytokines, IL-6 and TNFα, were 
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found in the BAL fluid 24 and 72 hours following injury (Figure 8H). Moreover, loss of 

Abl1 in Scgb1a1+ lung epithelial cells does not confer differential susceptibility to 

bacterial infection compared to wild-type mice as shown by quantification of bacterial 

load in the alveolar space and whole lung 24 and 72 hours after injury (Figure 8I). 

 

Figure 8: Immune response following injury in wild-type mice and mice with a 
conditional knockout of Abl1 in Scgb1a1+ cells. (A) 72 hours after exposure to S. 
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aureus, CC10 (Scgb1a1)-CreER; Abl1fl/fl mice (n=9) demonstrate a 4-fold reduction in 
leukocyte counts in the BAL fluid compared to wild-type mice (n=16). (B-C) FACS 
analysis (B) and quantification (C) of BAL fluid showed no change in the proportion of 
neutrophils (Ly6G+ cells) at 24 and 72 h after injury in wild-type (24 h: n=8, 72 h: n=6) 
and knockout mice (24 h: n=5, 72 h: n=7). (D-G) FACS analysis (D) and quantification (E-
F) of non-BAL lung cell populations without injury and 6 h (n=3), 24 h (n=4), and 72 h 
(n=6) after injury showed no significant changes in neutrophils (Ly6G+), macrophages 
(F4/80+), and T-cells (CD3+) in wild-type versus knockout mice as shown in the pie-chart 
(G). (H) Cytokine analysis from BAL fluid 24 h (n=3) and 72 h (n=6) after injury showed 
no significant difference in IL-6 and TNFα production in wild-type versus knockout 
mice. Cytokine analysis was all performed in duplicate. (I) BAL fluid and non-BAL 
whole lung cell isolation showed no significant difference in S. aureus CFU counts 24 h 
(control: n=8; knockout: n=5) and 72 h (control: n=8; knockout: n=6) after injury in wild-
type versus knockout mice. CFU assays were all performed in duplicate.  

The finding that genetic inactivation of Abl1 in Scgb1a1+ cells promotes recovery 

from pathogen-induced lung injury in a mouse model of pneumonia without 

modulating susceptibility to bacterial infection or immune responses suggests that Abl 

kinases modulate the regeneration response of lung epithelial cells following injury. 

2.2.3 Loss of Abl1 in SCGB1A1+ lung epithelial cells promotes 
regeneration of the alveolar epithelium after pathogen-induced lung 
injury 

To dissect the cellular effects of Abl kinase inhibition in lung epithelial cells that 

underlie enhanced recovery following bacterial infection, CC10 (Scgb1a1)-CreERT; 

Rosa26-fGFP; Abl1fl/fl and the corresponding wild-type, control mice were sacrificed at 

various times following nasal insufflation of S. aureus. Staining for lung epithelial cell 

populations (Figure 9) revealed that damage following nasal insufflation of S. aureus 

occurred primarily in Type I alveolar epithelial cells (AECs), identified by 

immunostaining for the cell-surface marker, RAGE (also known as AGER), without 
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significant changes in the number of Type II AECs (SPC+) and airway epithelial cell 

types in regions of lung injury (Figure 9A). Damage to Type I AECs is maximal at 24-72 

hours following S. aureus exposure, with wild-type mice achieving complete recovery by 

day 6 (Figure 9B, top panels). In contrast to wild-type mice, the alveolar epithelium in 

Abl1fl/fl mice exhibited complete recovery by day 3 post-infection (Figure 9B, bottom 

panels; quantification in Figure 9C). These findings were surprising because Abl1 was 

inactivated specifically in Scgb1a1-expressing cells of the airway, and Type I AECs do 

not express Scgb1a1. To distinguish between protective or regenerative effects of Abl 

kinase inhibition, we evaluated lung tissue isolated at earlier time points after S. aureus 

exposure and assessed these sections for lung epithelial cell damage. At 4 hours 

following nasal insufflation of S. aureus, Type I AEC damage was observed in both wild-

type and Abl knockout mice (Figure 9B-C). These findings suggest that whereas 

inactivation of Abl signaling in Scgb1a1+ cells fails to prevent pathogen-induced 

alveolar injury, it promotes rapid regeneration of Type I AECs, leading to accelerated 

recovery of Abl1fl/fl mice following pathogen-induced injury. 
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Figure 9: Genetic inactivation of Abl1 promotes regeneration of the alveolar 
epithelium following nasal insufflation of S. aureus. (A) CC10 (Scgb1a1)-CreER; Rosa26-
fGFP; Abl1wt or Abl1fl/fl mice were given tamoxifen four times two weeks prior to nasal 
insufflation of S. aureus to induce excision of Abl1 and/or expression of GFP in Scgb1a1+ 
cells. Panel of immunofluorescence stains for RAGE (Type I cell marker), SPC (Type II 
cell marker), and Hoechst33342 (nuclear stain) shows that Type I alveolar epithelial cells 
are the most common site of injury (yellow dotted lines) following exposure to S. aureus 
in wild-type mice. Scale bar = 100µm. (B) Immunofluorescence staining for the RAGE 
four hours, three days, and six days following nasal insufflation of S. aureus shows 
widespread damage (loss of RAGE expression and reduced alveolar volume) to the 
alveolar epithelium in wild-type (WT) mice that peaks at three days and resolves in one 
week compared to damage in Abl1fl/fl (KO) mice at four hours that completely resolves by 
day 3. Scale bar = 50µm. (C) Quantification showing reduced damage (as measured by 
loss of alveolar area/volume compared to uninfected mice) in Abl1fl/fl mice compared to 
wild-type mice three days after injury. 
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2.2.4 Abl kinase inhibition promotes expansion of the double-positive 
SCGB1A1+ SPC+ cell population following injury 

To investigate the role of Abl kinases in Scgb1a1+ cells in the regeneration of 

damaged alveolar epithelium following pathogen exposure, we performed lineage 

tracing experiments of the Scgb1a1+ cell population using a Rosa26-fGFP reporter in 

CC10 (Scgb1a1)-CreERT mice. We detected a significant increase in the number of GFP+ 

(Scgb1a1 driver) cells in the lung parenchyma of Abl1fl/fl mice compared to wild-type mice 

72 hours after injury (Figure 10A). Staining for the Type II AEC marker, Surfactant 

Protein-C (SPC) encoded by Sftpc, revealed that the GFP+ cells in the alveolar space co-

express SPC (Figure 10B).  Following injury, we observed a two-fold increase in the 

number of double positive GFP+ SPC+ cells in knockout mice compared to wild-type 

mice, so by day 3 after injury, 30% of SPC+ cells in Abl1fl/fl mice were GFP+ and, therefore, 

lineage-derived from Scgb1a1-expressing cells (Figure 10C).  Notably, there was no 

significant difference in the GFP+ SPC+ cell population between uninfected wild-type 

and Abl1fl/fl mice, three weeks and up to four months after delivery of tamoxifen to 

induce Abl1 excision.  
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Figure 10: Loss of Abl1 promotes expansion of the GFP+ (Scgb1a1 driver) SPC+ cell 
population in mouse lungs following injury. (A) CC10 (Scgb1a1)-CreER; Rosa26-fGFP; 
Abl1wt (left panels) or Abl1fl/fl (right panels) mice were given tamoxifen four times two 
weeks prior to nasal insufflation of S. aureus to induce excision of Abl1 and/or expression 
of GFP in Scgb1a1+ cells. Three days after exposure to the live bacteria, Abl1fl/fl mouse 
lungs demonstrated an increase in the GFP+ cell population in the alveolar space 
(arrows) extending out from the bronchioles / BADJ (Br). Scale bar = 70µm. (B) 
Magnified subset at the 72-hour time point (A, see white box) with co-staining for GFP 
and SPC antibodies shows that GFP+ cell population in the alveolar space express the 
Type II alveolar epithelial cell marker, SPC. (C) Quantification of the percent of SPC+ 
cells that express GFP in the entire left lungs of mice infected with S. aureus showing a 
doubling of the GFP+ SPC+ cell population in Abl1fl/fl mice (n=9 mice) compared to wild-
type mice (n=16 mice) 72 hours after injury. Graph represents means with S.E.M.  
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We next sought to investigate whether the GFP+ (Scgb1a1 driver) SPC+ cells in 

the alveolar epithelium retained expression of Scgb1a1. Co-staining for GFP and Scgb1a1 

showed that GFP+ cells in close proximity to the BADJ retained high levels of Scgb1a1 

protein, but the expression of Scgb1a1 progressively decreased in GFP+ cells localized 

more distally from the BADJ (Figure 11). Henceforth, we will refer to this population of 

cells as double positive, SCGB1A1+ SPC+, cells even though they demonstrate variable 

expression of Scgb1a1 and are likely actively differentiating as they expand further away 

from the BADJ. Taken together, these data suggested that inactivation of Abl kinases in 

Scgb1a1-expressing cells following injury greatly enhanced the population of double 

positive, SCGB1A1+ SPC+, cells in the lung and that these cells likely originated from 

progenitors in the bronchioles and/or BADJ and expanded into the alveolar epithelium 

to promote regeneration following injury. 

 

Figure 11: Loss of Abl1 promotes expansion of Scgb1a1 (CC10)+ cells following injury. 
Staining with an antibody for CC10 (Scgb1a1) shows high expression of CC10 in cells 
close to the BADJ with progressively lower expression further away from the BADJ.  
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2.2.5 Pharmacological inhibition of Abl kinase promotes recovery of 
mice following pneumonia  

The availability of pharmacological inhibitors of the Abl kinases prompted us to 

evaluate whether treatment with these compounds might be a useful therapeutic 

strategy following S. aureus-induced lung infection. We employed the Abl kinase-

specific allosteric inhibitor, GNF5, to evaluate Abl kinase inhibition as a treatment 

modality in bacterial pneumonia. The allosteric inhibitor, GNF5, binds specifically to the 

myristoyl-binding site in the kinase domain of the Abl kinases and does not inhibit other 

protein kinases (8). Administration of GNF5 by oral gavage twice daily results in specific 

inhibition of the Abl kinases without known off-target effects (8). Treatment was 

initiated one hour after nasal insufflation of S. aureus, and mice were evaluated 24 and 

72 hours following injury (Figure 12A). Remarkably, two doses of GNF5, one initiated 1 

hour and another 16 hours after injury, were sufficient to promote recovery after 24 

hours in drug-treated mice compared to vehicle control treated mice (movement 

tracings of a 30-second video in Figure 12B). In contrast to the immobile and sickly 

appearance of vehicle control treated mice, the mice treated with GNF5 were active and 

exhibited a healthy appearance. Analysis of lung tissue sections at 72 hours post-

infection revealed a significant decrease in lung injury in the treated mice (Figure 12C-

D).   
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Figure 12: Treatment with an Abl kinase inhibitor reverses lung injury following 
nasal inhalation of S. aureus. (A) Timeline: CC10 (Scgb1a1)-CreER, Rosa26-fGFP mice 
were treated with an Abl kinase inhibitor b.i.d. starting one hour after nasal insufflation 
of S. aureus. Mice were evaluated 4h, 24h, and 72h after injury. (B) Movement tracings of 
a 30-second video of vehicle and GNF5 treated mice 24h after induction showing faster 
recovery in mice treated with GNF5. (C-D) H&E staining of the left lung of vehicle and 
GNF5 treated mice three days after injury (n=7 mice per group). (E-F) BAL performed 
three days after injury shows (E) a reduction in protein in the airspace in mice treated 
with GNF5 starting 24h before injury (Pre, n=6) or 24h after injury (Post, n=5) compared 
to control mice (n=25) and (F) a reduction in protein in the airspace in mice treated with 
nilotinib (n=6) or GNF5 24h after injury (n=5) compared to control mice (n=25). (G) Three 
days after injury, mice treated with GNF5 (right) demonstrated an increase in the GFP+ 
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cell population in the alveolar epithelium compared to vehicle treated mice (left). Scale 
bar = 25µm. (H) Co-staining for GFP and SPC antibodies showed an induction of SPC 
expression, a marker for Type II AECs, in the both the GFP+ cells of the bronchiolar (Br) 
and alveolar epithelium in GNF5-treated mice. (I) Quantification of the percentage of 
SPC+ cells that were also GFP+ in mice with genetic inactivation (n=9) or 
pharmacological inhibition (n=6) of Abl kinases compared to control mice (n=16). (J) 
Immunofluorescence staining for the Type I AEC marker, RAGE, three days after injury 
shows widespread damage to the alveolar epithelium (dotted yellow lines) in untreated 
mice that is resolved in mice treated with GNF5. 

To evaluate the effect of delayed drug treatment that more closely represents the 

delay in treatment initiation following the onset of pneumonia symptoms in the clinical 

setting, treatment schedules were initiated for mice exposed to S. aureus 24 hours after 

injury and compared to mice treated 24 hours prior to injury. BAL samples obtained at 

day 3 post-infection demonstrated a significant reduction in protein concentration in 

both the pre-treatment group and in mice treated with GNF5 starting at 24 hours after 

injury (Figure 12E). These data show that even delayed treatment confers a therapeutic 

effect. A significant reduction in lung injury was also observed in mice treated with the 

ATP-binding site Abl kinase inhibitor, nilotinib, an FDA-approved drug for treatment of 

chronic myelogenous leukemia (Figure 12F). 

Notably, we also found a significant increase in the proportion of GFP+ (Scgb1a1 

driver) SPC+ cells in the GNF5 treated mice compared to vehicle control treated mice as 

well as an increase in SPC expression in the Scgb1a1+ cells within the bronchioles of 

GNF5 treated mice after injury (Figure 12G-I). Moreover, the alveolar epithelium in mice 

treated with GNF5 recovered more rapidly by day 3 post-infection compared to vehicle 
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treated control mice (Figure 12J). These findings suggest that both pharmacologic and 

genetic inactivation of the Abl kinases lead to an expansion of double-positive GFP+ 

(Scgb1a1 driver) SPC+ cells that promote rapid regeneration of the alveolar epithelium 

following injury. 

