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Abstract 
 

Bronchopulmonary dysplasia (BPD), the chronic lung disease that develops in premature babies 

following mechanical ventilation and oxygen exposure, is the most common complication of 

extreme prematurity. Currently, there is no cure for BPD. Increasing evidence indicates early-onset 

emphysema and pulmonary vascular disease in survivors with BPD (Aukland et al., 2006; Wong 

et al., 2008), suggesting an irreversible arrest in lung growth and/or premature lung aging resulting 

in life-long health problems (J. Sucre et al., 2021). Transient in vivo cellular reprogramming 

through the activation of the Yamanaka reprogramming factors Oct4, Sox2, Klf4, c-Myc (OSKM), 

ameliorate cellular and physiological hallmarks of aging and to promote tissue regeneration and 

improve organ function after injury. (Chen et al., 2021a; Hishida et al., 2022b; Lu et al., 2020) 

This thesis focuses on determining if transient in vivo cellular reprogramming can regenerate an 

established lung injury in a BPD mouse model. Two strategies, (a) Adeno-Associated virus (AAV) 

mediated transient overexpression of the OSK factors and (b) using a transgenic reprogrammable 

mouse line to overexpress the OSKM factors were employed to test the efficiency of in vivo 

cellular reprogramming in regenerating the lungs. Both the strategies, under the conditions tested, 

did not regenerate established lung injury in a BPD mouse model but the feasibility of both these 

strategies was established here laying a foundation for the next phase of the study.  
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1.1 Bronchopulmonary dysplasia 

1.1.1 Pathophysiology 

Bronchopulmonary dysplasia (BPD) is a chronic respiratory disorder of prematurity and 

the most severe complication of extreme prematurity (birth before 28 weeks of gestational age). 

“Classic” or “old” BPD was first described by Northway et al., in 1967. This condition was 

reported in newborn infants with severe respiratory distress syndrome (RDS) who were treated 

with 80% to 100% oxygen [hyperoxia] and mechanical ventilation, which are essential for the 

survival of a preterm infant, but also cause injury to the preterm lung (Northway Jr. et al., 1967).  

Classic BPD was seen in relatively mature preterm infants (mean gestational age of 32 weeks). 

The disease was characterized by severe airway injury along with sites of overinflation and fibrosis 

as a result of insults to the immature lung. The nature of BPD has changed over the last 50 years 

due to the progress in perinatal and neonatal care: the improvements in ventilation strategies, and 

the use of antenatal corticosteroids and exogenous surfactant have increased the survival rates of 

more immature preterm infants. Lungs in prematurely born infants are very early in their 

developmental process and as a result, infants who are born extremely preterm are currently at the 

highest risk of developing the “new” BPD.   

1.2 Stages of lung development 

The process of lung development is subdivided into 5 major stages (Fig 1). Lung 

development begins during the embryonic stage where formation of anlage of the left and right 

lung and the trachea begins. Embryonic stage lasts during 4 to 7 weeks of development. Following 

this is the pseudoglandular stage where the formation of bronchial tree takes place.  

Pseudoglandular stage takes place between 5 to 17 weeks of development. This is followed by the 

canalicular stage of development where formation of distal airways occurs. Canalicular stage of 
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development takes place during 16 to 26 weeks of development. It’s only during the late 

canalicular stage when gas exchange is possible. This is followed by the saccular stage of 

development which progresses from 24 to 36 weeks of development. At this period, terminal 

branches are formed which then integrates with a network of capillaries to form primitive alveoli. 

The final stage of lung development is the alveolar stage which begins at 36 weeks of development 

and continues postnatally. During this stage, alveolarization or the formation and maturation of 

alveoli takes place. (Schittny, 2017)   

When premature birth happens before 28 weeks of gestation, the lungs are very immature 

and have just begun the process of alveolarization of the distal saccules along with the expansion 

of the pulmonary capillary bed (Coalson, 2006; Jobe, 1999). The efficiency of gas exchange is 

drastically reduced in BPD patients making them more dependent on external respiratory support. 

Mechanical ventilation and oxygen therapy give rise to a pro-inflammatory response and stunts 

lung development resulting in larger and fewer alveoli along with impaired pulmonary capillary 

development (Abman, 2012; Jobe & Bancalari, 2001; Thébaud et al., 2019). This halted pulmonary 

vascular growth may not just lead to pulmonary hypertension but also to a wide range of other 

Fig 1. Graphical representation of the course of lung development. 
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pulmonary vascular diseases such as systemic to pulmonary collateral vessels and pulmonary vein 

stenosis. (Mourani & Abman, 2015) Thus, the deteriorated alveolarization along with halted 

pulmonary vascular growth is responsible for the morbidity and mortality in preterm infants with 

BPD. (C. D. Baker et al., 2014; Mourani & Abman, 2013) 

Despite the measures taken to prevent injury of the preterm lung, BPD is the most common 

complication of premature pregnancy (infants that are born less than 30 weeks of gestation). In the 

United States alone, 10,000 to 15,000 infants are diagnosed with BPD annually, moreover, 50% 

of all the infants who weighed less than 1000g at birth were diagnosed with BPD. (Jensen & 

Schmidt, 2014) 

1.1.3 Long-term outcomes of BPD 

School going children who were born preterm in the post-surfactant era and diagnosed with 

BPD had abnormal lung function indicators such as lower FEV1, FVC, and FEF50 z-scores when 

compared to children born preterm without BPD even with the use of less invasive ventilation after 

birth (Doyle et al., 2006, 2017; Fawke et al., 2010; Kotecha et al., 2013; vom Hove et al., 2014). 

FEV1, FVC, and FEF50 z-scores are parameters of the spirometry test which measures lung 

function. After a full inspiratory phase, the volume of air forcefully exhaled in the 1st second is 

the “Forced expiratory volume in 1 second” or FEV1 and the total volume of air that can be 

forcefully exhaled is the “forced vital capacity” or FVC. FEF50 is the flow of air at 50% timepoint 

of FVC. Infants who were previously diagnosed with BPD demonstrate more respiratory 

symptoms such as wheezing, airway reactivity, shortness of breath and cough, and have a higher 

risk of developing asthma. They also need more respiratory medications compared to the controls. 

(Lum et al., 2011) 



 5 

BPD patients present with persistent structural lung abnormalities. (Aukland et al., 2006; Wong et 

al., 2008) In the study conducted by Auckland and group, 88% of the subjects (adolescents with a 

history of BPD) had lung parenchymal abnormalities which consequently affected lung function. 

This is consistent with the data collected by Wong and colleagues wherein the computerized 

tomography (CT) scans showed structural abnormalities in all their subjects (Aukland et al., 2006; 

Wong et al., 2008). Emphysema, bronchial wall thickening, gas trapping, and bronchiectasis were 

the structural abnormalities in survivors of BPD and among which, emphysema was the most 

commonly observed structural abnormality in BPD patients.   

Taken together, these studies indicate a long-term respiratory sequela of infants born extremely 

preterm which makes them more dependent on long-term medications and is associated with 

higher rehospitalization rates. These persisting structural and functional abnormalities in BPD 

survivors indicate a loss of repair capacity and/or early aging.  

Development of BPD causes disturbances in many conserved pathways of molecular aging 

which contributes to premature aging. Exposure to hyperoxia in the neonatal period results in 

increased levels of reactive oxidation species (ROS) which further induces DNA damage. (Barker 

et al., 2006; O’Reilly, 2001) Accumulation of DNA damage drives the cells in the lung towards a 

senescent or an apoptotic state and cause premature aging in the lung. (Meiners & Hilgendorff, 

2016) This may be the cause of the various pulmonary abnormalities in young adults who were 

survivors of BPD as discussed by Wong et al. 2008 and Goss et al. 2017.  
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1.2 Lung senescence 

1.2.1 Introduction to cellular senescence  

Cellular senescence refers to a stable state in which the cell is under an irreversible growth 

arrest. Senescence is induced by telomere shortening, mitogenic or oncogenic signals and DNA 

damage. A cell is pushed into the state of senescence due to a variety of damaging stimuli, 

including ROS and chronic inflammation (López-Otín et al., 2013). Senescent cells undergo 

various alterations such as taking up a flattened and enlarged morphology, altered gene expression, 

chromatin rearrangement, secretion of cytokines, and a mix of other proinflammatory factors 

together called the senescence-associated secretory phenotype (SASP). The various damaging 

stimuli induce the activation of p53 and Cyclin-dependent kinase inhibitors (CDKIs) such as p16, 

p21, p15, and p27. In the cell cycle, CDKs play a vital role in promoting G1 to S phase transition. 

(Bertoli et al., 2013). The inhibition of CDKs leads to a proliferative arrest which is a key 

component in the implementation of senescence. (Stein et al., 1999) Accumulation of senescent 

cells promotes aging. The correlation between senescence and aging was discovered based on the 

observation of a higher number of senescent cells in aged cells (van Deursen, 2014). Senescent 

cells are arrested at the G1 phase whereas the quiescent cells undergo an arrest at the G0 phase. 