2.2.6 Abl kinase inhibition mobilizes bronchiolar epithelial cells as a 
progenitor pool for the expansion of the double-positive SCGB1A1+ 
SPC+ cell population following injury 

 To characterize the specific cell population responsible for expansion of 

SCGB1A1+ SPC+ cells into the damaged alveolar epithelium in Abl1-deficient mice, we 

employed three different mouse models: (1) CC10 (Scgb1a1)-CreERT; Rosa26-fGFP, (2) 

SPC (Sftpc)-CreERT2; Rosa26-tdTomato, and (3) SOX2-eGFP mice (detailed description of 

mouse models is provided in Appendix B). Prior studies identified a small pool (<1 cell 

per BADJ) of SCGB1A1+ SPC+ putative “bronchioalveolar stem cells” (BASC) within the 

BADJ as a potential cell type of origin for Type II AECs (109). Our findings are consistent 

with these reports in wild-type mice after pathogen-induced injury, as we observed an 

increase in the number of SPC+ cells that were also GFP+ from <5% to 10-15% (Figure 10) 

around the BADJ. Notably, the number of GFP+ SPC+ cells markedly increased from 

<5% to 25-50% in the Abl1fl/fl mice after pathogen exposure (Figure 10). These data 

suggest that the increase in the SCGB1A1+ SPC+ cell population is unlikely to be 

dependent on expansion of the limited pool of resident double-positive SCGB1A1+ SPC+ 

cells within the BADJ alone.  
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Figure 13: Abl kinase inhibition promotes proliferation and differentiation of 
Scgb1a1+ cells following injury. CC10 (Scgb1a1)-CreER, Rosa26-fGFP, Abl1wt or Abl1fl/fl 
mice were given tamoxifen four times two weeks prior to nasal insufflation of S. aureus 
to induce excision of Abl1 and/or expression of GFP in Scgb1a1+ cells. (A,B) 4 hours after 
exposure to S. aureus, GFP+ cells in Abl1fl/fl mice (KO, n=8) exhibited increased rates of 
proliferation as measured by staining for Ki67 compared to wild-type mice (WT, n=5). 
(C) Co-staining for GFP and SPC via immunofluorescence showed a significant increase 
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in expression of SPC within the bronchiolar secretory cell population of Abl1 knockout 
mice compared to wild-type mice. (D) GFP+ cells were isolated from the lungs of CC10 
(Scgb1a1)-CreER; Rosa26-fGFP mice through FACS sorting. RT-PCR of lysate from 
isolated cells showed a significant increase in expression of four genes highly expressed 
in Type II cells in Abl1fl/fl mice compared to wild-type control mice (n=4 mice per group, 
each sample run in duplicate). (E) RT-PCR quantification of Sftpc mRNA expression 
from CC10 (Scgb1a1)-CreER; L10a-eGFP mice showing an increase in translated Sftpc 
mRNA pulled down from GFP-labeled ribosomes in Abl1fl/fl mice compared to wild-type 
mice (n=3 mice per group, each sample run in duplicate).  

To identify the cell-type of origin contributing to a large expansion of the double-

positive cell population, we evaluated the consequences of Abl1 inactivation in Scgb1a1+ 

cells on cell proliferation by immunofluorescence staining for Ki67. A significant 

increase in proliferating Scgb1a1+ cells was observed in bronchioles of Abl1fl/fl mice 

compared to wild-type mice, with maximal increase occurring within 4 hours after 

injury (Figure 13A-B). These findings demonstrate that inactivation of Abl1 in Scgb1a1+ 

cells elicits an early wave of cell proliferation (within 4 hours) following pathogen 

exposure that is not detected in wild type controls. Further, they suggest that Scgb1a1-

expressing cells within the bronchioles and BADJ, and not Type II AECs in the alveoli 

that co-express Scgb1a1, likely contribute to the expansion of the double-positive cell 

population following injury.  

To further evaluate Scgb1a1-expressing cells within the bronchioles and BADJ 

regions as the cell-type of origin for the expansion of the double-positive cells, we 

evaluated whether inactivation of Abl1 in Scgb1a1+ cells affected their differentiation. 

Co-staining for GFP and SPC followed by immunofluorescence microscopy revealed a 
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significant increase in expression of SPC within the bronchiolar secretory cell population 

of Abl1 knockout mice compared to wild-type control mice by day 3 following injury 

(Figure 13C). Normally SPC expression is specific to Type II AECs and is not present in 

bronchiolar epithelium. To determine whether there was an increase in the expression of 

other Type II AEC markers, we performed fluorescence activated cell-sorting (FACS) for 

GFP+ cells on the lungs of CC10 (Scgb1a1)-CreERT; Rosa26-fGFP; Abl1wt and Abl1fl/fl mice. 

RT-qPCR analysis of lysates from the isolated GFP+ cells revealed an upregulation (>10 

fold) of four of the most highly expressed genes in Type II cells (Sftpa, Sftpc, Lamp3, and 

ETV5) (124) in Abl1 knockout mice compared to wild-type mice (Figure 13D). To obtain 

a functional readout of altered gene transcription induced by Abl1 inactivation, we 

employed the translating ribosome affinity purification (TRAP) technique (125) using 

the lungs from CC10 (Scgb1a1)-CreERT; L10a-eGFP; Abl1fl/fl and corresponding wild-type, 

control mice. RT-qPCR quantification showed an increase in actively translated Sftpc 

mRNA that was pulled down from GFP-labeled ribosomes in Abl1 knockout mice 

compared to wild-type mice (Figure 13E). Thus, these data suggest that Abl1 

inactivation in a large population of Scgb1a1+ cells within the bronchioles elicits an early 

wave of enhanced proliferation within 4 hours after alveolar epithelial damage, followed 

by a wave of differentiation 24-72 hours after injury.  
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Figure 14: Conditional knockout of Abl1 in Scgb1a1+ cells but not SPC+ cells leads to 
increased regeneration of Type I cells after injury 

To determine whether Abl kinase inhibition specifically in Type II alveolar 

epithelial cells (AEC) contributes to the observed protective and/or regenerative 

phenotype in mice after injury, we used SPC (Sftpc)-CreERT2; Rosa26-tdTomato mice(122) 

that were Abl1wt or Abl1fl/fl. We found increased damage to the lung alveolar epithelium 

in untreated SPC (Sftpc)-CreERT2; Rosa26-tdTomato; Ablwt and Abl1fl/fl mice compared to 

SPC (Sftpc)-CreERT2; Rosa26-tdTomato mice treated with the Abl kinase inhibitor, GNF5 

(Figure 14). Interestingly, we detected tdTomato+, RAGE+ (Type I) cells derived from 

tdTomato+, SPC+, RAGE- (Type II) cells at sites of damage only in mice treated with 

GNF5 three days after injury (Figure 15). While it has been well-established that Type II 

AECs contribute to Type I AECs regeneration after injury, our findings are consistent 

with published data that, in wild-type mice, Type I AECs lineage-derived from Type II 

AECs are only observed 5-7 days after injury(108, 126). This data suggests that knockout 

of Abl1 in Type II AECs (SPC-CreERT2 model) alone is unlikely to contribute to the 
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accelerated regeneration of Type I AECs 72 hours after knockout of Abl1 in Scgb1a1+ 

cells (CC10-CreERT model).  

 

Figure 15: Pharmacological inhibition but not conditional knockout of Abl kinases in 
SPC+ cells enhances regeneration of Type I cells after injury. In untreated SPC (Sftpc)-
CreERT2; Rosa26-tdTomato wild-type and knockout mice, no RAGE+ cells were 
observed that were also tdTomato+ (stained by RFP). By contrast, RAGE+, tdTomato+, 
SPC- cells (Cell 1) derived from RAGE-, tdTomato+, SPC+ cells (Cell 2) were observed at 
areas of damage in SPC-CreERT2; Rosa26-tdTomato mice treated with GNF5 three days 
following exposure to S. aureus. 

To further ascertain whether the expansion of SCGB1A1+ SPC+ cells arises from 

Scgb1a1+ secretory cells in the bronchioles / BADJ as opposed to a small fraction (~10%) 
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of Scgb1a1+ Type II AECs (104), we employed a SOX2eGFP knockin/knockout mouse 

model (127). Within the lung, SOX2 is expressed specifically in airway cells but not in 

alveolar cells (128). Experiments performed in heterozygous mice in which the open 

reading frame of SOX2 is replaced by eGFP allow for identification of cells actively 

expressing SOX2, and not just lineage-derived cells from the airway cell population. 

Remarkably, we found an increase in the proportion of SOX2+ SPC+ cells expanding 

from the bronchioles into the lung parenchyma in mice treated with the Abl kinase 

allosteric inhibitor, GNF5, compared to vehicle control treated mice (Figure 16). These 

data are consistent with our findings that Abl kinase inhibition promotes expansion 

specifically of an airway cell population that is SCGB1A1+ SOX2+ following injury.  

Taken together, data from these three different mouse models suggest that 

inactivation of Abl kinases specifically in SCGB1A1+ SOX2+ bronchiolar epithelial cells, 

and not Type II AECs, promotes proliferation and differentiation of bronchiolar 

epithelial cells leading to an expansion of a population of double positive SCGB1A1+ 

SPC+ cells responsible for promoting regeneration of damaged alveolar epithelium 

following injury. 
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Figure 16: Inhibition of Abl1 promotes expansion of SOX2+ SPC+ cells in mouse 
lungs following injury. SOX2eGFP mice were pre-treated with vehicle or the Abl kinase 
inhibitor, GNF5, 24 hours prior to nasal insufflation of S. aureus. Three days after injury, 
lungs were harvested, paraffin-embedded, sectioned, and stained with antibodies to 
GFP and SPC. (A) Immunofluorescence staining showed a significant increase in the 
number of GFP+ SPC+ cells in GNF5 treated mice compared to vehicle treated mice 72 
hours after injury. (B) Quantification of the proportion of double positive cells showed 
an almost two-fold increase in SOX2+ SPC+ cells in treated mice compared to vehicle 
control mice (n=5 mice per group). 
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2.2.7 Expansion of SCGB1A1+ SPC+ cells to sites of injury promotes 
regeneration 

To track the mobilization of the double-positive SCGB1A1+ SPC+ cell population 

during regeneration of the alveolar epithelium, we performed immunofluorescence 

staining for GFP (Scgb1a1 driver), SPC (Type II AEC marker), and RAGE (Type I AEC 

marker) proteins in wild-type and Abl1 knockout mice after exposure to S. aureus. In 

wild-type mice, we found an increase in the number of SPC+ but GFP-negative Type II 

AECs cells at sites of injury in the alveolar epithelium at Day 3 post-infection (Figure 17, 

top panels). By contrast, Abl1 knockout in CC10 (Scgb1a1)-CreERT; Rosa26-fGFP; Abl1fl/fl 

mice exposed to S. aureus displayed increased numbers of GFP+ (Scgb1a1 driver) SPC+ 

cells, particularly at sites of alveolar repair following damage (Figure 17, bottom panels). 

The architecture of the damaged alveolar epithelium was largely restored (as evaluated 

by immunostaining for RAGE) in the Abl1 knockout mice by day 3 post-infection, but 

some areas of hyper-cellularity and decreased alveolar volume were detected, which 

were suggestive of damaged epithelium undergoing repair. The GFP+ (Scgb1a1 driver) 

SPC+ cells appear to expand from bronchioles and/or the BADJ to sites of damage, and 

subsequently promote alveolar epithelial cell regeneration. 
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Figure 17: GFP+ (Scgb1a1 driver) SPC+ cells expand to sites of injury and promote 
regeneration Three days following exposure to S. aureus, CC10 (Scgb1a1)-CreER; Rosa26-
fGFP; Abl1wt mouse lungs exhibit large areas of alveolar epithelial damage shown by 
staining for the Type I AEC marker, RAGE. There is an accumulation of Type II AECs, 
indicated by staining for SPC, at sites of damage. Abl1fl/fl mouse lungs (KO) exhibit 
regenerated alveolar epithelium with regions of hypercellularity and reduced alveolar 
area/volume. In areas of repair, an increase in GFP+ SPC+ cells was observed. 

To evaluate whether SCGB1A1+ SPC+ cells promote alveolar epithelium 

regeneration directly by differentiating into Type I AECs, mouse lung sections were 

stained at various times following injury to detect the presence of triple positive GFP+ 

(Scgb1a1 driver), RAGE+, SPC+ versus GFP+, RAGE+ but SPC- cells at sites of injury. 

Small clusters of triple positive cells and GFP+ (Scgb1a1 driver) RAGE+ cells were 

detected in lung sections of both wild-type and Abl1 knockout mice 30 days following 

injury but not at earlier time points (Figure 18). Given that Abl1 knockout mice showed 
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recovery from infection 24 to 72 hours after injury, it is unlikely that differentiation of 

GFP+ (Scgb1a1 driver) SPC+ cells into GFP+ RAGE+ cells significantly contributed to the 

observed early alveolar regeneration phenotypes. It is more likely that the double-

positive SCGB1A1+ SPC+ cells migrate to sites of injury and repopulate Type II AECs 

and that resident, local Type II AECs regenerate Type I AECs leading to repair of the 

damaged lung epithelium. Consistent with this hypothesis, SPC (Sftpc)-CreERT2; Rosa26-

tdTomato mice treated with the Abl kinase allosteric inhibitor, GNF5, demonstrated an 

increase in the proportion of tdTomato+ (Sftpc driver) RAGE+ cells compared to wild-

type, untreated mice and Abl1fl/fl mice (Figure 15). 

 

Figure 18: Lineage tracing of Scgb1a1+ cells in CC10 (Scgb1a1)-CreERT mice using the 
Rosa26-fGFP reporter reveals the presence of small clusters of GFP+ RAGE+ cells at 
day 30 following injury in wild-type mice. CC10 (Scgb1a1)-CreERT2; ROSA26-fGFP 
mice treated with tamoxifen two weeks prior to inducing lung injury were evaluated 30 
days after injury for GFP+ populations in the lung. Staining for antibodies to GFP 
(Scgb1a1 driver), SPC (Type II AEC marker), and RAGE (Type I AEC marker) revealed 
the presence of small clusters of GFP+ RAGE+ cells that were not observed at earlier 
time points. 
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2.2.8 Loss of Abl1 in SCGB1A1+ lung epithelial cells promotes 
recovery in mice following S. pneumoniae and PR8-influenza induced 
injury 

To extend our findings in the S. aureus injury model to other pathogen-induced 

injury models, we evaluated whether conditional knockout of Abl1 promoted lung 

epithelial regeneration in mice following exposure to a strain of H1N1 influenza virus or 

Streptococcus pneumoniae.  

2.2.8.1 Abl kinase inhibition in mouse model of pneumococcal pneumonia 

We first evaluated recovery in mice following nasal insufflation of S. pneumoniae 

(129), a significantly more virulent bacterial strain than the employed S. aureus strain.  

We found that while both wild-type and Abl1 conditional knockout mice (Scgb1a1 

driver) lost the same amount of body weight within 12 hours after injury, the 

conditional knockout mice recovered their body weight more quickly compared to wild-

type, control mice (Figure 19A). Consistent with these data, we found decreased damage 

to the lung parenchyma, as measured by an increase in average alveolar size, in 

knockout mice compared to wild-type mice (Figure 19B). We also found a significant 

increase in the proportion of GFP+ (Scgb1a1 driver) SPC+ cells in knockout mice 

compared to wild-type, control mice. Interestingly, while it took at least 24 hours to 

detect an expansion of the GFP+ (Scgb1a1 driver) SPC+ cells in the S. aureus injury model 

with maximal expansion at 72 hours, in the S. pneumoniae injury model, we found a 50% 
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increase in the expansion of the double positive cells as early as 6 hours after injury 

(Figure 19C-D). 

 

Figure 19: Loss of Abl1 in CC10 (Scgb1a1)-CreERT; Rosa26-fGFP mice leads to 
expansion of GFP+ SPC+ cells following exposure to S. pneumoniae. Mice were 
inoculated with 6X105 CFU Streptococcus pneumoniae and evaluated at multiple time 
points after injury. (A) Knockout mice show reduced weight loss three days after injury 
compared to wild-type mice (n=8-14 mice per group). (B) Quantification of RAGE 
staining showed reduced alveolar damage (as measured by alveolar area/volume) in 
knockout mice compared to wild-type mice three days after infection with S. pneumoniae 
(n=5 mice per group). (C-D) A significant expansion of double positive GFP+ SPC+ cells 
was observed within 6 hours after injury in knockout mice compared to wild-type mice 
(n=4 mice per group). Scale bar = 50µm. 

2.2.8.2 Abl kinase inhibition in a mouse model of H1N1 influenza injury 

We also evaluated the phenotypes elicited by the murine-adapted H1N1 (PR8) 

influenza A strain (130) in wild-type and Abl1 conditional knockout mice (Scgb1a1 

driver). While the full extent of viral induced injury manifests at a different timescale 
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(130) (1-2 weeks) compared to the S. aureus pneumonia (1-3 days), remarkably, we found 

significant increases in the proportion of GFP+ SPC+ cells at the same time point (72 

hours) after injury in Abl1 knockout mice compared wild-type control mice (Figure 20A-

C).  

 

Figure 20: Loss of Abl1 in CC10 (Scgb1a1)-CreERT; Rosa26-fGFP mice leads to 
expansion of GFP+ SPC+ cells following exposure to PR8-influenza. Three days after 
nasal insufflation of 35 PFU PR8-influenza, knockout mice showed reduced weight loss 
(A) and a significant expansion of GFP+ SPC+ cells (B-C) compared to wild-type, control 
mice (n=6 mice per group). Scale bar = 50µm. 

Thus, data from all three employed injury models – S. aureus, S. pneumoniae, and 

PR8-influenza induced injury – demonstrate that conditional knockout of Abl1 in 

Scgb1a1+ cells leads to their expansion, promotes lung regeneration, and accelerates 

mouse recovery after injury. 
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2.3 Conclusions 

Respiratory pathologies are the third leading cause of death in the industrialized 

world and with the emergence of resistant bacterial and viral strains, there is a strong 

need to identify novel therapies to use in combination with antibiotics/antivirals and 

supportive care for the treatment of pathogen-induced lung injury. Here we identify the 

Abl kinases as a promising therapeutic target to promote lung alveolar epithelial 

regeneration following injury. Previous studies showed that distal lung epithelium, 

including Type I and Type AECs, can be derived from a population of SCGB1A1+ SPC+ 

cells. In early lung development, these cells have been identified as a putative cell-type 

of origin for both Type I and Type II AECs (124). There is evidence that a rare 

population of these putative “bronchioalveolar stem cells” exists in the adult lung and 

resides at the BADJ (109). Accordingly, we found that in wild-type and/or vehicle 

control treated mice, normal regeneration of lung alveolar epithelium involves 

expansion (from <5% to 10-15%) of a small pool (<1 cell per BADJ) of SCGB1A1+ SPC+ 

cells originating at the BADJ. Surprisingly we found that genetic or pharmacologic 

inactivation of Abl kinases promotes an expansion (<5% to 25-50%) of cells positive for 

Scgb1a1, SOX2, and SPC. Abl1 genetic inactivation specifically in Scgb1a1+ expressing 

cells mobilizes a large pool of Scgb1a1+ secretory cells in the bronchioles, which are not 

appreciably involved in regeneration of the alveolar epithelium in wild-type mice. We 

detected active proliferation within four hours after pathogen-induced injury of Abl-
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deficient mice, followed by a wave of differentiation (at 24-72 hours) of an expanded 

pool of Scgb1a1+ secretory cells within the bronchiole, leading to an expansion of 

double-positive SCGB1A1+ SPC+ cells at sites of injury to promote increased alveolar 

regeneration compared to wild-type mice. Notably, we found no effect of Abl1 

inactivation in lung epithelial cells (Scgb1a1 driver) on immune cell responses. This is 

consistent with our findings in both the S. aureus and S. pneumoniae models showing that 

proliferation and differentiation of a pool of Scgb1a1+ secretory cells occurs as early as 4-

6 hours after injury and precedes the immune response. Consequently, both genetic and 

pharmacologic inactivation of Abl kinases promoted a rapid recovery of these mice 

following pathogen-induced injury through regeneration of the alveolar epithelium 

(Figure 21).  

 

Figure 21: The role of Abl kinases in lung epithelial cell regeneration 



 

54 

Genetic inactivation of Abl1 in Scgb1a1+ cells was found to not only promote 

expansion of the population of SCGB1A1+ SPC+ cells, but also to enhance regeneration 

of RAGE+ Type I alveolar epithelium within three days after injury. The absence of 

GFP+ (Scgb1a1 driver) RAGE+ cells at day 3 post S. aureus-induced injury suggests that 

the double-positive SCGB1A1+ SPC+ cells are not likely to directly differentiate into 

Type I AECs to regenerate the alveolar epithelium. While it is not possible to rule out 

epigenetic silencing at the Rosa26 locus as a potential mechanism for loss of GFP 

expression in Type I AECs following differentiation, the fact that small clusters of GFP+ 

RAGE+ cells were detected at day 30 suggested that epigenetic silencing was unlikely 

the reason. It is more likely that Type I AEC regeneration occurs through the 

differentiation of Type II AECs locally at sites of injury and that migrating SCGB1A1+ 

SPC+ cells replenish Type II AECs and/or signal to epithelial cells at sites of injury to 

promote regeneration. This conclusion is further supported by the findings that mouse 

lungs from SPC (Sftpc)-CreERT2; Rosa26-tdTomato+ mice treated with GNF5, but not 

untreated Abl1wt or Abl1fl/fl mice crossed with SPC (Sftpc)-CreERT2; Rosa26-tdTomato+ 

mice, accumulate tdTomato+ SPC- RAGE+ Type I cells. The isolated clusters of GFP+ 

(Scgb1a1 driver) RAGE+ cells observed at day 30 after S. aureus exposure likely originate 

from Type II AECs that co-express Scgb1a1 resulting in GFP+ expression driven by the 

Scgb1a1-promoter. These data suggest that the inactivation of Abl kinases promotes 
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expansion of SCGB1A1+ SPC+ cells, which indirectly leads to regeneration of Type I 

AECs following injury. 

The finding that inactivation of Abl kinases promotes regeneration and repair of 

the alveolar epithelium following pathogen-induced injury uncovers a previously 

unappreciated deleterious role for activation of Abl kinases following lung injury. The 

activity of Abl kinases is required for normal mouse development, as genetic 

inactivation of Abl1 results in perinatal lethality (37, 110). Inhibition of Abl kinases with 

pharmacological agents in healthy adult mice does not produce significant deleterious 

effects, thereby suggesting that endogenous Abl kinases are not required for normal 

cellular homeostasis in the adult (5).  Abl kinases are hyperactive in BCR-ABL-positive 

leukemia, some solid tumors, as well as in response to inflammation, DNA damage, 

oxidative stress, and other stimuli associated with diverse pathologies (5, 80, 111). Abl 

kinase inhibitors have beneficial therapeutic effects for the treatment of human 

leukemia, metastatic tumors in mice, as well as pathologies linked to inflammation (36, 

80, 111, 115, 116). The consequences of Abl activation on cell proliferation are cell 

context-dependent. Whereas activation of the Abl kinases promotes cell proliferation in 

leukemia cells, some solid tumors and diverse cell types stimulated with growth factors, 

Abl activation is anti-proliferative in the response to DNA damage(131) and Abl2 

negatively regulates myoblast proliferation in mice(132). Therefore, it is not surprising to 
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find that Abl kinase inhibition in Scgb1a1+ secretory cells promotes proliferation after 

injury. 

 

Figure 22: Inactivation of Abl kinases induces decreased phosphorylation of Yap1 and 
downregulation of Yap1 transcriptional targets following S. aureus exposure. (A) 
GFP+ cells were isolated from the lungs of CC10 (Scgb1a1)-CreER; Rosa26-fGFP mice 
through FACS sorting. RT-PCR of lysate from isolated cells showed a significant 
increase in expression of Yap1 and its downstream transcriptional target, Birc5 (n=3 mice 
per group, each sample run in triplicate) (B) Primary HBECs were pre-treated with the 
Abl kinase inhibitor, nilotinib (N), 24 hours prior to exposure to S. aureus. 
Immunoblotting of lysate harvested 24 hours after injury showed a decreased 
phosphorylation of Yap1 and decreased protein expression of its downstream 
transcriptional targets, Survivin, c-Myc, and Cyclin D3, in treated cells compared to 
untreated cells (n=2 mice per group, each run in triplicate).  

Abl kinases are likely to regulate multiple downstream targets in lung epithelial 

cells following pathogen-induced injury. These may include transcriptional co-activators 

of the Hippo (Yap1, Taz) and Wnt (β-catenin) signaling pathways, both of which have 

been implicated in alveolar regeneration (133-135). The Hippo pathway regulates organ 

development, and Yap1 activation was shown to regulate mechanical-tension-induced 

pulmonary alveolar regeneration (135) as well as airway regeneration following 

exposure to naphthalene (134). Functional interactions among Abl1, Yap1 and Taz have 
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been reported in development, cancer and the cellular response to damage. Activation of 

Abl1 in response to DNA damage was reported to promote activation of a pro-apoptotic 

program mediated by Yap1 (136). Abl kinases have been recently shown to regulate 

osteoblast differentiation and lung adenocarcinoma metastasis by regulating 

stabilization of the Taz transcriptional co-activator (137, 138). In preliminary studies, we 

found that loss of Abl1 in CC10 (Scgb1a1)-CreERT; Rosa26-fGFP mice results in 

decreased YAP1 mRNA expression and decreased phosphorylation of YAP at its Y357 

site in isolated GFP+ cells (Figure 22). We also found decreased transcript and protein 

expression of downstream transcriptional targets of YAP, including Birc5 (the gene that 

encodes the protein, Survivin), c-Myc, and Cyclin D3 (Figure 22). Transcriptional targets 

of Yap1 have been implicated in processes including apoptosis (BAX, PUMA) and 

proliferation (CTGF, c-Myc). In modulating expression of these targets, Abl kinase 

inhibition may be promoting both a protective and regenerative response in epithelial 

cells following injury. Furthermore, targeting of phosphorylated Yap11 may promote its 

cytosolic sequestration through the 14-3-3-β-catenin complex. This may also promote 

enhanced differentiation of secretory and basal cells in the lung following injury. 

Because inhibitors of Yap1 demonstrate high toxicity profiles, modulation of Yap1 

through Abl kinase inhibition may represent an effective way to target the Hippo 

pathway and its vital roles in organ regeneration in vivo (Figure 23).  Thus, future 

studies will seek to identify the molecular targets downstream of activated Abl kinases, 
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including targets in the Hippo pathways in lung epithelial cells that regulate cell 

proliferation and differentiation pathways in response to injury induced by S. aureus and 

other agents. 

 

Figure 23: Model for Abl-mediated regulation of Yap1 signaling following injury in 
lung epithelial cells 

Our work has revealed that inactivation of Abl kinases resulted in lung epithelial 

cell regeneration in mouse models of pneumonia induced by S. aureus, S. pneumoniae, 

and influenza virus. Hence, future studies are warranted to evaluate whether 

inactivation of Abl kinases might be exploited as a therapeutic strategy to promote lung 

regeneration and repair in response to injury induced by a wide variety of 

environmental exposures including toxins and pathogens. These studies open the door 

to investigations into other potential pathways that may lead to new strategies to 

promote lung epithelial regeneration. 
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3. Abl kinase inhibition promotes regeneration of 
tracheal epithelial cells following injury 

The following chapter is adapted from a manuscript to be submitted for peer 

review in Fall 2018. 

3.1 Background  

Considerable research has focused on the identification of lung progenitor cell 

populations that confer regenerative capacity after injury. The mammalian lung is 

comprised of conducting airways that transport air and the alveoli where gas exchange 

occurs. Conducting airways can be compartmentalized along the proximal-distal axis 

into structurally distinct domains: trachea, bronchi, and bronchioles (Fig. 24A). The 

upper airways are lined by pseudostratified or columnar epithelium consisting of basal, 

ciliated and secretory cell types including Club (Clara) and goblet cells (Fig. 24B).  

 

Figure 24: Schematic of the tracheo-bronchial tree and alveolar region of the lung. A. 
Trophic diagram of the respiratory tree. B. Cell types defining each section of the tree. 
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Basal cells are identified by expression of Keratin 5 (Krt5) and p63, ciliated cells express 

Foxj1 and acetylated α-tubulin, and Club cells express the Clara cell antigen 10 (CC10), 

also known as Secretoglobin 1a1 (Scgb1a1). The alveolar compartment consists of two 

major epithelial cell types: squamous type I alveolar cells (RAGE+) that function to 

facilitate gas exchange and cuboidal type II alveolar cells that produce and secrete 

surfactant proteins including Surfactant Protein C (SPC, also known as Sftpc) (Fig. 24B). 