Senescent cells unlike quiescent cells cannot re-enter the cell cycle even with optimal growth 

conditions. Senescent cells accumulate over time and contribute to the age-related phenotypes in 

mice including infertility, cataracts, sarcopenia, cardiac arrhythmias, fat loss, arterial wall 

stiffening, impaired wound healing, dermal thinning and lordokyphosis (curvature of the spinal 

column). (D. J. Baker et al., 2011) 
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1.2.2 Lung senescence  

Cellular senescence has now been implicated as an imperative cause in the pathogenesis of 

chronic lung diseases such as chronic obstructive pulmonary disease (COPD) and pertaining to 

accelerated aging in the lung. A decrease of telomere length was shown in pulmonary vascular 

endothelial cells (from COPD patients) in culture and in the lung tissue of COPD patients.  

Senescence has been suggested to occur in alveolar epithelial and endothelial cells of COPD 

patients as higher percentages of p21 and p16 positive-alveolar epithelial type II (ATII) cells and 

a higher percentage of p16-positive endothelial cells were observed compared to healthy control. 

These findings may explain the loss of alveolar epithelial cells, endothelial cells and fibroblasts 

seen in COPD patients. (Amsellem et al., 2012; Tsuji et al., 2010, 2012)  

Schafer et al. describes the involvement of senescence and in turn SASP in the pathology 

of fibrotic lung disease. Patients with idiopathic pulmonary fibrosis (IPF) have increased molecular 

markers of senescence-related DNA damage when compared to healthy controls. In the lungs of 

humans and mice with IPF, fibroblasts and epithelial cells undergo senescence and the resulting 

SASP causes the pathological effects of this lung disease. This mediation was proved by treating 

naïve normal human fetal lung fibroblasts with the conditioned medium collected from senescent 

cells (SASP-conditioned medium). Following treatment with the SASP-conditioned medium, 62% 

of the fibroblasts tested positive for alpha-smooth muscle actin (ɑSMA) protein which is an 

indicator of fibrotic activation. These cells also expressed higher levels of COL1A1, COL1A2, 

actin-a-2, and fibronectin 1 (fibrosis related genes) relative to controls (Schafer et al., 2017). 

In a mouse model of fibrotic lung disease, elimination of senescent cells with senolytic 

drugs results in a significant reduction in p16 expression, decrease in the levels of SASP factors 
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such as monocyte chemoattractant protein-1 (Mcp1), interleukin 6 (IL6), matrix 

metalloproteinase-12 (Mmp12) and transforming growth factor beta (Tgfβ) and attenuates the 

increase in inflammatory response thus improving the overall lung function but lung fibrosis 

remained unaltered. Senolytic drug administration in humans was also seen to be feasible and 

ameliorate certain aspects of IPF (Justice et al., 2019; Schafer et al., 2017). 

1.2.3 Senescence in BPD 

Evidence for lung senescence in BPD first emerged in neonatal murine lungs exposed to 

hyperoxia and resulted in an increased expression of p21 mediated through a p53-dependent 

pathway (McGrath, 1998). Increased p21 expression promotes cell cycle arrest in senescent cells. 

Londhe and coworkers demonstrated that hyperoxia-exposure induces increased expression of p21 

and p53 in lungs of neonatal mice (Londhe et al., 2011). Exposure of human fetal lung fibroblasts 

derived from the canalicular phase of development to 40% oxygen (moderate hyperoxia) for 7 

days resulted in wide flattened cells characteristic of senescence. Further, there was an increase in 

Senescence-associated beta-galactosidase (SaβG) + cells and also overexpression of p21 and p53. 

Data collected from flow cytometry experiments led to the conclusion that hyperoxia exposure 

activates senescence and hyperoxia-exposed cells get arrested at the G2/M phase instead of the G1 

phase. (You et al., 2019) 

Further evidence of senescence playing a role in BPD came from exploring the Wnt/β-

catenin signaling pathway which is crucial for normal lung development. The Wnt/β-catenin 

signaling reaches its maximum at the end of the pseudoglandular phase of the lung development 

which is then followed by minimum Wnt/β-catenin signaling from the canalicular phase. In 

contrast, pre-term birth and BPD cause the continuous activation of Wnt/β-catenin signaling 

pathway during the canalicular phase which disturbs normal pulmonary development. Dasgupta et 
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al. first provided evidence of activation of TGF- β and Wnt/β-catenin signaling in neonatal mice 

exposed to hyperoxia. They found that continuous Wnt/β-catenin signaling activation induces 

senescence in alveolar epithelial type II cells (AT II), which may explain some of the various 

pathological effects of BPD. (Dasgupta et al., 2009; Lecarpentier et al., 2019; Lehmann et al., 

2020; J. M. S. Sucre et al., 2018) 

Hyperoxia-induced cellular senescence and chronic Wnt/β-catenin signaling may thus 

contribute to accelerated aging in the lung and in turn, contribute to the long-term consequences 

of BPD (J. Sucre et al., 2021).  Reversal of senescence and premature aging that the lung tissues 

underwent can help overcome the symptoms of the disease and even help in tissue repair and 

rejuvenation. In recent years, promising strategies have been developed to rejuvenate injured/aged 

cells, tissues, and organs. These rejuvenation strategies will be discussed in the next chapter.  

 

1.3 Lung Rejuvenation 

Rejuvenation is the process of restoring the lost function of tissues into their healthier initial 

state. Loss of function could be the result of aging, damage, or disease.  Aging, once considered 

irreversible, may now be reversed as evidenced by rejuvenation of old cells in various model 

systems. The various hallmarks of aging are telomere shortening, DNA damage, epigenetic 

alterations, mitochondrial dysfunction, cellular senescence, loss of proteostasis, deregulated 

nutrient sensing, stem cell exhaustion, and altered intracellular communication (López-Otín et al., 

2013). Rejuvenation strategies targeting these hallmarks have shown to be effective in delaying 

and possibly reversing the process of aging. These strategies can be characterized into the four 

following categories: 1) systemic factors-induced rejuvenation, 2) metabolic manipulation-
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induced rejuvenation, 3) rejuvenation due to ablation of senescent cells, and 4) rejuvenation due 

to cellular reprogramming (Mahmoudi et al., 2019). 

Systemic factors induced rejuvenation was first reported by Conboy et al. in 2005. They 

studied the influence of systemic factors on aged stem cells by exposing old mice to young serum. 

Their observations indicate that decreased stem cell activity due to aging can be rejuvenated using 

young systemic factors (Conboy et al., 2005).  No specific factor was identified, but the Notch 

signaling activity, which usually reduces with age, was seen to be restored with heterochronic 

parabiosis.  

Rejuvenation due to metabolic manipulation can be induced by following a strict diet 

regimen. Aging is modulated in this case by nutrient-sensing pathways such as mTOR and insulin-

IGF signaling (Mahmoudi et al., 2019).  

Eliminating senescent cells is another promising strategy in delaying aging and 

rejuvenation. Senescence pushes the cell into a permanent cell cycle arrest. These senescent cells 

produce SASP factors which is responsible for stem cell exhaustion and transmit the senescent 

characters to its neighboring cells. Thus, removing senescent cells can help restore stem cell 

function (Chang et al., 2016).  

Cellular reprogramming leads to epigenetic remodeling and histone modifications which 

is responsible for increased regenerative capacity and stem cell function resulting in rejuvenation 

(Ocampo et al., 2016).  

In humans, tissue regeneration capacity is highest at the early stages of life. This capacity 

decreases with age and only a few organs namely the liver and skin have the capability of scar-

free tissue regeneration after an injury. Lung diseases such as BPD, emphysema, pulmonary 
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fibrosis, and some others have no cure. The regenerative capacity of the lung was previously 

thought to be low, but in certain cases, a high capacity of tissue regeneration was seen in the lung 

after an injury (Kotton & Morrisey, 2014). Partial pneumonectomy (PNX) considerably decreases 

the lung diffusion capacity due to the reduced number of alveoli available for gas exchange. 

Compensatory growth post-PNX to restore lung mass is well documented in dogs, rabbits, ferrets, 

and mice. Induction of cell proliferation in the residual tissue helps in restoring the lung mass 

following PNX (Brown et al., 2001).  Evidence for compensatory adult lung growth in humans 

was shown by Butler and colleagues in a 33-year-old woman who had undergone a right-sided 

PNX. In a span of 15 years after the procedure, a 77% increase in volume was seen along with a 

64% increase in alveoli number. Those progenitors or stem cells that are involved in the 

regenerative process can be the major link to developing an efficient clinical therapy for various 

lung disorders. Observations from data collected from cell lineage tracing have shown that the 

majority of the epithelial cells in the lung, except airway-ciliated cells, are seen to undergo 

proliferation after injury. One can infer that lung tissue is highly plastic and a variety of dormant 

cells in the lung can proliferate, dedifferentiate, and change phenotype to repair an injury. 

There is also some evidence of catch-up growth in preterm infants as seen from 

alveolarization continuing through adulthood (Narayanan et al., 2013). A non-invasive technique 

hyperpolarized helium-3 magnetic resonance (HeMR) was used to assess the alveolar dimensions 

in young adults who were born preterm. The alveolar dimensions measured for school-age 

survivors of extreme prematurity were similar to term-born and mild preterm children. This 

suggests a compensatory development during the first decade of life in the survivors. Re-igniting 

the repair potential in young infants may be very beneficial in overcoming the abnormalities in the 
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lungs due to a developmental arrest seen in infants with BPD over treating fibrotic lung in an 

elderly patient. 