Distinct lung epithelial cell populations in the airway and alveolar regions have been 

implicated in the regeneration response to lung injury. Regeneration of the alveolar 

regions have been discussed in detail in Chapter 2.  

In the airway epithelium, elegant studies have identified both basal and 

secretory cells as critical cell types in regeneration during normal cell turnover and 

following injury (103-107). Lineage tracing studies showed that Scgb1a1+ (CC10+) 

secretory cells can promote regeneration of alveolar and airway cells after damage by 

influenza infection (139, 140). Further, lung regeneration in a mouse model of influenza 

was shown to be dependent on a population of p63+ Krt5+ distal airway progenitor cells 

that differentiated into alveolar type I and type II cells as well as bronchiolar secretory 

cells (130, 141). More recently, studies have identified a stem-cell niche within the 

submucosal glands of the upper airway that can contribute to regeneration of basal and 

secretory cell types following injury (142, 143). Together these studies highlight the 
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plasticity among distinct lung epithelial cell populations during regeneration and 

suggest that various progenitor cell populations have the capacity to migrate to the site 

of injury and promote regeneration.      

Despite significant progress made in identifying distinct stem / progenitor cell 

populations in the airway, little is known regarding the identity of signaling networks 

that might be effectively targeted within these cell populations to promote recovery 

from injury. Moreover, there are no approved drugs that directly prevent or reverse 

epithelial cell damage following injury. We have uncovered a previously unknown role 

for the Abl kinases in the regulation of regeneration of airway epithelium after injury. 

Together with our findings in Chapter 2 showing a role of Abl kinases in alveolar 

regeneration, these data on Abl-regulated airway regeneration suggest that available 

Abl kinase inhibitors, which have been used for treating leukemia, might be re-purposed 

to treat lung epithelial damage induced by exposure to pathogens and toxins. 

3.2 Results 

3.2.1 Abl kinase inhibition promotes basal cell differentiation in 
primary human bronchial epithelial cells 

We first examined the role of Abl kinases in basal cell differentiation in primary 

human bronchial epithelial cells (HBECs) in air-liquid interface (ALI) cultures. Basal 

cells were isolated from human donor lungs and plated on polyester transwell inserts at 

passage 1. Once the cells were 100% confluent (3-4 days after plating), media from the 

top chamber of the transwell insert was removed to promote differentiation of the basal 
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cells into a pseudostratified ciliated epithelium (Figure 25A). Remarkably, we found 

that, whereas untreated cells normally take 3-4 weeks to form a fully-differentiated 

pseudostratified ciliated epithelium, basal cells treated with the Abl kinase inhibitors, 

nilotinib or GNF5, fully differentiate in less than 14 days and express luminal cell 

markers within 7 days (Figure 25B-D).  Among these are acetylated α-tubulin and SNTN 

(ciliated cell marker) and SCGB3A2 (secretory cell marker) (Figure 25). 

 

Figure 25: Inhibition of Abl promotes differentiation of basal cells to luminal cells. A. 
Timeline of in vitro basal cell differentiation in primary human bronchial epithelial cells 
(HBECs). B. 3D reconstructions of air-liquid interface cultures using primary HBECs 
show an increase in expression of acetylated α-tubulin (red), a marker of ciliated cells, in 
cells treated with the Abl inhibitor, nilotinib, compared to vehicle-treated cells 7 days 
after plating the cells (n=3 human patients per group, each run in triplicate). C. Western 
blot analysis of primary HBECs showed an increase in protein expression of acetylated 
α-tubulin in cells treated with nilotinib (N) compared to vehicle-treated cells (CL) 7 days 
after plating the cells (n=3 patients per group, each run in triplicate). D. RT-PCR analysis 
of primary HBECs showed an increase in expression of SNTN, a structural protein in 
cilia, in cells treated with the Abl inhibitor, GNF5, compared to vehicle-treated cells 7 
days after plating the cells (n=3 patients per group, each run in triplicate). 
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Importantly, transepithelial electrical resistance assays showed that the increased 

differentiation in cells treated with the Abl inhibitor results functionally in increased 

resistance and decreased cell barrier permeability within 5 days (Figure 26). Increased 

resistance across the pseudostratified ciliated lung epithelium persists even after 

untreated cells fully differentiate three weeks after plating. Thus, inhibition of the Abl 

kinases in 3D ALI cultures of primary HBECs promotes basal cell differentiation and 

enhances barrier function.    

 

Figure 26: Transepithelial electrical resistance assays in ALI cultures of primary 
HBECs showed an increased resistance across a monolayer of cells treated with an 
Abl inhibitor, nilotinib, compared to vehicle control-treated cells (n=3-5 human 
patients per group, each run in duplicate). 

We also evaluated the effect of Abl kinase inhibition on the development of 

bronchospheres in a 3D Matrigel culture assay. We found that Abl kinase inhibition 

promoted basal cell proliferation and differentiation (Figure 27). Isolation and lysis of 

bronchospheres showed an increase in expression of the ciliated cell marker, acetylated 

α-tubulin, and a corresponding decrease in the basal cell marker, SOX2 (Figure 27B). In 
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addition, we found an increase in protein expression of the proliferation marker, Ki67, in 

cells treated with the Abl kinase inhibitors, GNF5 or nilotinib, compared to untreated 

cells (Figure 27B). Importantly, treatment with the Abl allosteric activator, DPH (32), 

reduced bronchosphere growth and differentiation as determined by decreased 

expression of acetylated α-tubulin and increased expression of the basal cell marker, 

SOX2 (Figure 27A-B).  

 

Figure 27: Inhibition of Abl promotes basal cell proliferation and differentiation in 
bronchosphere cultures. Basal cells were cultured in Matrigel at passage 1 and treated 
with vehicle control, the Abl kinase inhibitor, GNF5, or the Abl kinase activator, DPH, 
for three days starting two days after plating the cells. (A) Brightfield images of cells 



 

65 

treated with vehicle, GNF5, nilotinib (not shown), or DPH two and five days after 
plating the cells (n=2 patients per group, each run in duplicate). (B) Immunoblotting of 
differentiation and proliferation markers showing an increase in the ciliated cell marker, 
acetylated α-tubulin, a decrease in the basal cell marker, SOX2, and an increase in the 
proliferation marker, Ki67, in GNF5 and nilotinib treated cells compared to untreated or 
DPH treated cells (n=2 patients per group, each run in duplicate). 

Taken together, the data derived from in vitro ALI cultures and bronchosphere 

assays strongly suggest that Abl kinase inhibition plays an important role in basal cell 

proliferation and differentiation.  

3.2.2 Abl kinase inhibition protects mice from sulfur dioxide induced 
injury 

 To evaluate whether the Abl kinases promote basal cell differentiation in vivo, we 

employed the sulfur dioxide (SO2) injury model (Figure 28). SO2 inhalation elicits cell 

death and sloughing of luminal (ciliated and secretory) cells, leaving a layer of intact 

basal cells in the tracheobronchial region (144). Previous studies have shown that after 

SO2-induced destruction and sloughing of luminal cells, the surviving basal cells (Krt5+) 

proliferate to generate progenitor cells (Krt8+) that accumulate and subsequently 

undergo differentiation into ciliated (acetylated alpha-tubulin+) and secretory 

(Scgb1a1+) cells (5 days to 2 weeks after injury) (103). This well-defined model of airway 

injury and regeneration has been employed to identify signaling pathways that promote 

proliferation and differentiation of the lung epithelium after injury (103, 145).  
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Figure 28: Schematic representation of timeline of in vivo basal cell differentiation in 
the mouse airway epithelium following SO2 injury. Following injury-induced 
depletion of secretory (blue) and ciliated cells (yellow), the remaining basal cells (green) 
differentiate to regenerate the mucociliary epithelium (Xia Gao, et al. J Cell Biol 
2015;211:669-682).   

In contrast to SO2-treated control mice, we found a mostly intact mouse airway 

epithelium within 24 hours after SO2 injury in mice pre-treated with GNF5. The tracheas 

of SO2-treated control mice had complete ablation of the luminal cells (Figure 29). 

Immunofluorescence staining of sections of whole tracheas showed preservation of the 

pseudostratified epithelium in mice treated with GNF5 compared to untreated mice 

after SO2 injury (Figure 29A). Staining for Scgb1a1+ Club cells and acetylated α-tubulin+ 

ciliated cells (red) showed a mostly intact layer of secretory cells and some ciliated cells 

in GNF5-treated mice 24 hours after SO2 exposure (Figure 29A-B). This result suggests a 

protective and/or a regenerative role for Abl kinase inhibition following SO2 exposure.   

 

Figure 29: Pre-treatment of mice with an Abl kinase inhibitor protects luminal cells 
from sulfur dioxide induced injury. A. Pre-treatment with GNF5 24 hours before 
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induction with sulfur dioxide protects Scgb1a1+ Club cells (green) and acetylated α-
tubulin+ ciliated cells (red) from damage. Blue = Hoechst33342. B. Quantification of 
acetylated α-tubulin+ ciliated cells 24 hours after induction with sulfur dioxide in whole 
tracheas from the tracheoesophageal junction to distal trachea shows protection of 
ciliated cells in mice treated with GNF5 compared to control mice (n=3 mice per group). 

3.2.3 Abl kinase inhibition promotes basal cell proliferation and 
differentiation after sulfur dioxide induced injury 

To distinguish between protective and regenerative effects of Abl kinase 

inhibition, we next evaluated the expression of various proliferation and differentiation 

markers in the mouse trachea after injury. We found a significant increase in the 

expression of Ki67 in the basal cells of mice treated with GNF5 compared to untreated 

mice 24 hours after exposure to SO2 (Figure 30A). Furthermore, three days after injury, 

we found that, whereas untreated mice presented with a simple, columnar, non-ciliated 

epithelium showing initial stages of airway regeneration, mice treated with GNF5 

presented with a stratified, columnar, ciliated epithelium that had almost completely 

recovered from injury (Figure 30B).  

 

Figure 30: Abl kinase inhibition promotes an increase in cell proliferation following 
sulfur dioxide induced injury. A. 24 h following SO2 induced injury, basal cells in the 
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trachea of mice treated with GNF5 (bottom panels) show a significant increase in Ki67 
(green) expression compared to untreated mice exposed to SO2 (upper panels). B. 3 days 
following SO2 induced injury, H&E staining of tracheas of mice treated with GNF5 
(right) demonstrate stratified ciliated epithelium (arrows pointing to cilia), consistent 
with increased proliferation and differentiation, while tracheas of untreated mice given 
SO2 (middle) were lined with a non-ciliated simple columnar epithelium. Normal 
pseudostratified ciliated epithelium is shown on the left (No SO2). 

These findings reveal a role for Abl kinases in airway epithelial cell regeneration 

after injury. The striking discovery that inhibition of Abl kinases promotes basal cell 

proliferation and enhances differentiation supports therapeutic targeting of Abl kinases 

to promote regeneration after airway damage. 

3.2.4 Abl kinase inhibition promotes early differentiation of Krt5+ 
basal cells to a Krt8+ intermediate progenitor cell type 

 We next sought to determine the mechanism by which Abl kinase inhibition 

promotes differentiation of basal cells to luminal cells. The process of differentiation of 

basal cells to luminal cells involves differentiation of Krt5+ basal cells to an intermediate 

cell type (Krt8+) followed by differentiation to either ciliated (acetylated α-tubulin) or 

secretory (Scgb1a1+/CC10+) cells. To identify whether Abl kinase inhibition promotes 

early (Krt5+ cells  Krt8+ cells) or late (Krt8+  acetylated α-tubulin or Scgb1a1+ cells) 

differentiation, we conducted a time course experiment in primary HBEC ALI cultures. 

Interestingly, we found a significant increase in expression of Krt8 by both 

immunofluorescence and Western blot analysis (Figure 31), suggesting a key role of Abl 

kinase inhibition in early differentiation of lung airway basal cells.  
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Figure 31: Abl kinase inhibition promotes early differentiation of basal cells to Krt8+ 
cells. Primary HBECs were plated on polyester transwell inserts and treated with 
vehicle control or GNF5 24 hours after plating. (A-B) 24 hours after treatment, cells 
treated with the Abl kinase inhibitor, GNF5, showed a significant increase in Krt8 
expression by immunofluorescence staining (A) and immunoblotting with the Krt8 
antibody (B). Phosphorylated CrkL (pCrkL), a downstream target of the Abl kinases, is 
shown as a surrogate marker for Abl kinase activity. GAPD protein is used for loading 
control (n=2 human patients per group, each run in duplicate). 

3.2.5 Abl kinase inhibition promotes cytoplasmic localization of Yap1 
to promote basal cell differentiation following injury 

Given our prior data (Chapter 2 and previously published data (146)) as well as 

published studies showing the importance of the Hippo pathway in basal cell 

differentiation (147), we next investigated whether Abl kinase inhibition promotes basal 

cell differentiation to Krt8+ cells by affecting Yap1 signaling. At day 3 following SO2 

injury, untreated mouse basal cells exhibit primarily nuclear localization of Yap1. 
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Remarkably, basal cells in mice treated with GNF5 exhibited almost entirely cytoplasmic 

localization of Yap1 (Figure 32).  

 

Figure 32: Abl kinase inhibition promotes cytoplasmic localization of Yap1 in mouse 
lung basal cells following sulfur dioxide induced injury. Three days after SO2 injury, 
mouse tracheas were harvested and evaluated for Yap1 protein expression by 
immunofluorescence. Whereas basal cells in untreated mice demonstrated 
predominantly nuclear expression of Yap1, basal cells in mice treated with the Abl 
kinase inhibitor, GNF5, exhibited predominantly cytoplasmic localization (n=3 mice per 
group). 

This data is consistent with published data (147) that cytoplasmic localization of 

Yap1 promotes basal cell differentiation and supports the hypothesis that Abl kinases 

mediate basal cell differentiation through Hippo signaling.  

3.3 Conclusions 

The lung airway is the first line of defense against foreign agents for the lung. 