Tissue rejuvenation through cellular reprogramming holds great potential in repairing 

damaged tissue and organs. The process of cellular reprogramming and how it can be used 

therapeutically will be discussed in the following chapters.  

1.4 Cellular Reprogramming 

Cellular reprogramming is the process of converting one cell fate to the other by using a 

set of defined factors. The first evidence of cellular reprogramming, starting from a somatic state 

to an embryonic state, was shown by Sir John Gurdon in 1962 using the technique of Somatic cell 

nuclear transfer (SCNT) (J. Gurdon et al., n.d.; J. B. Gurdon, 1962). In this technique, an embryo 

that is genetically identical to the donor somatic cell is generated by implanting the nucleus from 

the donor somatic cell into an enucleated egg cell. The genetic material remains unaffected during 

differentiation. In 1981, mouse embryonic stem cells were derived, and their cell lines were 

established. These cell lines are pluripotent which means that they can differentiate into all cell 

types in the body. (Evans & Kaufman, 1981; Martin, 1981) In 1997, Wilmut et al. reported the 

birth of a live lamb, Dolly, born after nuclear transfer from the mammary gland. This is the first 

reported case of a mammal developing from an adult cell providing proof of concept for cellular 

reprogramming. (Wilmut et al., 1997) Cellular reprogramming by forced expression of 

transcription factors was first shown by Harold Weintraub and group where MyoD was used to 

reprogram fibroblasts into myoblasts. (Davis et al., 1987) 

1.4.1 Induced pluripotent cells (iPSCs) 

The most important breakthrough in the field of reprogramming was in the year 2006 by 

Yamanaka and Takahashi, who showed that reprogramming of differentiated mouse fibroblasts 
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into an embryonic-like state is possible by ectopic expression of just four transcription factors, 

Oct3/4, Sox2, klf4, and C-myc (OSKM). These reprogrammed pluripotent cells were named 

iPSCs. Reprogramming was first reported in mouse embryonic fibroblasts (MEF) by introducing 

carefully selected candidates that were identified as potential reprogramming factors. A retroviral 

transduction system which was developed by Toshio Kitamura of the University of Tokyo was 

used as the delivery mechanism used. After a successful generation of mouse iPSCs, similar 

studies were conducted in generating human iPSCs using the same factors (OSKM)  (Takahashi 

et al., 2007; Yamanaka & Takahashi, 2006). The transition in the state of the cell to induced 

pluripotent stem cells was due to epigenetic remodeling involving a change in the epigenetic and 

transcriptomic profiles. Since the discovery of iPSCs in 2007, this technology has rapidly 

developed and has played a significant role in shaping the future of disease modeling and drug 

discovery. Disease modeling using iPSCs started as a conventional 2D monolayer of differentiated 

cells. As this method did not portray the real cell working environment it evolved into sophisticated 

3D organoids and in vivo chimeras that better mimic the working ecosystems in complex tissues.  

1.4.2 iPSC-derived lung cells 

Derivation of patient-specific iPSCs holds promise to study and treat a variety of human 

diseases through regenerative medicine. iPSCs can play a vital role in generating a source of 

patient-specific cells that may be used for lung-related cell therapies. Directed differentiation of 

human (h)iPSCs towards lung progenitor cells was described by Green and colleagues. Definitive 

endoderm (DE) was induced by activin A which when followed by dual inhibition of TGF-β and 

bone morphogenic protein (BMP) led to the formation of anterior foregut epithelium (AFE). To 

differentiate AFE into a lung cell fate, treatment with a combination of different factors such as 

WNT3a, FGF10, KGF, BMP4, and EGF was used. A lung cell fate confirmed by the expression 
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of NKX2.1, NKX2.5, and PAX1. Another study by Ghaedi et al. in 2013 showed evidence of 

derivation of AEC II and type I (AEC I) cells from human iPSCs. A similar protocol as described 

above was used to generate ATII and ATI. iPSC derived ATII cells behaved similarly to isolated 

ATII cells from human lung tissue and seeded into a decellularized rat or human lung sections 

under appropriate culture conditions (Ghaedi et al., 2013). 

iPSCs are an excellent source of cells as they can be expanded limitlessly and can be 

differentiated into any cell type for therapeutic applications. However, there are certain drawbacks 

and obstacles such as the risk of tumorigenicity, strong immune response and a lengthy 

differentiation process that hinder translation into the clinic. Inducing reprogramming in vivo aids 

to overcome these drawbacks. 

1.5 Reprogramming and rejuvenation 

Direct in vivo reprogramming to replenish damaged cells in a tissue represents an 

exceptional candidate for therapy in the field of regenerative medicine. This strategy would 

eliminate immune rejection, which is the main drawback of transplantation. A study by Zhou et 

al. in 2008 laid groundwork in establishing direct in vivo reprogramming as a strategy to revive 

injured and damaged cells in the pancreas. In their study, the authors focused on converting fully 

differentiated exocrine cells to functional β cells in vivo using a diabetic mouse model. Substantial 

improvement in the fasting blood glucose levels was observed in mice overexpressing the three 

transcription factors, Ngn3, Pdx1, and Mafa compared to the control mice, suggesting derivation 

of functional β cells (Zhou et al., 2008). Reprograming cardiac fibroblasts into cardiomyocytes 

was first shown by Qian et al. Retroviral vectors were used for the delivery of Gata4, Mef2c, and 

Tbx5 to the damaged heart which resulted in cardiac reprogramming and rejuvenation as seen from 

the significant improvement of the total cardiac output in the GMT-infected mice (Gata4, Mef2c 
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and Tbx5). Another interesting finding was that due to the factors present in their native 

microenvironment, the in vivo-induced cardiomyocytes resembled more closely the endogenous 

cardiomyocytes than the ones induced in vitro as they were more fully reprogrammed (Qian et al., 

2012). Song et al. showed similar results where reprogramming non-cardiomyocytes into induced 

cardiomyocytes was achievable by expressing transcription factors such as Gata4, hand2, Tbx5 in 

mice (Song et al., 2012). Reprogramming into a neuronal lineage was first done by Torper et al. 

The Ascl1, Brn2, and Myt1l genes (neural conversion factors) were expressed with the help of a 

cre inducible lentiviral vector, which when injected into the striatum of mice helped reprogram 

endogenous mouse astrocytes into induced neurons (Torper et al., 2013). 

Reprogramming mature, differentiated, and specialized cells into a pluripotent state by 

overexpression of a combination of transcription factors such as Oct3/4, Sox2, klf4, and C-myc 

OSKM) in vivo has been shown to cause tissue regeneration in several studies. A study by Abad 

and group demonstrated that overexpression of OSKM in vivo can induce differentiation into 

pluripotency in different cell types. This study showed evidence of cell reprogramming from the 

hematopoietic lineage and epithelial cells from the kidney, pancreas, intestines, and stomach (Abad 

et al., 2013). In vivo reprogramming caused teratoma formation in several organs. Formation of 

teratomas was also reported by Ohnishi et al. due to continuous in vivo reprogramming. The 

presence of these teratomas proved successful reprogramming into full pluripotency, but also 

raised concerns regarding the safety of this approach for rejuvenation. Both these studies made use 

of a reprogrammable mouse (i4f-a and i4f-b) which has a copy of doxycycline (dox) inducible 

polycistronic cassettes encoding the four factors (OSKM). This dox-inducible promoter made it 

very easy to switch on and off OSKM expression. The association between the period of OSKM 

expression and tumor formation was established in these reports. A shorter administration period 
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with a high dose of dox (1mg/ml for 7 days) resulted in lower tumorigenesis and mortality 

compared to longer administration periods with a low dose of doxycycline (0.25ml/ml for 17 days). 

Using the same transgenic mouse line, it was observed that mice treated with dox for a period of 

less than 5 days did not have any dysplastic cells (Ohnishi et al., 2014). 

Senescence signals from injured or aged cells have been shown to increase the efficiency 

of in vivo reprogramming (Chiche et al., 2017; Mosteiro et al., 2016, 2018). This aspect could be 

exploited to reprogram the lungs more efficiently and will be discussed in the following section. 

1.6 Senescence and reprogramming 

Some studies have shown an interesting upside to senescence which is to promote 

reprogramming and hence tissue repair.  The first report to show evidence of senescence promoting 

reprogramming was by Mosteiro and group in 2016. In this study, reprogrammable mice (i4f) 

which had dox-induced OSKM transgene were crossed with mice that were deficient in p53 or 

Ink4a/Arf to obtain i4f;p53-null and i4f;Ink4a/Arf-null mouse lines. When treated with dox, the 

trends seen for the efficiency of reprogramming and teratoma formation were i4f;p53-null > i4f > 

i4f;Ink4a/Arf-null. This suggests that p53 (cell cycle regulator) absence promotes reprogramming 

and Ink41/Arf (tissues lacking p16INK4a/ARF, which do not undergo senescence) absence 

reduces the efficiency of reprogramming. Presence of NANOG+ cells (fully reprogrammed cells) 

was also observed in close proximity to SaβG+ when reprogramming was induced and the number 

of SaβG+ cells was in the order i4f;p53-null > i4f > i4f;Ink4a/Arf-null. These observations prove 

the coexistence of senescence and reprogramming. There is evidence that cytokine rich 

microenvironment mediates the crosstalk between senescence and reprogramming as repression 

of NFkB (which regulates the secretory activity of the senescent cells) resulted in a decreased 

expression of SASP factors and in turn reduced the extent of in vivo reprogramming. Among the 
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SASP factors, it was found that IL-6 may have a dominant role as it was the most up-regulated 

factors during OSKM induction, and blockade of IL-6 reduced the efficiency in vivo 

reprogramming significantly. This is consistent with the data generated by Chiche et al. which 

showed that IL-6 released from senescent cells promotes reprogramming.   