Secretory, ciliated, and goblet cells function together to prevent pathogens and noxious 

substances from damaging airway and alveolar compartments to allow for gas 

exchange. Compared to distal airways and the lung parenchyma, there is a much higher 

turnover of cell populations in the airway, and a variety of progenitor cell populations 
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exist to ensure airway maintenance. These include secretory (Club) and basal cells in the 

airway lumen and reserve cells within the submucosal glands. Despite important 

advances in our understanding of airway repair and regeneration, to date no targetable 

therapies have been devised to activate a specific progenitor population to promote 

regeneration after injury. In this chapter, we show that Abl kinase inhibition promotes 

basal cell proliferation and differentiation after injury. Targeting of the Abl kinases may 

substantially improve outcomes in airway pathologies such as damage following 

influenza or exposure to hazardous chemical agents.  

Data from both Chapters 2 and 3 revealed that Abl kinases may promote 

regeneration through modulation of the Yap1 transcriptional co-activator. Specifically, 

consistent with prior data, we found that following an initial proliferation phase (within 

24 hours of injury in both the upper and lower airways), a switch from a proliferation 

phase to differentiation phase may be directed by translocation of Yap1 to the cytoplasm 

from the nucleus where it serves as a transcription factor for pro-proliferation genes 

including c-Myc, CCND3, (Cyclin D3) and CTGF. Future studies will assess Abl-

dependent temporal regulation of Yap1 localization in response to injury induced by 

SO2. To this end, analysis of a time course following exposure to sulfur dioxide is needed 

to show nuclear localization of Yap1 at early time points (within 12 hours) followed by 

cytoplasmic localization of Yap1 at later time points (after 24 hours). 
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Future studies must also be conducted in both mice treated with an Abl kinase 

inhibitor before exposure to sulfur dioxide as well mice treated after exposure to sulfur 

dioxide to differentiate between potential protective and regenerative effects of Abl 

kinase inhibition. That Abl kinase inhibition promoted proliferation in basal cells 

compared to vehicle control treated cells strongly suggests a role in regeneration of 

luminal cells after injury. However, we cannot rule out that Abl kinase inhibition in pre-

treated mice may also prevent cell death. Indeed, both Abl kinases and Yap1 have been 

implicated in apoptosis pathways. Further studies must be conducted at earlier time 

points following injury to show to determine whether there is a difference in the fraction 

of luminal cells that slough off after injury.  

We have uncovered a previously unknown role for the Abl kinases in the 

regulation of regeneration of airway epithelium after injury. Together with our findings 

in Chapter 2 showing a role of Abl kinases in alveolar regeneration, these findings 

suggest that available Abl kinase inhibitors, which have been used for treating leukemia, 

might be re-purposed to treat lung epithelial damage induced by exposure to pathogens 

and toxins. 
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4. Abl Kinase Inhibition Sensitizes Primary Lung 
Adenocarcinomas to Chemotherapy 

The following chapter is adapted from a manuscript to be submitted for peer 

review in Fall 2018. 

4.1 Background  

With an estimated 234,000 new cases and 154,000 deaths in 2018, lung cancer is 

the leading cause of cancer deaths in the United States, accounting for one-quarter of all 

cancer deaths (148). Approximately, 80% of deaths are associated with smoking, which 

confers a 25-fold increase in relative risk. Smoking-associated lung cancer has one of the 

highest mutational burdens of all cancers (149). Despite advancements in molecularly 

targeted therapies for patients harboring actionable genetic abnormalities such as 

mutations in EGFR, ALK, RET, or BRAF, the majority of lung cancers lack identifiable 

driver oncogenes or harbor mutations in KRAS, TP53, or other clinically inactionable 

genetic abnormalities (149-151).  

The KRASLSL-G12D; p53fl/fl mouse model was developed as a powerful model for 

studying lung adenocarcinomas (152, 153). Tumor protein p53 (TP53 or p53) (46%) and 

Kirsten rat sarcoma viral oncogene homolog (KRAS) (33%) are the most commonly mutated 

genes in human lung adenocarcinomas (149). Because neither genetic alteration is 

clinically actionable, chemotherapy remains the mainstay of treatment in patients with 

oncogenic KRAS driver mutations. However, chemoresistance to genotoxic agents such 
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as docetaxel and cisplatin remains the most important clinical problem facing lung 

cancer patients.  

The Abl kinases were initially identified as oncogenes in the context of patients 

with chronic myelogenous leukemia (CML) or acute lymphocytic leukemia (AML) who 

presented with BCR-ABL1 fusion proteins due to a chromosomal translocation of ABL1 

to the Breakpoint Cluster Region (BCR) gene sequences (2). Recent studies have identified 

an important role for Abl kinases in solid tumors (5, 111). Data from The Cancer 

Genome Atlas (TCGA) showed alterations of ABL1 and ABL2 in human lung 

adenocarcinomas, including copy number enhancement of ABL2 and somatic mutations 

in ABL1 in 1-2% of patients (149). Importantly, increased ABL kinase activation has been 

detected in lung cancer cells without any genomic alterations (154), and inactivation of 

Abl kinases has been shown to suppress lung cancer metastasis following intracardiac 

injection of non-small cell lung cancer cell lines (146).  

Here, we demonstrate for the first time in the context of the autochthonous 

KRASLSL-G12D; p53fl/fl mouse model that Abl kinase inhibition sensitizes primary lung 

adenocarcinomas to treatment with the chemotherapeutic agent, docetaxel. Sensitization 

to sub-therapeutic doses of chemotherapy would significantly decrease the deleterious 

side effects of chemotherapy and enhance response rates in patients with lung 

adenocarcinomas. 
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4.2 Results  

4.2.1 Inhibition of Abl kinases impairs KrasG12D/+; p53-/- driven lung 
tumors 

To evaluate whether Abl kinases play a role in the progression of primary lung 

adenocarcinomas, we evaluated whether pharmacological inhibition of the Abl kinases 

impaired tumor growth in an autochthonous KRASLSL-G12D; p53fl/fl mouse model (153). 

Intranasal delivery of an adenovirus containing a Cre-recombinase expressing construct 

(Ad5-Cre) results in the activation of oncogenic KRAS and loss of p53 in infected cells. 

Consequently, spontaneous lung adenocarcinomas form throughout the lung 

approximately 8 weeks after viral delivery. Treatment with the Abl kinase inhibitor, 

GNF5, and/or the chemotherapeutic agent, docetaxel, was initiated once tumor 

formation was confirmed by µCT scans performed every two weeks starting at 8 weeks 

following infection. GNF5 binds specifically to the myristoyl-binding site in the kinase 

domain of the Abl kinases unlike the commonly used ATP-binding site inhibitors such 

as imatinib and nilotinib that also interact with numerous other protein kinases (8). We 

found that b.i.d. treatment with GNF5 or a sub-therapeutic dose of docetaxel alone 

slowed tumor progression (two-fold increase in tumor size over a two-week period) 

compared to vehicle control treated mice (four-fold increase in tumor size over a two-

week period). Notably, combination treatment with both GNF5 and a sub-therapeutic 

dose of docetaxel decreased overall tumor size (Figure 33A-C). 
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Figure 33: Inhibition of Abl kinases impairs KrasG12D/+; p53-/- driven lung tumors. 
Treatments began 8 weeks after Adeno-Cre infection of LSL-KrasG12D/+; p53fl/fl mice. (A) 
3D-reconstructions of µ-CT scans of mice before and after 14 days of treatment with 
vehicle, GNF5, standard dose of docetaxel (20mg/kg, biweekly), or GNF5 + sub-
therapeutic dose of docetaxel (4mg/kg, biweekly).  (B) Corresponding H&E sections of 
mouse lungs after 14 days of treatment. (C) Quantification of tumor volumes in each 
treatment group. 

4.2.2 Combination treatment of an Abl kinase inhibitor and docetaxel 
decreases cell proliferation and increases cell death in KRASG12D/+; 
p53-/- driven lung tumors 

To evaluate the mechanism by which combination treatment of an Abl kinase 

inhibitor, GNF5, and docetaxel ablates lung adenocarcinomas in vivo, we harvested 
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mouse lungs treated with vehicle control, GNF5 alone, docetaxel alone, or combination 

therapy two weeks after initiating treatment (10 weeks after delivery of adenovirus). 

Sectioning and staining with the proliferation marker, Ki67, showed a decrease in Ki67 

expression by immunohistochemistry (IHC) and immunofluorescence (IF) in double-

treated mice compared to vehicle control mice or mice treated with GNF5 or docetaxel 

alone (Figure 34A-C). To evaluate apoptosis within the tumor, KRASLSL-G12D; p53fl/fl mice 

were crossed with mice expressing the Rosa26-fGFP reporter allowing for isolation of 

GFP+ tumor cells 10 weeks after delivery of the adenovirus. Immunoblotting of protein 

lysate from the isolated GFP+ cells showed a significant increase in expression of cleaved 

caspase 3, a marker of apoptosis, in double treated mice compared to either vehicle 

control mice or mice treated with GNF5 or docetaxel alone (Figure 34D).  

 

Figure 34: Inhibition of Abl kinases decreases cell proliferation and increases cell 
death in KrasG12D/+; p53-/- driven lung tumors. Treatments began 8 weeks after Adeno-
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Cre infection of Rosa26-fGFP; LSL-KrasG12D/+; p53fl/fl mice. Mouse lungs were harvested at 
10 weeks after Adeno-Cre infection. (A) IHC for Ki67+ cells in sections of mouse lungs 
from mice treated with vehicle control, docetaxel, GNF5, or combination 
(docetaxel+GNF5) treatment showing a decrease in Ki67 staining, particularly in the 
combination therapy group. (B-C) Immunofluorescence analysis shows an increased in 
the percentage of Ki67+ (red) tumor cells (labeled with farnesylated GFP, green) in 
control mice compared to mice given a combination therapy of GNF5 and docetaxel. (D) 
Immunoblotting of lysates showed a decrease in Ki67 expression and increase in cleaved 
caspase 3 expression in mice given combination therapy compared to control mice. 

4.2.3 Inhibition of Abl kinases sensitizes primary KrasG12D/+; p53-/--
mouse-derived organoids and cell lines to treatment with docetaxel 

To further evaluate the effect of Abl kinase inhibition on KrasG12D/+; p53-/- driven 

lung tumors, we evaluated the effect of Abl kinase inhibition on primary mouse tumor 

cell lines. We first performed tumor organoid formation assays. SPC (Sftpc)-CreERT2; 

KRASLSL-G12D; p53fl/fl; Rosa26-tdTomato mice were given tamoxifen to induce tumor 

formation specifically in Type II alveolar epithelial cells through the SPC (Sftpc) driver 

(122). Tomato+ cells were then isolated from mice after four weeks and grown in 

Matrigel in the presence of primary mouse fibroblasts (GFP+) to evaluate tumor 

organoid formation (Figure 35A). Organoids were treated with vehicle control, GNF5 

alone, docetaxel alone, or combination therapy starting three days after plating the cells, 

and after the organoids were grown for two weeks, we observed a decrease in the size of 

double-treated organoids compared to vehicle or single-treated organoids (Figure 35B-

C). By comparison, we found no decrease in size of primary lung alveolospheres isolated 

from SPC (Sftpc)-CreERT2; Rosa26-tdTomato mice, expressing wild-type KRAS and p53, 

treated with both GNF5 and docetaxel. These data are consistent with the findings in 
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vivo showing that Abl kinase inhibition sensitizes primary lung tumors to treatment 

with docetaxel (Figure 33).  

 

Figure 35: Inhibition of Abl kinases sensitizes primary KrasG12D/+; p53-/- derived 
organoid cultures to treatment with docetaxel in 3D tumor sphere assays. (A) Model: 
SPC (Sftpc)-CreERT2; KRASLSL-G12D; p53fl/fl; Rosa26-tdTomato mice were given tamoxifen to 
induce tumor formation. Tomato+ cells were then isolated from mice after tumor 
formation and grown in Matrigel in transwell inserts in the presence of primary mouse 
fibroblasts (derived from PDGFRα-H2B: GFP mice) to evaluate tumor organoid 
formation. Organoids were treated with vehicle, GNF5, docetaxel, or combination 
treatment for 2 weeks and assessed for organoid size. (B-C) 2 weeks after treatment, a 
significant reduction in organoid size was observed in organoids given combination 
treatment compared to vehicle, GNF5, or docetaxel (assay performed by Xia Xu). 

We also performed CellTiter-Glo experiments in primary cell lines derived from 

KrasG12D/+; p53-/- driven mouse lung tumors and found significantly reduced cell growth 
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in the combination treatment group compared to treatment with GNF5 or docetaxel 

alone (Figure 36).   

 

Figure 36: Treatment of primary lung adenocarcinoma cells derived from KRASG12D+/-; 
p53-/- tumors with an Abl kinase inhibitor sensitizes the cells to treatment with 
docetaxel.  CellTiter Glo was performed 24, 48, and 72 hours after plating two primary 
lung adenocarcinoma cell lines derived from KRASG12D+/-; p53-/- lung tumors. Treatment 
with a combination of GNF5 (10µM) and docetaxel (2nM), resulted in a significant 
decrease in cell growth compared to treatment with either drug alone (assay performed 
by Jing Jin Gu). 

4.2.4 Inhibition of Abl kinases sensitizes primary KrasG12D/+; p53-/- 
mouse adenocarcinomas to treatment with docetaxel by promoting 
cell differentiation 

To further define the mechanisms by which Abl kinase inhibition sensitizes 

KrasG12D/+; p53-/- driven mouse lung tumors to docetaxel treatment, we evaluated mRNA 

and protein expression of a variety of differentiation markers in tumor cells following 

treatment with the Abl kinase inhibitor, GNF5, with and without docetaxel. Given that 

one of the defining characteristics of adenocarcinomas is their progressive de-

differentiation from low grade, glandular structures with well-differentiated tumor cells 

to high grade tumors that lack any defined tissue morphology with poorly-
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differentiated tumor cells, we hypothesized that Abl kinase inhibition may inhibit the 

natural progression of tumor de-differentiation or actively reverse it based on our 

exciting data presented in Chapters 2 and 3. 