In vivo reprogramming has been reported in many cell types, but it has been unmanageable 

for some lineages. An example of such a lineage is the skeletal muscle system. Chiche et al. were 

the first to show that in vivo reprogramming was possible in skeletal muscles but only with an 

acute or chronic injury. To assess the influence of an injury in vivo reprogramming, damage in the 

Tibialis anterior (TA) muscle of i4F-A mice was induced using snake venom cardiotoxin (CTX). 

Administration of dox for 7 days resulted in easily detectable regeneration in the skeletal muscle 

examined 10 days post-injury and no evidence of regeneration in the non-injured TA muscles 

(Chiche et al., 2017). 

The lung is another organ in which in vivo reprogramming has not been reported in despite OSKM 

expression. To analyze if senescence would induce reprogramming in the lung, Mosteiro and group 

used bleomycin (a DNA-damaging agent) to injure the lung of I4f mice, and in turn, induce 

senescence. The mice subsequently treated with doxycycline revealed an ample number of 

senescent cells and clusters of NANOG+ cells unlike the control i4f mice (not treated with 

bleomycin), which did not show signs of reprogramming (no NANOG expression). An increase in 

the mRNA levels of SASP factors including IL-6 was also observed. This study thus provides 

evidence of the feasibility of reprogramming in the lungs but only enabled by tissue damage 

(Mosteiro et al., 2016, 2018). 
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1.7 Partial reprogramming 

Continuous OSKM exposure in vitro leads to the formation of iPSCs, and continuous 

OSKM exposure in vivo leads to teratoma formation. Sustained reprogramming results in the loss 

of cellular identity as the cells become pluripotent and when reprogrammed fully, leads to loss of 

function and hence can be harmful rather than being therapeutic.   

To overcome this, partial reprogramming strategies have been identified. Partial 

reprogramming is the process of reprogramming the cells only to a certain extent where they do 

not lose their identity and can go back to their initial state when OSKM overexpression is stopped. 

This process is summarized in Fig 2.  

The effects of transient reprogramming were previously studied in fibroblasts (Gill et al., 

2022). These cells were reprogrammed by overexpressing OSKM factors for 10 to 17 days, and 

when taken off OSKM exposure, the cells were returned to their original identity (fibroblasts) 

rather than going to a pluripotent state. Using single-cell RNA sequencing, it was observed that 

Fig 2. Graphical representation of a Waddington’s plot describing the partial 

reprogramming. 
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the transcriptome of the partially reprogrammed cells was more similar to younger fibroblasts 

rather than the negative controls (fibroblasts that did not undergo reprogramming). The epigenome 

of the partially reprogrammed cells was also rejuvenated as demonstrated with the restoration of 

H3K9me3 levels and reduction of DNA methylation age. This study demonstrates the potential of 

partial OSKM reprogramming in rejuvenation without having to completely reprogram the cells 

into iPSCs.  

Partial reprogramming in vivo was first described by Dr. Belmonte’s group using a 

transgenic mouse line which models progeria (a disorder of accelerated aging) and carries a dox 

inducible OSKM polycistronic cassette. Partial reprogramming was achieved by employing a 

cyclical OSKM induction strategy, in which each cycle consisted of 2 days of OSKM activated 

period followed by 5 days of OSKM deactivated period. Cyclic OSKM activation resulted in 

extended median lifespan in the accelerated aging mouse model and restoration of various aging 

hallmarks was observed. Short and cyclical OSKM activation also did not generate any teratomas. 

Partial in vivo reprogramming strategy described in this study opened exciting opportunities to 

further explore the field of rejuvenation without the concern of teratoma formation.  

Partial in vivo reprogramming was also shown beneficial in delaying the normal 

physiological changes associated with aging. This was described by Belmonte’s group in a 

consecutive study where they used in-depth transcriptomic and methylation analysis to decode the 

effect of partial OSKM reprogramming on molecular aging phenotypes in various tissue types. 

They observed that long-term partial reprogramming (spanning 7 and 10 months, starting either at 

12 or 15 months of age respectively) was better in delaying aging phenotypes rather than short-

term partial reprogramming (1 month, starting at 25 months of age). This was because the mice 

that underwent partial reprogramming acquired a younger transcriptomic and DNA methylation 
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signature. Not all tissues respond to reprogramming equally and, in their set-up, the authors 

observed that the skin and kidney were more susceptible to being reprogrammed (Browder et al., 

2022). Overexpression of just the OSK (without c-Myc) factors was seen to significantly improve 

the age of wild type mice. Cyclic OSK treatment was started at 124 weeks of age and continued 

for the remainder of their lives. The median life of the mice in the OSK treated group was increased 

by 109% relative to the control mice and the overall health of the treated mice was better. They 

also observed that the treated animals acquire a younger DNA methylation signature.  

Taken together, these results suggest that partial reprogramming using the OSK/OSKM 

factors work by resetting the epigenome to a younger state which in turn slows down the natural 

aging process.  

Partial reprogramming results in a younger version of the cell. As a consequence, these 

cells have increased rate of proliferation. This strategy was subsequently exploited by various 

groups to rejuvenate injured tissues. 

 

1.8 Partial reprogramming to regenerate injured tissues. 

In recent years, various groups have had tremendous success in using partial 

reprogramming using the OSKM or the OSK factors to rejuvenate certain tissues after an injury.  

In 2020, David Sinclair’s group showed that overexpression of the OSK factors in the retinal 

ganglion cells allowed for regeneration of injured axons. Under normal circumstances, mature 

retinal ganglion cells lose their ability to regenerate. They observed that ectopic expression of the 

OSK factors restored the DNA methylation (DNAm) age (otherwise increased due to injury) back 

to a younger signature which in turn helped in axon regeneration. Using a glaucoma injury model, 
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they also demonstrated that OSK overexpression for 4 weeks helped the mice to recover from the 

injury. Similarly, OSK overexpression in old mice restored their transcriptomic signatures to a 

youthful state and hence restore vision in these mice. (Lu et al., 2020) 

Adult cardiomyocytes (cm), much like retinal ganglion cells also have very low 

regenerative capacity. Braun and colleagues generated transgenic mice capable of cardiomyocyte 

specific OSKM expression. Using these mice, they showed that cardiomyocyte specific transient 

OSKM expression pushed them back to a gene expression profile resembling the neonatal period. 

Cardiomyocytes that underwent partial reprogramming (pretreated) were more proliferative when 

compared to the ones that were not reprogrammed. They further proved that partially 

reprogrammed adult mice which underwent an injury (myocardial infarction) were able to better 

recover functionally and structurally when compared to untreated mice. Mice that underwent 

partial reprogramming after the injury did not show improvement in cardiac function but had 

significant reduction in scar size when compared to untreated animals.  

The ability to rejuvenate complex tissues in the heart and the eyes by partial 

reprogramming proves that this is a very promising strategy in regenerating injured tissues.  

Other examples of rejuvenation by targeting a specific cell type stem from other work of 

Belmonte’s group. In two consecutive studies, they show that myofiber or hepatocyte specific 

OSKM reprogramming improved the muscle and liver regeneration capabilities respectively. The 

improvements in the regenerative capabilities were mediated through different mechanisms, liver 

rejuvenation was mediated through topoismerase2a and muscle regeneration was mediated 

through wnt4 downregulation.  (Hishida et al., 2022a; Wang et al., 2021). 
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Cyclic activation of the OSKM factors was proved to be safe in mice (Ocampo et al., 2016) 

and some groups capitalized on this strategy to improve the process of wound healing (Doeser et 

al., 2018) and for intervertebral disc rejuvenation (Cheng et al., 2022). Doeser and group using a 

dox inducible OSKM transgenic mice showed that in situ OSKM activation by dox application 

locally on the wounded region significantly reduced scar formation and hence improved the 

process of wound healing. In another study, Cheng and group showed that partial reprogramming 

through cyclical OSKM activation can reverse intervertebral disc degeneration using an induced 

injury (needle puncture) model and an age-related model.  

Not all tissues react to OSKM reprogramming in a similar way. Some tissues such as the 

skin, liver, and kidney are more susceptible to being reprogrammed whereas other tissues such as 

the lungs do not reprogram as efficiently. (Browder et al., 2022) 

To overcome the issue of lower efficiency of reprogramming in the lung, Waddel and 

colleagues developed a strategy where the ATII cells isolated from reprogrammable mice were 

cultured for two weeks without dox and followed by late induction for two weeks. This strategy 

was termed “interrupted reprogramming” (Guo et al., 2018). Interrupted reprogramming prevented 

the conversion of the ATII cells into a pluripotent state but rather into an induced progenitor-like 

(iPL) cells. ATII-iPL had significantly higher clonogenic capacity when compared to those cells 

that were not reprogrammed. ATII-iPL cells when transplanted into bleomycin injured lung were 

able to engraft and produce ATII and ATI cells and in turn were able to reduce fibrosis and improve 

lung function. This is an effective strategy which improves the bleomycin-induced pulmonary 

fibrosis. 
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2. Rationale Hypothesis and objectives 

2.1 Rationale  

 BPD is a major complication of premature birth that lacks a safe and effective treatment. 

BPD results in interrupted lung growth. Increasing evidence indicates early-onset emphysema and 

pulmonary vascular disease in young adult survivors with BPD, suggesting irreversible arrest in 

lung growth and/or premature lung aging resulting in life-long health problems. Our lab has so far 

investigated cell therapies to prevent neonatal lung injury. Here, we propose a new direction by 

investigating the possibility of reversing established lung injury by adopting a new concept: 

cellular reprogramming. In vivo partial reprogramming via activation of Oct4, Sox2, Klf4, and c-

Myc (OSKM) has previously been shown to ameliorate cellular and physiological hallmarks of 

aging and in turn, promote tissue regeneration and improve organ function after injury but its effect 

to regenerate an established lung injury is unknown.  

2.2 Hypothesis 

 Based on these findings, I hypothesize that partial reprogramming induced by transient 

overexpression of the OSKM or the OSK factors regenerates neonatal oxygen-induced lung 

damage. 

2.3 Objectives 

 My objectives are to i) Characterize long-term mouse neonatal hyperoxia lung injury model 

(in C57Bl/6 mice). ii) Characterize the AAV vector system developed to overexpress the OSK 

factors and determine if transient overexpression of the OSK factors improves lung function and 

structure in a mouse neonatal hyperoxia lung injury model. iii) To develop and characterize mouse 

neonatal hyperoxia lung injury model in the transgenic i4f-b mouse line. iv) Determine if transient 
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overexpression of the OSKM factors improves lung function and structure after neonatal 

hyperoxia-induced lung injury in i4f-b mice.  
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3.1 Mouse housing and care  

All mouse experiments conformed to the standards of the Canadian Council on Animal and were 

approved by the Animal Care Committee of the University of Ottawa (protocol: OHRI-1696). 

Male and female mice were equally distributed for all experiments. All mice were housed in 

standard ventilated cages in temperature (23 to 24 °C) and humidity-controlled (30-60% humidity) 

rooms with a 12-hour light-dark cycle. Food and water were available ad libitum throughout all 

experiments.  

3.2 Mouse genotyping  

 AccuStart II PCR Genotyping Kit (Quanta bio) was used for genotyping. Briefly, DNA was 

extracted from ear notches made on postnatal day (PND) 14. For DNA extraction, each ear notch 

was placed in 60 µL of the extraction buffer and placed on a heating plate at 95oC for 45 minutes. 

After cooling down the solution to room temperature, 60µL of the stabilization buffer was added. 

PCR amplification was carried out using as per the manufacturer’s instructions. PCR product was 

analyzed by agarose gel electrophoresis. Primer sequences used are listed below. 
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Gene Forward primer  Reverse primer  
Amplicon 

size 

 ROSA26 

WT locus 
AAAGTCGCTCTGAGTTGTTAT  GGAGCGGGAGAAATGGATATG  650 

ROSA26- 

rtTA  
AAAGTCGCTCTGAGTTGTTAT  GCGAAGAGTTTGTCCTCAACC  300 

ORF 

(lentiviral 

transgene)  

GGATGGAGTGGGACAGAGAA GTGCCGATCCGTTCACTAAT  300 

Table 1 List of primers used for genotyping. 

3.3 Neonatal hyperoxia mouse model  

Mice are born during the saccular stage of lung development, which corresponds to the stage of 

lung development during extreme preterm births in humans. Pregnant C57Bl/6 mice (Charles 

Rivers, Saint Constant, QC, Canada) were delivered on embryonic day 15 (E15). Pups from all 

litters were randomized on the day of birth (PND 0) and distributed equally to all the dams such 

that each had 6 pups. Dams along with the pups were exposed to either normoxia (21% oxygen) 

or hyperoxia (85% oxygen) by placing them in a semi-sealed Plexiglas chamber (BioSpherix, 

Redfield, New York, USA) for 14 days as previously described (Hurskainen et al., 2021). The 

oxygen levels were monitored at all times. Hyperoxia and normoxia-exposed dams were switched 
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every 48 hours to prevent injury to their lungs. Mice pups were euthanized by intraperitoneal (i.p.) 

injections of pentobarbital sodium (Euthanyl, 0.2 mL, 65 mg/mL) upon reaching the endpoint. 

3.4 Intratracheal delivery of AAV vectors  

The animals received an analgesic (buprenorphine) subcutaneously (s.c.) at a dosage of 0.1 mg per 

kg (Vetergesic) one hour before the surgery. Directly before the procedure, each animal was 

anesthetized individually with isoflurane (Fresenius Kabi) (anesthesia was induced and maintained 

with 5% and 3% of isoflurane respectively, in a mixture of 100% O2 at 1.5 L/min) and received 

s.c. injections of saline solution (Baxter Corp). The thorax region was shaved to the skin to remove 

any fur covering that area. Tracheotomy was performed while constantly maintaining each animal 

under anesthesia using isoflurane. 1011 vg of both AAV vectors, AAV-Tet3g and AAV-Luc-

WPRE or the AAV-OSK-WPRE were diluted with 1X PBS to a total volume of 30 μL. A single 

intratracheal (i.t.) injection of the combination of the vectors was delivered using the 3/10 mL 

insulin syringe 29 gauge × ½” (Covidien). The incisions were sutured followed by an application 

of a topical 2% transdermal bupivacaine HCL as monohydrate (Chiron) post-surgery. The pups 

were allowed to recover in a 37 °C incubator for 1 h post-surgery.  

3.5 Doxycycline administration in mice  

Doxycycline hyclate (Sigma Aldrich) along with 1% sucrose was diluted at a concentration of 1 

mg/ml in Milli-Q water. Standard water bottles from the mouse cages were replaced with darkened 

bottles containing 1 mg/ml dox water for 2, 3, or 4 days per cycle. Mice were subjected to a course 

of 4 such cycles per experiment.  
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3.6 Lung function analysis  

Lung function of each mouse at the endpoint was measured using the flexiVent machine 

(flexiVent, Scireq, Montreal, Canada). Mice were euthanized by i.p. injections of pentobarbital 

sodium (Euthanyl, 0.2 mL, 65 mg/mL). A tracheotomy was performed, and the trachea was 

connected to a 18-guage cannula attached to the flexiVent. The lungs of each mouse were then 

inflated gradually in step-by-step increments of applied pressure until a maximum of 30 cmH2O 

was reached. This is followed by a gradual deflation in the same manner to obtain the pressure-

volume (PV) loops. The PV curves are normalized to the body weights of the respective mice. The 

values for lung function parameters such as the total lung capacity (TLC), residual volume (RV), 

compliance (C), and elastance (E) were extracted from the PV loops (Kang et al., 2020).  

 

3.7 Lung histology  

The left lungs were inflated and perfused through the trachea using 10% buffered formalin while 

maintaining a constant pressure of 20cm H2O. The inflated lungs were kept in 10% buffered 

formalin for 48 hours and then transferred to 70% ethanol. The lungs were then embedded in 

paraffin and longitudinal sections of 4 μm thickness were prepared. These serial sections were then 

stained with hematoxylin and eosin (H&E) by the Louise Pelletier Histology Core Facility of the 

University of Ottawa (Ottawa, ON). Blinded analysis of alveolar size was performed using a 

motorized microscope stage by calculating the mean linear intercept (MLI) for each animal (Pierro 

et al., 2013).  
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3.8 In vivo imaging  

Mice on PND 14 were injected i.t. with 1011 vg of AAV-Tet3g and AAV-Luc as described above. 

The injected mice were allowed to recover from the surgery for 7 days. Dox was administered in 

a cyclic manner as mentioned above for 4 weeks starting from PND 21. IVIS images were taken 

on day 0, day 3, and day 5 of every cycle. D-luciferin (BioVision) was freshly prepared 1 hour 

before the imaging session at a concentration of 15 mg/mL in 1X PBS. All mice received 

150 mg/kg s.c. injection of the D-luciferin solution 20 minutes before imaging. Up to 4 mice were 

imaged at once.  

Quantification of the luciferase signal from the region of interest was performed according to the 

manufacturer’s instructions using the Living Image 3.2 software (Caliper Life Sciences, 

Hopkinton, MA, USA). For each animal, the average radiance (p/s/cm2/sr), the standard deviation 

(SD) of radiance, as well as the minimum and maximum radiance were obtained from the thorax 

(lung) and abdominal regions. All representative images are presented as count measurements 

which are uncalibrated measurements of photons in a pixel. Radiance (p/s/cm2/sr) was used to 

quantify the bioluminescence signal from IVIS figures in this study, which are calibrated 

measurements of photon emissions. (Kang et al., 2020) 

 

3.9 Cell culture, AAV transduction, and protein isolation  

Human embryonic kidney cells (HEK293; ATCC® CRL-1573) were maintained in DMEM/F-12 

supplemented with 10% Fetal Bovine Serum (FBS; HyClone; SH30088) and 1% Penicillin 

Streptomycin (HyClone; SV30010). For transductions, either AAV-Tet3g or AAV-OSK or both 

together (AAV-Tet3g + AAV-OSK) at a multiplicity of infection (MOI) of 20000 was incubated 

with the HEK293 cells. Dox was added to the media 24h post-transduction at a final concentration 
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1 ug/ml. At 72h post-transduction, media was replaced with fresh dox to maintain its activity. The 

cells were harvested 96 hours post-transduction. The cells were washed with ice-cold 1XPBS twice 

followed by the addition of cell lysis buffer (CelLytic™ MT Cell Lysis Reagent; Sigma) and 

protease inhibitors (Sigma). The cells were then scrapped off using a cell scrapper and transferred 

to a 1.5 ml microcentrifuge tube. They are centrifuged at 16000 g for 20 minutes at 4oC and the 

supernatant is collected and stored in -80oC. Bradford assay using the Quick Start™ Bradford 1x 

Dye Reagent (Bio-Rad Laboratories) was used to determine the protein concentration of the 

isolate.  