We first evaluated the expression of differentiation genes in vivo. KRASLSL-G12D; 

p53fl/fl mice were crossed with mice expressing the Rosa26-fGFP reporter allowing for 

isolation of GFP+ tumor cells by FACS. RT-qPCR of isolated GFP+ cells showed a 

significant increase in expression of terminal differentiation markers (SPC: Type II cell 

marker and CC10: secretory cell marker) with a concomitant decrease in expression of 

basal stem-cell markers (p63) (Figure 37A). We also found a corresponding change in 

protein expression of differentiation and basal markers by Western blotting of control 

and GNF5-treated mice (Figure 37B).  
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Figure 37: Combination treatment of GNF5 and docetaxel induces lung tumor cell 
differentiation in vivo. GFP+ cells were isolated from KRASLSL-G12D; p53fl/fl; Rosa26-fGFP 
mice two weeks after treatment with vehicle, docetaxel, GNF5, or combination treatment 
and 10 weeks after induction of tumors with adenovirus. (A) RT-qPCR analysis of cell 
lysate from each group shows an increase in expression of terminal cell markers (SPC: 
Type II cell marker and CC10: secretory cell marker) with a corresponding decrease in 
expression of basal cell markers (p63) in mice treated with the combination therapy 
compared to control or single agent treatment. (B) Western blot analysis showed an 
increase in expression of the ciliated cell marker, acetylated α-tubulin, with a 
corresponding decrease in expression of the basal cell markers, keratin 5 and SOX2, in 
mice treated with docetaxel and GNF5. A decrease in phospho-p38/MAPK and 
phospho-ERK, signaling targets in the MAPK pathway, was also observed in mice 
treated with the combination therapy. Phospho-CrkL is shown as a surrogate marker for 
Abl kinase activity along with the loading control, GAPD.  
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We also evaluated the expression of differentiation markers in vitro in primary 

cells isolated from KRASLSL-G12D; p53fl/fl mouse tumors. Consistent with our findings in 

vivo, we found an increase in expression of terminally differentiated cell markers and a 

decrease in expression of basal cell markers in mice treated with the combination 

therapy of GNF5 and docetaxel compared to vehicle control or single-agent treatment 

(Figure 38).  

 

Figure 38: Combination treatment of GNF5 and docetaxel induces lung tumor cell 
differentiation in vitro. Primary mouse lung adenocarcinoma cell lines derived from 
KRASG12D+/-; p53-/- tumors were treated with vehicle control, GNF5, docetaxel, or 
combination treatment for 48 hours. Western blot analysis of lysate showed an increase 
in expression of the ciliated cell marker, acetylated α-tubulin, with a corresponding 
decrease in expression of the basal cell marker, keratin 5, in mice treated with docetaxel 
and GNF5. Phospho-CrkL is shown as a surrogate marker for Abl kinase activity along 
with the loading control, GAPD. 

4.3 Conclusions 

Chemotherapy is a first-line treatment in the majority of patients with lung 

adenocarcinomas. Thus, combination therapies that sensitize tumors to chemotherapy 
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would have a profound impact in the treatment of these patients. Here we show that Abl 

kinase inhibition sensitizes KRASG12D+/-; p53-/- tumors to treatment with docetaxel so that 

even sub-therapeutic doses of docetaxel confer reduced cell growth and increased cell 

death both in vivo and in vitro in the presence of the Abl allosteric inhibitors. 

Given the findings described in Chapters 2 and 3 showing that Abl kinase 

inhibition promotes differentiation of lung epithelial cells, we investigated whether Abl 

kinase inhibition promotes differentiation of primary lung cancer cells. Tumors 

frequently co-opt pathways, such as the Hippo pathway, important in development and 

regeneration to promote cell growth and inhibit cell death. As adenocarcinomas 

progress from less aggressive, well-differentiated tumors with glandular morphology 

reflecting their cell of origin (low grade tumors) to aggressive, poorly-differentiated 

tumors that lack any identifiable morphology (high grade tumors), they undergo a de-

differentiation process that includes reduced expression of markers characteristic of 

their cell of origin and increased expression of basal cell markers or other ectopic protein 

expression markers. Some lung tumors even lose their epithelial morphology through an 

epithelial-mesenchymal transition. We have previously shown that Abl kinases are 

upregulated in lung tumors, so we hypothesized that inhibition of the Abl kinases 

promotes differentiation of lung adenocarcinomas from more de-differentiated, basal-

like tumors to differentiated tumors expressing terminal cell differentiation markers 

such as SPC. Our recent findings support this hypothesis. We found in the context of an 
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autochthonous lung cancer mouse model, 3D lung cancer organoids, and even in 

primary 2D cell culture an increased expression of pro-differentiation markers and a 

decreased expression of basal cell markers in cells treated with the Abl kinase inhibitor, 

GNF5, compared to vehicle control treated mice. Future studies will address whether 

this differentiation process is required for cancer cell sensitization to docetaxel, and this 

can be addressed with a time course analysis to determine whether increased cell death 

precedes the change in cell morphology.  

Given the prior data presented in Chapters 2 and 3, we hypothesize that Abl 

kinase inhibition may drive differentiation of lung cancer cells through modulation of 

the Hippo pathway. Several reports have shown that Yap1 and TAZ play an important 

role in tumorigenesis (155, 156). Interestingly, KRAS-mutated human non-small cell lung 

cancers are associated with increased nuclear YAP1, and downregulation of YAP1 

synergized with the chemotherapeutic agent, cisplatin (157). Since drugs targeting the 

Hippo pathway have high toxicity profiles (158), targeting of Hippo signaling through 

Abl kinase inhibition may present a promising therapeutic strategy in patients.  

In summary, we propose Abl kinase inhibition as a therapeutic strategy in lung 

pathologies, including infection and tumorigenesis. Abl kinase inhibition is 

fundamentally associated with epithelial cell differentiation, which is modulated in 

many disease states. Future studies should examine at the role of Abl kinase inhibitors 
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in other lung cancer types, such as those driven by mutations in EGFR, as well as in 

injury models and other epithelial cancers, such as those in the skin and gut. 
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5. Conclusions 
The finding that Abl kinase inhibitors can be repurposed from their current 

utility as cancer drugs to promote epithelial cell regeneration has many exciting 

implications. However, the journey from drug discovery to approval by the Food and 

Drug Administration for patient care is a complex one. This chapter highlights both the 

potential clinical implications of the findings in Chapters 2-4 but also the limitations of 

current in vivo and in vitro models of lung epithelial cell regeneration. 

5.1 Clinical Applications 

5.1.1 Pathogen-induced lung injury 

The development and spread of multidrug resistant strains highlights the need 

for alternative therapies to protect and/or regenerate damaged lung tissue following 

infection (159-162). While some of the issues of antibiotic resistance can be addressed by 

changes in public policy and improved antibiotic stewardship, vancomycin and 

carbapenem resistant organisms will continue to emerge despite our best efforts in 

chronically infected patients with poor source control such as those with cystic fibrosis, 

recurrent cholangitis, immunodeficiency, or peripheral artery disease. Furthermore, 

current antiviral therapies and vaccines remain limited due to significant side effects and 

rapid antigenic shift in viruses such as the influenza virus. A drug that promotes 

epithelial cell regeneration could represent a paradigm shift in the way patients are 

treated following pathogen-induced injury.  
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Designing a clinical trial with the Abl kinase inhibitor would be challenging for a 

few reasons. All three of the mouse models of pathogen-induced injury involved strains 

of bacteria or viruses titrated to sub-lethal doses. This is an important consideration 

because most human patients with the flu or bacterial pneumonia will recover without 

medical intervention, and it would be difficult to design a clinical trial showing greater 

efficacy of the drug compared to placebo if all patients with sub-lethal infections were 

included. Certainly, the trial would need to be conducted in a sub-population of high 

risk patients. However, data for the utility of Abl kinase inhibitors in this situation is 

lacking. While our studies in the more virulent S. pneumoniae strain showed an increase 

in the double positive, Scgb1a1+ SPC+, cells 6 hours after injury in Abl1 knockout mice 

compared to wild-type mice (Figure 19), there was no significant difference between 

wild-type and knockout mice when the injury was most severe, 24 or 72 hours after 

bacterial inoculation. Similarly, while we observed an increase in this population of cells 

three days after exposure to influenza virus, there was no significant difference between 

wild-type and knockout mice when the injury was most severe, seven days after viral 

delivery. The promotion of alveolar regeneration may not be sufficient to promote 

recovery following more severe injury.  

To address this issue, follow-up studies should be performed in mice given lethal 

doses of bacteria or virus in combination with antibiotics and, perhaps, even supportive 

care in the form of heating pads and placement in a cage with healthy mice. After all, 
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high-risk patients selected in a clinical trial would also be supportive care and antibiotics 

in addition to the Abl kinase inhibitor or placebo. Prior studies have identified doses of 

S. pneumoniae and PR8-influenza that yield approximately 50% mortality in mice (129, 

163). Data showing reduced mortality in mice given a combination of antibiotics, 

supportive care, and the Abl kinase inhibitor compared to antibiotics and supportive 

care alone would be important to show prior to pursuing a clinical trial.  

5.1.2 Chemical-induced lung injury 

Another potential clinical use for the Abl kinase inhibitors is in the context of 

chemical-induced injury. Civilians in war-zones are sometimes exposed to chemical 

agents such as chlorine gas while soldiers are frequently exposed to noxious substances 

such as mineralized dust or chemicals (i.e. sulfur dioxide) released from burn pits (164).  

Chlorine gas induces significant injury to all epithelial cell layers of the human 

and mouse airway (165). In Chapter 3, we showed evidence that Abl kinase inhibition 

promotes regeneration of luminal cells in the airway by promoting proliferation and 

differentiation of basal cells following sulfur dioxide-induced injury. It is unclear 

whether Abl kinase inhibitors could be used to promote regeneration of basal and 

luminal cells in civilians exposed to chlorine gas. Recent studies have identified a 

putative reserve stem cell population in the submucosal glands surrounding the mouse 

airway (142, 143). It would be interesting to evaluate whether Abl kinase inhibition 
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promotes expansion of this reserve stem cell population following chlorine-induced 

injury.  

Another potential clinical implication of our findings in Chapter 4 is the possible 

use of Abl kinase inhibitors to protect lung airway epithelial cells from injury. This may 

be particularly helpful if given to soldiers prior to deployment to high-risk areas such as 

Afghanistan and Iraq where exposure to burn pits and mineralized dust cause 

significant long-term respiratory problems (164).   

5.1.3 Squamous metaplasia 

In Chapter 4, we discussed our findings that Abl kinase inhibition promotes 

differentiation not only following epithelial cell injury, but also in the context of lung 

cancer. In an autochthonous lung cancer mouse model driven by mutant Kras and loss of 

p53 we found that Abl kinase inhibition promotes differentiation of lung tumor cells 

from de-differentiated cells expressing basal-cell markers to terminally differentiated 

cells reflective of the cell of origin (Type II alveolar epithelial cells or secretory cells of 

the airway). In doing so, the Abl kinase inhibitors rendered the cancer cells more 

susceptible to chemotherapy.  

While these studies offer a novel lung cancer treatment approach, it is important 

to note that these autochthonous mouse models fail to capture the large mutational 

burden in human lung cancers at the time of diagnosis (149). Perhaps a more 
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appropriate clinical correlate would be using the Abl kinase inhibitors to target pre-

cancerous lesions defined by inappropriate de-differentiation – metaplasia.  

In normal regeneration after injury, cells can differentiate from one cell type to 

another through dedifferentiation, transdifferentiation, or reprogramming (166). 

Dedifferentiation involves a terminally differentiated cell reverting to a less well-

differentiated cell in its own lineage. While this has been shown in zebrafish and 

amphibian animal models, to date only a single example has been shown in mammalian 

cells in vivo – the dedifferentiation of secretory cells of the lung to basal cells (105). 

Transdifferentiation involves a two-step process by which cells first de-differentiate and 

then redifferentiate into a separate cell-type (166). This has only been shown in vitro in 

mammalian cells. Reprogramming is the regression of a differentiated cell type all the 

way to its pluripotent state at which point it can differentiate into any cell type. The 

complex sequence of events required to achieve pluripotency has only been shown in 

vitro (166).   

Abnormal or pathologic repair following injury can lead to metaplasia and 

dysplasia (167). Metaplasia is the changing of a native differentiated cell-type to a non-

native differentiated cell-type. Examples of this include: (1) squamous metaplasia of the 

lung in response to smoking resulting in transformation of columnar airway cells to 

stratified, keratinized cells resembling skin (168); (2) Barrett’s esophagus in response to 

chronic exposure of the distal esophagus to stomach acid resulting in transformation of a 
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stratified squamous epithelium to intestinal epithelium; and (3) acinar-ductal metaplasia 

of the pancreas following chronic pancreatitis resulting in transformation of pancreatic 

acinar cells to ductal cells (169). Although pathologic, metaplasia is an adaptive response 

of cells following chronic exposure to noxious elements such as smoking and acid. 

Metaplasia is a precursor to dysplasia seen in cancer cells, and cells in these lesions have 

not yet undergone an oncogenic switch. 

Future studies should be conducted on airway cells obtained from heavy 

smokers to see if Abl kinase inhibition promotes re-differentiation of metaplastic cells. 

Our collaborators at the University of North Carolina-Chapel Hill, led by Dr. Scott 

Randell, have a core facility that regularly harvests lung airway epithelial cells from 

human donor lungs and provides the smoker status on each donor. We would first need 

to characterize the degree of cellular reprogramming in smoker lung airway epithelium 

compared to non-smoker lung airway epithelium and then investigate whether Abl 

kinase inhibition induces a shift in cellular machinery converting cells expressing 

squamous cell markers to cells expressing luminal cell markers of the lung airway. 

Smoking remains the most common cause of lung cancer worldwide, and a therapeutic 

approach targeting precursor cancer lesions before they develop into highly aggressive 

lung cancers could have a profound impact on lung cancer epidemiology. 
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5.2 Limitations of in vivo lung injury models 

The complexity of lung injury and cancer can be appreciated by performing 

experiments in vivo. No cells in the body exist in a void, non-adherent to other cells, and 

the concept of “cell confluency” is an artifact of in vitro culture. Furthermore, no organ 

or tissue section exists in the context of a single cell type – organs and tissues represent 

the homeostatic interactions between cells that define structure and boundaries 

(epithelial cells), cells important for nutrition and healing (endothelial cells and cells in 

the vasculature), immune cells, and supportive cells (stromal cells such as fibroblasts). 