3.10 Western blot  

 The cell lysates were fractioned on a Mini-PROTEAN® TGX™( Bio-Rad Laboratories) gel at 

120V for 60 minutes. The proteins were then transferred to a nitrocellulose membrane using the 

iBlot™ 2 Gel Transfer Device (Thermo Fisher Scientific). The membrane was blocked with 5% 

non-fat dairy milk in Tris Buffered Saline + Tween 20 (TBST) for 3 hours at room temperature on 

a rocker. Membranes were washed 3 times (10 minutes each) with TBST and incubated in the 

primary antibody overnight at 4oC. The primary antibody was then removed, and the membrane 

was washed with TBST 3 times. The membrane was then incubated with the respective secondary 

antibody at room temperature for 1 hour. The membrane was then washed 3 times (10 minutes 

each) with TBST. Blots were developed using ECL substrate (Amersham™ ECL™) and Bio-Rad 

Imager.  
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Antibody Species Dilution Source 
Catalog 

number 

Primary     

Oct4 Rabbit 1:1000 Abcam ab181557 

Sox2 Rabbit 1:1000 Abcam ab181557 

Klf4 Rabbit 1:1000 Abcam ab214666 

Actin Mouse 1:5000 
Cell Signalling 

technology 
3700S 

Secondary     

Anti-mouse Horse 1:5000 
Cell Signalling 

technology 
7076S 

Anti-rabbit Goat 1:10000 
Cell Signalling 

technology 
7074S 

Table 2 List of antibodies used for Western Blot. 

3.11 In vitro luciferase detection  

In vitro luciferase detection was performed at the University of Guelph by Dr. Sarah Wootton’s 

lab. HEK293 cells were transduced with either AAV-TRE-Luc and AAV-CASI-Tet3G at MOI of 

10000 or no-AAV vector controls at 24h after seeding the cells. Dox was added into the cells 24h 

post-transduction at a final concentration 1ug/ml. At 72h post-transduction, media was replaced 

with fresh dox to maintain its activity. Firefly luciferase activity was measured 96h after the 
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addition of dox using Promega Luciferase assay kit (Promega) as per the manufacturer’s 

recommendations. The treatments were performed in triplicate wells. 

3.12 Quantitative Real-time PCR  

The right lung tissues were chopped and stored in RNAlater Solution (Thermo Fisher Scientific). 

Randomly chosen small pieces of lung (30mg) were used for RNA extraction. The RNeasy Plus 

mini kit (Qiagen) was used for the extraction of total RNA from the lung tissues. The tissues were 

homogenized with the TissueLyser II (Qiagen) machine and RNA was isolated subsequently 

according to the manufacturer’s instructions. RNA concentration and quality were assessed by 

NanoDrop spectrophotometer (Thermo Fisher Scientific). RNA was then reverse transcribed into 

cDNA using the iScript Reverse Transcription Supermix (BioRad). Quantitative real-time-PCR 

(qPCR) analysis was performed using CFX96 Touch Real-Time PCR (Bio-Rad). Predesigned 

PrimeTime™ qPCR Probe Assays (IDT DNA) were used and are listed below.  

Gene Probe Assay ID 

p53  Fam Mm.PT.58.44013092 

p16  Fam Mm.PT.58.8388138 

p21  Hex Mm.PT.58.17125846 

Il6  Hex Mm.PT.58.10005566 

Mmp12 Fam  Mm.PT.58.31615472 

Ki67 Hex  Mm.PT.58.7871981 

Hprt Cy5 Mm.PT.39a.22214828 

Table 3 List of qPCR primers. 



 34 

3.13 Statistical analysis 

All statistical analysis were performed on GraphPad Prism 9 Version 9.5.0. Unpaired two-tailed 

Student’s t-test or one-way or two-way analysis of variance (ANOVA) for more than two groups 

were used as appropriate. P values less than 0.05 were considered statistically significant. 

Significant results are shown as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. 
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4.1 Hyperoxia alters lung function and structure in neonatal C57Bl/6 mice. 

 
Newborn C57Bl/6 mice were exposed to 85% oxygen (from birth to PND14) (neonatal 

mice hyperoxic model of BPD) (fig 3a). Age-matched control mice were housed in room air. A 

significant reduction in lung function in hyperoxia-exposed animals compared to control room air-

exposed mice was observed as indicated by an upward shift in the PV loop at PND21 which is a 

representation of an emphysematous lung (fig 3b). We observed a significant increase in the 

inspiratory capacity and residual volume. A significant increase in compliance and a significant 

decrease in elastance were also observed which further confirmed an emphysematous profile (fig 

1c)  

Examination of fixed lung sections revealed that alveoli were much larger in size and lesser 

in number in hyperoxia-exposed animals compared to room air control animals at PND21 (fig 1d). 

This was quantitatively confirmed by the significantly higher MLI in compared to room air control 

animals (Fig 1e).  

Thus, hyperoxia exposure resulted in a lung phenotype that resembles BPD. 
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Fig 3. The 14-day hyperoxia exposure altered lung function and structure in neonatal C57Bl/6
mice. A) Schematic representation of hyperoxia-induced lung injury model in neonatal mice.
Newborn C57Bl6 mice pups were exposed to continuous hyperoxia (85% O2) until PND14. Left lung
histology and lung function was assessed at PND21. B) Body weight adjusted PV-loop. PV-loops are
shown as mean volumes of all mice in one group at each set pressure level. (Room air: n= 5;
Hyperoxia: n=9) C) Respiratory mechanics parameters extracted from PV-loop comparing room air
mice vs hyperoxia exposed mice. (Room air: n= 5; Hyperoxia: n=9) D) Representative images of left
lung histology stained with H&E from room air and hyperoxia exposed animals. E) Graph comparing
the MLI of room air control mice vs hyperoxia exposed mice. (Room air: n= 5; Hyperoxia: n=7)
Values are represented as mean ± SEM. P values were calculated using the student’s t-test except in
fig B where two-way ANOVA with Tukey’s multiple comparisons test was used. Significant results
are shown as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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4.2 Neonatal hyperoxia exposure results in persistent lung injury up until 7 weeks of age.  

This arrest in lung development was also observed in 7-week-old mice exposed to 85% 

hyperoxia from PND0 to PND14 (fig 4a). The control animals were age-matched mice placed in 

room air. PV loops generated using the flexiVent machine confirmed the presence of an established 

lung injury at 7 weeks of age in hyperoxia-exposed mice. The PV loop was significantly shifted 

upwards in hyperoxia-exposed animals compared to room air control animals (fig 4b). There was 

also a significant change in lung function parameters such as inspiratory capacity, residual volume, 

compliance, and elastance. (fig 4c). Similar to the PD21 timepoint, the alveoli appear much larger 

in size and lower in number (fig 4d). When quantified, the MLI of hyperoxia-exposed mice was 

significantly higher than room air control animals (fig 4e). These data confirm that there is no 

catch-up growth in the lungs of hyperoxia-exposed mice, even though the animals are moved into 

room air conditions after a period of neonatal hyperoxia exposure.  

Consequently, the 14-day BPD hyperoxia mouse model represents an excellent platform 

to test the therapeutic efficiency of partial reprogramming to rejuvenate injured lungs. 
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Fig 4. Neonatal hyperoxia exposure results in persistent lung injury up until 7 weeks of age. A)
Schematic representation of hyperoxia-induced lung injury model in neonatal mice. Newborn C57Bl6
mice pups were exposed to continuous hyperoxia (85% O2) until PND14. Left lung histology and
lung function was assessed at PND49. B) Body weight adjusted PV-loop. PV-loops are shown as
mean volumes of all mice in one group at each set pressure level. (Room air: n= 5; Hyperoxia: n=5)
C) Respiratory mechanics parameters extracted from PV-loop comparing room air mice vs hyperoxia
exposed mice. (Room air: n= 5; Hyperoxia: n=5) D) Representative images of left lung histology at
PND 49 stained with H&E from room air and hyperoxia exposed animals. E) Graph comparing the
MLI of room air control mice vs hyperoxia exposed mice. (Room air: n= 5; Hyperoxia: n=5) Values
are represented as mean ± SEM. P values were calculated using the student’s t-test except in PV loop
where two-way ANOVA with Tukey’s multiple comparisons test was used. Significant results are
shown as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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4.3 Senescence markers are upregulated at PND14 in hyperoxia-exposed mice. 

Previous studies have shown evidence of senescence induction in the lungs following short-term 

hyperoxia exposure during the neonatal period (Londhe et al., 2011; Yao et al., 2023; You et al., 

2019). However, the effect of long-term hyperoxia exposure on senescence markers expression 

remains unknown. We measured gene expression of some well-established senescence markers 

(p16 and p21) and SASP factors (Il6 and MMP12) in lung tissue of mice exposed to hyperoxia 

from PND0 to PND14 at 3 time points: PND14 (fig 5a), PND21 (fig 5b), and PND49 (fig 5c) and 

compared them to room air controls. There was a significant increase in the expression of p21 after 

14 days of hyperoxia exposure which suggests induction of senescence (fig 5a). We also observed 

increase in the expression of p16 and SASP factors such as Il6 and MM12 at this time point (fig 

3a). At later time points (PND21 and PND49), the expression levels of these markers returned to 

baseline levels (fig 5b, c). 

Thus, hyperoxia-exposure from PND0 to PND14 caused an increase in some senescence 

markers which may suggest an induction of a lung senescent phenotype in this model. 
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Fig 5. Expression of senescence markers are upregulated at PND14 in hyperoxia-
exposed mice. Relative fold change in gene expression of senescence markers at PND14
(A), PND21 (B), and PND49 (C) as quantified from real-time QPCR analysis. Values are
represented as mean ± SEM. P values were calculated using the student’s t-test. Significant
results are shown as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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4.4 Luciferase is expressed only in the presence of doxycycline and its expression is localized 

to the lungs in mice.  

Validation of the AAV-luciferase vectors was done both in vitro and in vivo to confirm the 

absence of any leak in expression. In vitro validation of the Tet-On system was done by measuring 

the luciferase activity in HEK293 cells transduced with the AAV-Tet and AAV-Luc vectors. 

Various combinations of the vectors were tested, and we observed that luciferase activity was 

significantly higher in cells transfected with the AAV-Tet and AAV-Luc vectors and treated with 

dox (fig 6a). The cells transduced with the vectors responded to a dosage of 1 µg/ml of 

doxycycline. In vivo validation was done by transducing B6 albino mice with the AAV-Tet and 

AAV-Luc vectors. To obtain localized expression in the lung, the AAV-Tet and AAV-Luc vectors 

were injected i.t. into B6 albino mice. The albino variant is preferred over dark mice as the 

black/brown pigmentation in the skin absorbs emitted signals and affects the quality of the signal. 

Using an In vivo imaging system (IVIS), we confirmed that the luciferase was expressed only in 

mice that received the AAV-Tet and AAV-Luc vectors followed by doxycycline administration 

for 2 days. The expression was mostly localized to the lungs and was detected as early as 2 days 

after the start of dox treatment (fig 6b).  

Based on these data we conclude that the Tet-On vector system functions well and localized 

expression in the lung can be achieved by i.t. injections.  
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Fig 6. Doxycycline induces luciferase expression in vitro, and in mice, the
expression is localized to the lungs. A) Expression of luciferase in HEK293 cells
that were either transduced with or without AAV-Luc and AAV-Tet (at MOI of
10000) was determined by Promega luciferase activity kit. The treatments
performed in triplicate wells. B) Bioluminescence detection with IVIS of mice
either infected with 1011 vg of AAV-Luc and AAV-Tet (Mice 2, 3, and 4) or PBS
(Mouse 1).
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4.5 Oct4, Sox2, and Klf4 proteins are expressed in HEK293 cells and in the lungs of C57Bl/6 

mice only in the presence of AAV-OSK vector and doxycycline. 

Any leaky expression from the AAV-OSK vector would lead to deleterious effects. To 

confirm that AAV-OSK vectors do not results in leaky expression, we transduced HEK293 cells 

with the AAV-Tet and the AAV-OSK vectors in various combinations: AAV-Tet without dox, 

AAV-OSK without dox, AAV-Tet + AAV-OSK without dox, AAV-Tet with dox, AAV-OSK with 

dox and AAV-Tet + AAV-OSK with dox. Oct4 and Klf4 protein expression was seen only in cells 

that received both the vectors and dox (fig 7 a and b). All other conditions, including transduction 

with both vectors but without dox and each vector individually with dox did not induce expression 

of these proteins. As expected, Sox2 expression was seen in all these conditions since HEK293 

cell line has endogenous expression of the Sox2 protein.    

We then delivered 1011 vg of the AAV-Tet and AAV-OSK vectors to C57Bl/6 mice via i.t. 

injections. After 2 days on dox, the lungs were collected, and immunoblotting was performed to 

detect the expression of the OSK factors. We observed that Oct4 and Sox2 were expressed only in 

mice that received the AAV vectors and dox. We also observed that all mice expressed Klf4, but 

the expression was significantly higher in mice that received AAVs and dox. (Fig 7 c and d) 

Consequently, we can confirm that the developed AAV-OSK vectors effectively transduce 

the cells in mouse lungs and express the transgenes only in the presence of dox.  
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Fig 7. Oct4, Sox2, and Klf4 proteins are expressed in HEK293 cells and in the lungs of

C57Bl/6 mice only in the presence of AAV-OSK vector and doxycycline. A) Protein levels
of Oct4, Sox2, and Klf4 in HEK293 cell lysates that were either untouched or transduced with
AAV-Tet or AAV-OSK or both vectors together and detected by immunoblotting. B)
Quantification of the Oct4 and Klf4 protein levels from HEK293 cell lysates normalized to ß-
Actin. C) Protein levels of Oct4, Sox2, and Klf4 in mouse lung tissue that were transduced
with AAV-OSK and AAV-Tet detected by immunoblotting. D) Quantification of the Oct4,
Sox2, and Klf4 protein levels from mouse lung normalized to ß-Actin. (PBS: n= 2; No dox:
n=2; Dox: n=3) Values are represented as mean ± SEM. P values were calculated using the
one-way ANOVA. Significant results are shown as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and
****P ≤ 0.0001.
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4.6 Transient expression of AAV system can be achieved with high accuracy.  

Continuous expression of the OSK factors was previously shown to cause adverse effects 

in various organs in mice. This organ dysfunction arises because of the loss of normal cell function 

due to dedifferentiation and teratoma formation (Abad et al., 2013; Ohnishi et al., 2014). Short-

term but cyclic OSKM induction (transient) was shown to prevent the loss of cellular identity and 

hence avoid any adverse effects of in vivo reprogramming (Ocampo et al., 2016). The control 

luciferase vector provides us with the perfect opportunity to test the capability of transient 

expression in mice longitudinally over the desired amount of time.  

To test this, B6 albino mice were injected i.t. with the AAV-Tet and AAV-Luc vectors. 

Mice that received these vectors were subjected to three dox treatments: 1) no dox administration 

(the control group), 2) dox administration for 2 days only (P21 to P23) (activated once group), and 

3) dox administration for 2 days followed by no dox for 5 days (which correspond to 1 cycle) for 

4 cycles in total (the transiently activated group). IVIS imaging was performed on day 2, day 4, 

and day 7 of each cycle (fig 8a). As expected, after 2 days in the first cycle, no luciferase expression 

was observed in the control group, whereas high luciferase expression was observed in mice from 

the transiently activated and the activated once group (fig 7b). Upon dox withdrawal, in the 

transiently activated and the activated once group, a drastic decrease in the luciferase expression 

was observed at day 4, which was then back to baseline levels by the end of the cycle (fig 8b). The 

mice in the control group remained without any luciferase expression throughout the course of the 

experiment. In the subsequent cycles, luciferase expression was seen only in mice in the transiently 

activated group at day 2 which then went back to baseline levels by the end of each cycle (due to 

dox withdrawal). Quantification of the luciferase signal in radiance revealed that we could reach 

consistent levels of luciferase expression each week from mice lungs in the transiently activated 
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group (fig 8c). In another cohort of mice, long-term longitudinal tracking for over 150 days 

revealed that without dox administration, luciferase expression remained at low basal levels 

throughout the experimental timeline (fig 8d). 

 In summary, these experiments prove that transient expression is possible with the 

developed AAV system and there is no leaky expression from the vectors over extended periods 

of time. 
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Fig 8. Transient expression of the developed AAV system can be achieved with high
accuracy. A) Schematic representation of the i.t. injection, dox administration regimen, and IVIS
imaging time points. B) Representative IVIS images of control mice (never administered with
dox), transiently activated mice (dox administered for 2 days of each week) and activated once
mice (Dox administered for 2 days only during the first week). Images are from day 2 and day 7
of each week during cyclic activation. IVIS images were normalized for a signal count ranging
from 600 to 4500. C) Quantification of the signal (of mice from fig 7b) from the thorax (lung)
region in control mice (in red), activated once (in grey), transiently activated mice (in blue). Data
are represented as the mean radiance. D) Quantification of the IVIS images from the thorax
(lung) region of mice injected i.t. with AAV-Luc and AAV-Tet vector that were either never
administered with dox (Control: in red) or administered with dox on PND 21 and 91 (Mouse 1
and 2: in black). Data are represented as the mean radiance.
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4.7 Transient overexpression of the OSK factors did not improve the lung structure and 

function after hyperoxia-induced injury.  