New in vivo studies repeatedly show that previous classifications of cell types were 

insufficient in capturing the complexity of cell types present in the organ, showing once 

again the limitations of studies using clonal expansion of a single cell line in vitro. In no 

cell type is this more apparent than in the epithelial cells that make up the bronchial tree. 

Elegant in vivo studies have identified the cellular and molecular mechanisms of 

regeneration in the upper airway. Selective ablation of one or more cell types through 

chemical or genetic means has allowed for identification of various progenitor cell types. 

For example, exposure to naphthalene selectively ablates ciliated cells in the upper 

airways and is followed by regeneration from local secretory and basal cells (109). Sulfur 

dioxide-induced injury, as demonstrated in Chapter 3, induces damage to luminal cells 

in the upper airway and has shown the importance of basal cells in airway regeneration 

(145). Recently, chlorine gas-induced injury, which causes ablation of all three cell types 



 

94 

in the upper airway, was used to identify a population of reserve stem cells in the 

submucosal glands (142, 143). These injury models, along with directed cell depletion 

using diphtheria toxin (170), have been invaluable techniques to advance our 

understanding of regeneration in the upper airway.  

Much less is known about regeneration processes in the lower airway and 

alveoli. While the findings in Chapter 2 suggest an important cellular mechanism of 

regeneration in the distal lung following pathogen-induced injury, a molecular 

mechanism demonstrating exactly how Abl kinase inhibition promotes lung 

regeneration is lacking. A major limitation of using the in vivo injury models is the 

difficulty in isolating the double positive, Scgb1a1+ (GFP-labeled) SPC+, cells. While the 

farnesylated-GFP reporter is useful for tracking all cells of the Scgb1a1-lineage, it does 

not specifically allow for identification of the much smaller sub-population of GFP+ 

SPC+ cells that migrate to sites of injury to promote regeneration. Several groups have 

been able to isolate SPC+ cells in the absence of injury using FACS for lysotracker-

positive, EpCAM+ (epithelial cell marker), CD31- (endothelial cell marker), and CD45- 

(immune cell marker) cells. However, in the presence of severe alveolar cell injury, 

isolation of Type II (SPC+) cells is much more challenging. Isolation of double positive, 

GFP+ SPC+, cells is necessary to determine the molecular mechanism by which Abl 

kinases promote regeneration, and isolation of sufficient material to be able to perform 

immunoblot experiments is necessary to show the direct downstream signaling 
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consequences of Abl kinase inactivation following injury. Isolation of all GFP+ cells as 

we showed in Chapter 2 represents a significant limitation of current in vivo models, as it 

represents a dilution of the signaling changes in the sub-population of GFP+ SPC+ cells.  

Another limitation of in vivo models is the time it takes to breed triple and 

quadruple transgenic lines to attain sufficient numbers for statistical significance. As 

such, the focus of all experiments performed in Chapter 2 was on the role of Abl kinase 

inhibition specifically in lung epithelial cells. In these experiments, we evaluated Abl 

kinase inhibition specifically in Scgb1a1+ (secretory cells), SOX2+ (airway cells), and 

SPC+ (Type II alveolar epithelial cells) cells. However, we cannot rule out a role of Abl 

kinases in other cell types such as immune cells or other cells important in lung barrier 

function such as endothelial and lymphatic cells. Future studies can investigate the role 

of Abl kinases in endothelial cells using VE-Cadherin-CreER mice and lymphatic cells 

using Prox1-CreER mice.  

5.3 The current state of in vitro lung epithelial cell models 

The significant cost in time and money to generate and maintain transgenic 

mouse lines makes in vitro culture experiments appealing as an alternative to in vivo 

injury studies. In vitro experiments also allows for isolation specifically of a single cell 

type in abundance, thereby allowing for isolation of both RNA and protein that can be 

evaluated in directed manner through RT-PCR, Western blot, or immunofluorescence 

analysis or in an unbiased screen such as RNA-sequencing or proteomic screens. These 
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are certainly compelling reasons to consider in vitro culture models. However, while 

several culture models for the upper airway exist, evaluation of lung regeneration, 

particularly in the lower airway and alveoli, remains a futile endeavor.  

Two primary cell culture models of the mouse and human trachea are widely 

used: air-liquid interface cultures and bronchosphere cultures. Both methods are 

explained in detail in Chapter 3. In both models, basal cells are isolated from mouse or 

human upper airways and used to reconstitute the trachea in vitro. Both models are 

useful at studying regeneration in a more controlled environment, and each cell-type – 

ciliated, secretory, and basal cells – in the 3D-culture system can be isolated to identify 

the molecular changes unique to each cell-type following injury (105). Of note, 

immortalized bronchial epithelial cell lines exist. However, these cells have deviated so 

far from their original cell-type that they are useless in studying cell regeneration and 

will not be discussed here. 

There are several major limitations in these cell culture models highlighted by 

several findings in vivo. First, regeneration potential can arise from cells far away from 

the site of injury as illustrated by the migration of double positive cells from the lower 

airway to sites of damage in the alveolar epithelium in Chapter 2. Cell culture modeling 

of alveolar damage using alveolosphere cultures in 3D organoid cultures would never 

have identified the importance of cells in the airway in the regeneration response. In the 

upper airway, prevailing thought was that basal cells were the primary progenitor cell 
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population. Recent studies in vivo showed the importance submucosal glands to airway 

regeneration (142, 143). Yet another study showed the importance of migrating SOX2+ 

cells from the airway to sites of injury in the alveoli following influenza-induced lung 

injury (171). Cell culture studies from a clonal population of cells provides an 

incomplete picture of all the cell types important in regeneration.  

Another important limitation of in vitro models of epithelial cells is that the 

clonal expansion of a single population of cells fails to capture the true diversity of 

epithelial cell types that exist in vivo. For example, in vitro cultures fail to distinguish 

between different sub-populations of basal cells that are Krt5+ p63+, Krt5+ p63-, or Krt5- 

p63+. The findings in Chapter 2 that 30-40% of double positive cells arise from the 

SOX2+ lineage of airway cells compared to 20-30% that arise from Scgb1a1+ lineage of 

airway cells suggest that not all secretory cells in the lung are equivalent and that there 

may be sub-populations of cells with distinct roles that we have yet to understand. 

Another finding from Chapter 2 that only local Type II alveolar epithelial cells, and not 

Type II alveolar epithelial cells from the Scgb1a1-lineage, directly repopulate damaged 

Type I alveolar epithelial cells suggests that there may be sub-populations of Type II 

cells with distinct roles. In fact, one in vivo study identified as many as eight distinct 

progenitor cell populations following injury to the airway compared to just one (basal 

cells) in in vitro model systems (172).  
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Lastly, it is important to note that primary epithelial cell cultures are limited by 

both the numbers of times they can be passages (all experiments must be conducted on 

passage #1) as well as by the time it takes to complete epithelial differentiation (three to 

four weeks). This means that, unlike experiments in endothelial cells, cancer cells, or 

many other primary cell cultures that can be passaged several times, transfection 

experiments using the CRISPR/Cas9 model or shRNA knockdowns are not possible. 

This makes it difficult to perform rescue experiments using constitutively active 

constructs like the ABL2-PP construct. Experiments such as those performed in Chapter 

3 were carried out using pharmacologic inhibitors of the Abl kinases.  
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Appendix A: List of Pathogens 

S. aureus (Ssp. aureus, No. 25923; American Type Culture Collection) was grown 

as previously described (173). Dilutions of 5 X 108 CFU were used for mouse 

experiments, and dilutions of 1 X 108 CFU were used for cell culture experiments. S. 

pneumoniae (serotype 19, No. 49619; American Type Culture Collection) was grown as 

previously described(129). Dilutions of 6 X 105 CFU were used for mouse experiments. 

The murine-derived H1N1 influenza A strain – influenza A/Puerto Rico/8/34 (PR8) (VR-

95; American Type Culture Collection) was delivered at dilutions of 35 PFU per mouse.  
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Appendix B: List of Mouse Models 

Table 1: List of Employed Cre-Driven Mouse Models 

Mouse Model Modification Information 

CC10-CreERT;  

Rosa26-fGFP 

Scgb1a1tm1(cre/ERT)Blh/J Driver: Scgb1a1 (CC10) 

Reporter: farnesylated GFP 

CC10-CreERT;  

L10a-eGFP 

Scgb1a1tm1(cre/ERT)Blh/J 

Gt(ROSA)26Sortm9(EGFP/Rpl10a)Amc 

Driver: Scgb1a1 (CC10) 

Reporter: ribosome-tagged GFP 

Sox2-eGFP Sox2tm2Hoch Knockin/knockout mouse: ORF 

of Sox2 is replaced by EGFP 

SPC-CreERT2;  

Rosa26-tdTomato  

Sftpctm1(cre/ERT2)Blh Driver: Sftpc (SPC) 

Reporter: tdTomato 

 

CC10 (Scgb1a1)-CreERT; Rosa26R-CAG-farnesylated GFP (Rosa26-fGFP) and SPC 

(Sftpc)-CreERT2; Rosa26-tdTomato mice were kindly provided by Dr. Mark Onaitis and 

generated by Dr. Brigid Hogan at Duke University and have been previously described 

(104, 122). These mice were crossed with Abl1flox/flox mice (174) into a C57BL/6 genetic 

background. Sox2tmHoch/J mice (referred to as SOX2-eGFP mice in the text) were 

purchased from the Jackson Laboratory. Gt(Rosa)26Sortm9(EGFP/Rpl10z)Amc/J (referred to as L10-

eGFP in the text) mice were purchased from the Jackson Laboratory and were crossed to 

CC10-CreERT; Abl1flox/flox mice into a C57BL/6 genetic background for the TRAP 



 

101 

experiments. To induce expression of Cre-recombinase for both TRAP experiments and 

lineage tracing experiments, 8- to 20-week-old male and female mice were injected 

intraperitoneally four times every other day with 0.25mg/g body weight Tamoxifen 

(Sigma-T5648) in corn oil (Spectrum-CO136). Exposure to S. aureus was initiated 15 days 

after the last dose of Tamoxifen. Alternatively, mice were inoculated with purified 

Adenovirus5-CC10-Cre virus obtained from the University of Iowa Viral Vector Core 

Facility and generated by Dr. Anton Berns (Netherlands Cancer Institute). 10µl of stock 

virus solution was mixed in 30µl of Minimum Essential Medium and delivered 

intranasally twice, three days apart, three weeks prior to induction of S. aureus 

pneumonia. Mice were anesthetized using 0.3mg xylazine and 2.5mg/kg ketamine 

intraperitoneally prior to intranasal inoculation with a 50µl dilution of 5 X 108 S. aureus. 

The mice were monitored daily for weight loss and signs of respiratory distress and 

euthanized in an isofluorane chamber at days 0, 1, 2, and 3 after inoculation. All 

experiments were performed under the Duke University IACUC approved protocols: 

A098-16-04 and A130-16-06. Male and female mice at different ages (8 to 20 weeks old) 

were evaluated for differential response to drug (Abl kinase inhibitors and tamoxifen) 

and/or injury, and no significant effects of age and gender were observed. 

Homozygous L10a-eGFP mice were crossed with CC10-CreERT; Abl1fl/fl mice. 

Only mice heterozygous for L10a-eGFP were used for experiments. Pulldown of RNA 

from GFP-labeled ribosomes was performed as previously described (125). Briefly, anti-
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eGFP antibody (19C8 clone from Antibody & Bioresource Core Facility, MSKCC) was 

coupled to beads using the Invitrogen Dynameads Antibody Coupling Kit using 10µg 

purified antibody/mg beads for three days at 4oC on a rotator. Beads were washed three 

times in 0.15M KCl and resuspended in 0.15M KCl with 30mM DHPC. Lung tissue was 

harvested from mice three days after infection with S. aureus and dissociated for five 

seconds at the lowest setting of a tissue homogenizer (OmniKit Homogenizing Kit) in 

homogenization buffer (20mM HEPES-JOH, 150mM KCl, 4mM MgCl2, protease 

inhibitors, 0.5mM DTT, RNase inhibitor, 100µg/ml cycloheximide). Lysate was 

centrifuged, and the supernatant was incubated in 1% Ipegal CA-630 and 30mM DHPC 

on ice for five minutes. The mixture was centrifuged and incubated with the prepared 

beads for one hour at 4oC on a rotator. Beads were washed five times with 0.35M KCl 

and eluted with water. RNA isolation and real-time RT-qPCR was performed as 

described above. 

KRASLSL-G12D; p53fl/fl mice were kindly provided by Dr. David Kirsch at Duke 

University. To induce lung tumors, these mice were given 30µL virus followed by 30µL 

of DMEM chaser intranasally in 6-week-old mice under isofluorane anesthesia. Virus 

dilution was prepared by diluting 44µL viral stock (VVC U of Iowa-5; University of 

Iowa Vector Core Facility) in 500µL DMEM with 2.5µL calcium chloride. After 8 weeks, 

mouse tumors were evaluated by conducting complete body µCT scans. In mice in 

which tumors were identified, treatment with GNF5 (100mg/mL b.i.d. via oral gavage), 
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docetaxel (4mg/kg or 20mg/kg biweekly via intraperitoneal injection), or combination 

treatment was initiated for two weeks. After two weeks, follow-up complete body µCT 

scans were performed to evaluate change in tumor size. Analysis of tumor size was then 

performed using Imaris Version 8 software.  
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Appendix C: List of Primers 
Table 2: List of RT-qPCR Primers 

Gene Species Sequence 

ABL1 (forward) Human GGCTGTGAGTACCTTGCTGC 

ABL1 (reverse) Human GGCGCTCATCTTCATTCAGGC 

ABL2 (forward) Human AGTTTAGCACCAGGGTTCATCAG 

ABL2 (reverse) Human CTTCCTATCCCTGGTGAAGCAT 

Gapdh (forward) Mouse  AGGTCGGTGTGAACGGATTTG 

Gapdh (reverse) Mouse TGTAGACCATGTAGTTGAGGTCA 

Sftpc (forward) Mouse AACGCCTTCTCATCGTGGT 

Sftpc (reverse) Mouse TAGATATAGTAGAGTGGTAGCT 

ETV5 (forward) Mouse CCCGGATGCACTCTTCTCTATG 

ETV5 (reverse) Mouse TCGGATTCTGCCTTCAGGAA 

Lamp3 (forward) Mouse TGGAGCATATTTGACCATCTCA 

Lamp3 (reverse) Mouse CAAAGGCCTGAAGGTGGATA 

Sftpa (forward) Mouse CTGTCCCAAGGAATCCAGAG 

Sftpa (reverse) Mouse CCGTCTGAGTAGCGGAAGTC 
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Appendix D: List of Antibodies 
Antibodies for immunofluorescence experiments included: Anti-SPC (Millipore-

AB3786) at a 1:1000 dilution, anti-GFP (Aves Labs-GFP-1020) at a 1:1000 dilution, anti-

CCSP (SCGB1A1; CC10) (Millipore-07623) at a 1:500 dilution, anti-RAGE (R&D-

MAB1179), anti-Ki67 (Abcam-ab16667) at a 1:500 dilution, anti-acetylated α-tubulin 

(Sigma-Aldrich-T7451) at a 1:500 dilution, and anti-keratin 8 (DSHB). Antibodies for 

Western blot analysis included: ABL1 (BD-554148), ABL2 (Santa Cruz-sc134268), α-

tubulin (Millipore-05829), anti-acetylated α-tubulin (Sigma-Aldrich-T7451) at a 1:500 

dilution, anti-keratin 5 (BioLegend-905501) at a 1:1000 dilution, anti-keratin 8 (DSHB) at 

a 1:1000 dilution, anti-Ki67 (Abcam-ab16667) at a 1:500 dilution, and anti-cleaved 

caspase 3 (BioCare Medical) at a 1:500 dilution. Secondary antibodies with fluorescent 

labels were purchased from ThermoFisher (anti-mouse, anti-rabbit, and anti-rat Alexa 

Fluors 488, 561, and 647) and used at 1:1000 dilutions. Secondary antibodies with HRP 

tags were purchased from Jackson Laboratory and used at 1:2000 dilutions. Antibodies 

for FACS analysis were purchased from BioLegend: FITC anti-mouse CD45 (BioLegend-

147709), PE anti-mouse Ly6G (BioLegend12-5931-81), and FITC anti-mouse F4/80 

(BioLegend-53-4801-82), FITC CD3 (BioLegend-555274).
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Appendix E: Materials and Methods 

E.1: Cell Culture 

Primary human bronchial epithelial cells were isolated as previously described 

(121) and passage 1 cells were provided by the core facility at the University of North 

Carolina-Chapel Hill under IRB protocol: 03-1396. 30,000 cells were plated into each well 

of 6.5mm polyester inserts containing 0.4µm pores (Sigma-CLS3470) coated with Type 

IV human placenta collagen (Sigma-C7521). 100µl of ALI medium was added to the 

insert and 600µl of ALI medium was added to the well at the time of plating. At Day 3, 

ALI medium from the insert was removed while that in the well was changed daily for 

28 days. At Day 28, the inserts containing the cells were removed from their wells, 

washed with PBS, and incubated at 37oC for 30 minutes with 1 X 108 CFU S. aureus. Cells 

were then washed three times with PBS and returned to wells containing 600µl of ALI 

medium to regrow. Cells were harvested at multiple time points up to five days after 

injury for protein or RNA extraction. All cultures were maintained at 37oC in humidified 

air containing 5% CO2. 

Bronchosphere assays were performed by plating 4,000 passage 1 primary 

HBECs in in 100µL of 50% Matrigel within the top chamber of transwell inserts. 500µL 

of ALI media was added to the bottom chamber. Cells were treated with 1µM nilotinib, 

10µM GNF5, or 10µM DPH starting two days after embedding the cells in the Matrigel. 

Cells were harvested by digestion with 0.5% trypsin for 10 minutes 14 days after plating.  
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Tumor sphere assays were performed in a co-culture system using both 

irradiated feeder cells and epithelial cells isolated from KRASG12D+/-; p53-/; Rosa26-

tdTomato- mice following FACS for Tomato+ cells. J2 feeder cells were irradiated at the 

Duke Research Irradiator Facility at 30 Grey and plated at 60% density in DMEM media 

into the bottom wells of a 12-well plate. After 2 hours, the DMEM media was aspirated 

and replaced F media. 10,000 isolated mouse lung epithelial cells were plated in 1:1 F 

media:Matrigel suspension into 0.4µm Corning inserts. The inserts were then placed 

into the 12-well plates containing the irradiated feeder cells. Tumor spheres were then 

treated with either vehicle control, GNF5, docetaxel, or combination therapy with both 

GNF5 and docetaxel and allowed to grow for two weeks. After two weeks, tumor sphere 

sizes were quantified using an AxioImager Microscope using the Zen Blue software. 

Then, the Matrigel-embedded spheres were fixed for 30 minutes using 4% 

paraformaldehyde. The entire Matrigel block was placed in OCT and frozen at -80oC for 

sectioning and immunofluorescence staining as described below.  

E.2: Immunoblotting 

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer with protease 

and phosphatase inhibitors, and cell debris was removed by microcentrifugation. 

Protein was quantified, and equal amounts of protein was separated by SDS-

polyacrylamide gel electrophoresis (BioRad-1610183) and transferred onto 0.2µm pore 

nitrocellulose membranes. Membranes were probed with antibodies the appropriate 
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antibodies (Appendix D) overnight at 4oC, thoroughly washed, and then incubated with 

secondary HRP-tagged antibodies for one hour at room temperature. Blots were 

incubated using chemiluminescent reagents (ThermoFisher-34580) and developed using 

x-ray film (GE-45001). 

E.3: Real-time RT-qPCR 

RNA was isolated from cells using an RNA isolation kit (GE-25050071), and 

complementary DNA was synthesized using oligo(dT) primers and Moloney murine 

leukemia virus reverse transcriptase (Invitrogen). Real-time PCR was performed using 

iQ SYBR Green Supermix (BioRad-1708882). Analysis was performed using a BioRad 

CFX384 real-time machine and CFX Manager software. PCR assays were performed in 

duplicate. The expression of each gene was normalized to that of GAPDH (human) or 

Gapdh (mouse). 

E.4: Pharmacological Inhibitors 

GNF5 (N-(2-Hydroxyethyl)-3-(6-(4-(trifluoromethoxy)phenylamino) pyrimidin-

4-yl)benzamide) was synthesized at the Duke University’s Small Molecule Synthesis 

Facility, and validated by LC-MS and 1H-NMR/FT-IR spectra and with cell-based assays 

that confirm potencies and cell signaling inhibitory activities.  

For in vivo experiments, GNF5 was prepared in a suspension with 0.5% 

methylcellulose and 0.5% Tween-80 at a concentration of 10mg/mL, and mice were 

treated with either 20mg/kg, 40mg/kg, or 100mg/kg b.i.d. via oral gavage. Nilotinib was 
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synthesized at the Duke University’s Small Molecule Synthesis Facility, and validated by 

LC-MS and 1H-NMR/FT-IR spectra. For in vivo experiments, nilotinib was prepared in a 

suspension with 0.5% methylcellulose and 0.5% Tween-80 at a concentration of 

10mg/mL, and mice were treated with 100mg/kg once daily via oral gavage. 

E.5: Bronchioalveolar Lavage Preparation and Assays 

Bronchoalveolar lavage (BAL) fluid was collected immediately after euthanasia 

three days after exposure to S. aureus as previously described (173). Bilateral BAL was 

performed using two 1ml aliquots of sterile PBS with approximately 75-80% retrieval 

per mouse. 50µl cellular BAL fluid was stained with trypan blue, and the total cell count 

(not including red blood cells) was manually obtained using a Neubauer 

hemocytometer. The remaining BAL fluid was centrifuged to remove cellular debris, 

and the total protein concentration was quantified. CFU loads were measured by plating 

50µL of isolated BAL fluid or homogenized lung sample into 10-cm cell culture plates 

with trypticase soy agar (VWR-90005-052) overnight. Biomarker analysis was performed 

as directed using the Essential Th1/Th2 Cytokine 6-Plex Mouse ProcartaPlex Kit 

(Thermo Fisher EPX060-20831-901). 

E.6: Preparation of Lung tissue Sections 

Mice were euthanized at days 0, 1, 3, 7, and 30 following exposure to S. aureus. 

The aorta was dissected to reduce intravascular blood volume, and the lungs were 

exposed through an incision across the diaphragm and the bottom half of the sternum. 
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The trachea was exposed and cannulated with a sterile 22-gauge Abbocath-T catheter to 

inflation fix the mouse lungs. Fixation with 4% paraformaldehyde solution in PBS was 

performed for 15 minutes at room temperature by suspending fixation solution in an 

apparatus 40cm above the mice. The entire mediastinum including the trachea, lungs, 

and heart were then carefully excised and immediately placed in 4% paraformaldehyde 

for 4 hours on a rotator at 4oC. The left lungs were paraffin embedded at the Duke 

University Immunohistopathology Core Facility and cut to 5µm thick sections. The right 

lungs were sucrose protected, frozen in Optimal Cutting Temperature (OCT) compound 

at -80oC and cut into 5µm thick sections.  

E.7: Hematoxylin and Eosin Staining and Quantification 

Tissue sections were deparaffinized, rehydrated, and incubated with 

hematoxylin staining reagent for 10 minutes followed by treatment of acid alcohol, 

Scott’s water, and an eosin secondary counter-stain for 1 minute each. Slides were 

cleared by xylene, mounted with mounting medium, and analyzed on a Zeiss Axio 

Imager upright microscope using a 10x objective. Entire left lung coronal sections at 

approximately the same depth were obtained for each mouse under each experimental 

condition. Lung sections were imaged and stitched together using the Zeiss Zen 

software to produce whole left lung images. A baseline measure of cell density was 

determined using the Histogram function of FIJI software in the group of uninfected 

mice. Percent infiltration for each mouse exposed to S. aureus was measured as the 
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percent decrease in free air space (measured as the decrease in number of pixels with 

lighter shading using the Histogram function). A one-way ANOVA followed by a post-

hoc Tukey test was performed to evaluate the differences in alveolar space infiltration 

between each group. No image adjustments were applied to H&E images prior to 

quantification.  

E.8: Immunofluorescence and Quantification 

Left lung tissue sections were deparaffinized, rehydrated, and either heat 

inactivated (BioCare Medical Decloaking Chamber) or treated with 0.05% trypsin for 

five minutes. Right lung tissue sections were thawed at room temperature for 15 

minutes. Both deparaffinized and frozen sections were then washed in PBS and blocked 

in 3% goat serum in PBS with 0.05% Tween-20 for one hour. Sections were incubated 

with primary antibodies in blocking solution overnight at 4oC in a humidified chamber 

at concentrations indicated below. Sections were then washed with PBS followed by 

incubation with the appropriate secondary antibody in blocking solution for one hour at 

room temperature. Sections were then washed with PBS, incubated with the nuclear 

stain, Hoechst33342, and washed again with PBS before mounting using aqueous 

mounting media (Dako-S3025).  

All cell counts were evaluated for entire left lung sections using a 10x objective 

on the Zeiss AxioImager microscope with Zen software at the Duke Light Microscope 

Core Facility. Cell counts were validated, and representative high-resolution images 
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were taken using 40x and 100x objectives on the Leica SP8 confocal microscope. Stitched 

images were quantified using the Analyze Particle feature in Fiji software to determine 

total cell counts across the entire lung for each mouse (>100,000 cells counted per 

section). Alveolar size (area) was used as a quantitative measure of alveolar damage, 

and particle analysis was performed on RAGE-stained sections to determine average 

alveolar size over the entire lung. No image adjustments were applied to 10x objective 

stitched images prior to quantification. For the representative high-resolution images 

shown, linear scale adjustments were applied to GFP, CC10, Ki67, SPC, and RAGE 

antibody stains.   

E.9: FACS Sorting and Analysis 

Mice were euthanized 24 and 72 hours after S. aureus infection, and lungs were 

immediately harvested, cut into small pieces with scissors, and digested for 30 minutes 

at 37oC using 3mL per lung of DMEM-F12 medium containing the enzymes: Type I 

collagenase (450U/mL), elastase (4U/mL), dispase (5U/mL), DNase I (0.33U/mL). 

Enzymes were neutralized in DMEM-F12 medium with 10% fetal bovine serum. Cells 

were then centrifuged, resuspended, and filtered through 70µm and 30µm cell strainers. 

Red blood cells were lysed using a lysis buffer (ThermoFisher-00433357). Cells were 

resuspended in DMEM-F12 medium in 2% bovine serum albumin and treated with 

propidium iodide prior to FACS sorting using a BD-DiVa system at the Duke Flow 

Cytometry Core Facility. RNA was collected from isolated GFP-labeled cells using an 
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RNA isolation kit (GE-25050071), and samples were prepared for real-time RT-qPCR as 

described above. For FACS analysis, following resuspension in DMEM-F12 in 2% BSA, 

cells were incubated for 5 minutes with an FcγRIII block (BD-53141), washed with 

DMEM-F12 in 2% BSA, and incubated with the appropriate antibodies. Cells were 

washed twice with DMEM-F12 in 2% BSA and analyzed using the BD Fortessa X-20 at 

the Duke Flow Cytometry core facility. Data analysis was performed on FlowJo V10. 

Edu incorporation was assessed as directed using a Click-iT Edu Pacific Blue Flow 

Cytometry Assay Kit (Thermo Fisher C10418). 
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Appendix F: Statistical Analysis 
The number of animals in each group is indicated in the figures and/or figure 

legends. Differences among groups for immunofluorescence and H&E experiments were 

assessed using one-way ANOVA followed by post-hoc Tukey tests. All quantification 

for these experiments was performed using stitched images for the entire left lung 

(>100,000 cells counted per image). Representative high-resolution images from each 

animal group are indicated in the figures. Results are presented as means +/- standard 

error of measurement. BAL experiments were analyzed using a repeated measure 

MANOVA followed by post-hoc PLSD testing to account for difference in variance 

between cell count and protein data collected from each animal. Individual group 

testing was performed only when statistical significance was achieved from the ANOVA 

and MANOVA. All quantification for these experiments was performed using fluid 

from both the right and left lungs from each animal. For the human bronchial epithelial 

cell experiments, cells from three non-smoker donors were used. Real-time RT-qPCR 

experiments were all performed in duplicate or triplicate in two or three separate mice 

or human patient samples. “*”, “**”, and “***” indicate p-values, <0.05, <0.01, and <0.001, 

respectively. Bar graphs represent means with standard errors of measurement. 
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