Evidence suggests that BPD lungs lose their regenerative capacity and/or undergo 

premature aging resulting in emphysema and pulmonary vascular disease (Aukland et al., 2006; 

Meiners & Hilgendorff, 2016b; Wong et al., 2008). Cellular reprogramming can rejuvenate certain 

organs after an injury (Chen et al., 2021b; Cheng et al., 2022; Hishida et al., 2022a; Lu et al., 2020; 

Wang et al., 2021). Whether reprogramming the BPD lungs can improve lung structure and 

function is unknown. To answer this question, we used the 14-day hyperoxia exposure lung injury 

model in newborn mice as previously described. After 14 days of hyperoxia exposure, these mice 

receive 1011 vg of AAV-Tet and the AAV-OSK vectors through i.t. injections. The mice were 

given a week to recover after which transient activation of the OSK factors was performed for 4 

weeks starting at PND21. Each cycle was composed of a period in which the OSK factors were 

activated (on dox), followed by a period of deactivation (off dox). Three durations of OSK 

activation per week were tested: 1) 2 days of OSK activation (short), 2) 3 days of OSK activation 

(medium), and 3) 4 days of OSK activation (long). Each of these OSK activation conditions was 

followed by 5, 4, or 3 days without OSK activation, respectively. FlexiVent analysis did not show 

any significant improvement in the PV loop of the 2, 3, or 4-day treated animals. However, the PV 

loop of the 3-day OSK-activated mice was improved compared to the untreated mice as well to 

the 2- and 4-day treated mice, but did not improve as much as the animals that were administered 

with just dox for 4 days per cycle and for 4 cycles (dox ctrl) (fig 9 a). Lung function parameters 

including the inspiratory capacity, residual volume, compliance, and elastance followed a similar 

trend (fig 9 b). Two- and 4-days OSK treated animals did not show any improvement in lung 

function, but although not significant, 3-day treated mice showed improvement in these parameters 
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when compared to the untreated control animals (fig 9b). Lung structure analysis also revealed a 

similar trend. There was no significant improvement in the lung structure in the 2, 3, or 4 day 

treated group (fig 9c). Similar to the lung function data, mice in the 3-day treated group had better 

lung structure as observed from MLI analysis (fig 9d).  

In summary, 2, 3, or 4 days of OSK activation for 4 cycles did not improve lung function 

or structure.  
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Fig 9. Transient overexpression of the OSK factors did not improve the lung structure and
function after hyperoxia-induced injury. A) Body weight adjusted PV-loops. PV-loops are shown as
mean volumes of all mice in one group at each set pressure level. (Room air: n= 15; Hyperoxia:
n=15; No dox ctrl: n= 6; Dox ctrl: n= 8; 2 days dox: n= 7; 3 days dox; n= 13; 4 days dox: n=9) B)
Respiratory mechanics parameters extracted from PV-loop comparing controls vs treated groups.
(Room air: n= 15; Hyperoxia: n=15; No dox ctrl: n= 6; Dox ctrl: n= 8; 2 days dox: n= 7; 3 days dox;
n= 13; 4 days dox: n=9) D) Representative images of left lung histology stained with H&E from
control and treated mice. E) Graph comparing the MLI of control mice vs treated mice. (Room air:
n= 15; Hyperoxia: n=15; No dox ctrl: n= 6; Dox ctrl: n= 8; 2 days dox: n= 7; 3 days dox; n= 13; 4
days dox: n=9). Values are represented as mean ± SEM. P values were calculated using the two-way
ANOVA with Tukey’s multiple comparisons test for PV-loop and one-way ANOVA for the rest.
Significant results are shown as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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4.8 14-day hyperoxia exposure in neonatal i4f-b induces an arrest in lung development 

phenotype and doxycycline administration triggers expression of the OSK factors in the 

lungs.   

Another strategy that we employed to test whether or not transient overexpression of the OSKM 

factors can rejuvenate hyperoxia-induced injury includes the use of i4f-b mice. I4f-b transgenic 

mice line developed by Dr. Manuel Serrano’s group contained transcriptional activator (rtTA) 

within the Rosa26 locus and the Oct4, Sox2, Klf4, and cMyc factors in the form of a polycistronic 

cassette which is dox inducible (Abad et al., 2013). Continuous exposure to hyperoxia starting at 

PND0 for 14 days resulted in the arrested lung development phenotype similar to what we observe 

in wild type C57bl/ 6 mice exposed to hyperoxia. PV loops generated using the FlexiVent machine 

in 49-day-old mice showed an upward shift representing an emphysematous phenotype in the 

hyperoxia-exposed animals. (Fig 10a) The respiratory parameter profile also had a similar trend as 

with the hyperoxia exposed wild type C57Bl/6 mice.  We observed a significant increase in the 

inspiratory capacity and residual volume. A significant increase in compliance and a significant 

decrease in elastance were also observed which further confirmed an emphysematous profile (Fig 

10 b). We also observed larger and fewer alveoli in the hyperoxia-exposed mice compared to 

control mice as seen in the representative H&E-stained lung section images (Fig 10 c). This was 

confirmed from MLI analysis as we observed a significant increase in the MLI of hyperoxia 

exposed mice when compared to room air controls (Fig 10 d).  

 The expression of the OSK factors in the lungs of young i4f-b mice has never been 

characterized. As our rejuvenation strategy entails transient expression for 4 cycles, we studied the 

expression of the OSK factors using immunoblotting during the course of the 4 cycles starting at 

PND21 until PND49. We compared the levels of protein expression at every cycle between 
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hyperoxia-exposed animals that either received dox or never received dox, and room air control 

animals that either received dox or never received dox. We observed expression of the OSK factors 

was detected only in mice that received dox in both the normoxia and hyperoxia-exposed mice 

(Fig 10 e). Four cycles of transient OSK expression did not result in any adverse effects as the 

histological examination of the lungs showed no teratoma formation.  

 To sum up, i4f-b mice acquire the same lung damage phenotype as wild type mice when 

exposed to neonatal hyperoxia and 4 weeks of transient OSK overexpression starting PND21 is 

possible without being harmful.  
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Fig 10. 14-day hyperoxia exposure in neonatal i4f-b induces an arrest in lung development
phenotype and doxycycline administration triggers expression of the OSK factors in the lungs.
A) Body weight adjusted PV-loop at PND49. PV-loops are shown as mean volumes of all mice in one
group at each set pressure level. (Room air: n= 3; Hyperoxia: n=3) B) Respiratory mechanics
parameters extracted from PV-loop comparing room air mice vs hyperoxia exposed mice. (Room air:
n= 3; Hyperoxia: n=3) C) Representative images of left lung histology stained with H&E from room
air and hyperoxia exposed animals. D) Graph comparing the MLI of room air control mice vs
hyperoxia exposed mice. (Room air: n= 3; Hyperoxia: n=3) E) Quantification of the Oct4, Sox2, and
Klf4 protein levels from i4f-b mouse lung from conditions: Room air without dox; Room air with 2
days dox administration; Hyperoxia exposed mice without dox administration; Hyperoxia exposed
mice with 2 days dox administration. Oct4, Sox2, and Klf4 protein expression was normalized to ß-
Actin. Values are represented as mean ± SEM. P values were calculated using the student’s t-test
except in PV loop where two-way ANOVA with Tukey’s multiple comparisons test was used.
Significant results are shown as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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4.9 Transient expression of OSKM factors for 4 cycles in the i4f-b mice does not improve 

lung function after hyperoxia induced lung injury.  

From our previous experiments, we have already shown that 1 mg/ml dox for a period of 

2 days induced OSKM expression in the lungs and 4 cycles of OSKM activation was safe, we 

proceeded to test if 4 weeks of OSKM cyclical induction had any effect in rejuvenating the lung 

after hyperoxia induced injury. Newborn pups were exposed to 85% hyperoxia for 14 days. 

Cyclical OSKM induction was started at PND 21. Each cycle consisted of OSKM induction for 2 

days followed by a 5-day recovery period.  

After 4 weeks of OSKM induction, lung function analysis was performed. We observed no 

improvement in the PV-loop of mice that underwent cyclical OSKM induction (fig 11 a). Lung 

function parameters such as inspiratory capacity, residual volume, compliance, and elastance of 

the partially reprogrammed mice also did not show any improvement when compared to untreated 

controls (fig 11 b).  

In summary, 2 days of OSKM activation for 4 cycles in i4f-b mice did not improve lung 

function after an injury.  
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Fig 11. Transient expression of OSKM factors for 4 cycles in the i4f-b mice does not improve
lung function after hyperoxia induced lung injury.
A) Body weight adjusted PV-loop at PND49. PV-loops are shown as mean volumes of all mice in one
group at each set pressure level. (Room air: n= 5; Hyperoxia: n= 4; Dox Ctrl: n= 3; 2 Days dox: n= 4)
B) Respiratory mechanics parameters extracted from PV-loop comparing room air mice vs hyperoxia
exposed mice (Room air: n= 5; Hyperoxia: n= 4; Dox Ctrl: n= 3; 2 Days dox: n= 4). Values are
represented as mean ± SEM. P values were calculated using the two-way ANOVA with Tukey’s
multiple comparisons test was used for the PV-loop and one-way ANOVA with multiple comparisons
for respiratory parameters. C) Representative images of left lung histology stained with H&E from
control and treated mice. D) Graph comparing the MLI of control mice vs treated mice. (Room air:
n= 5; Hyperoxia: n= 4; Dox Ctrl: n= 3; 2 Days dox: n= 4). P values were calculated using the two-
way ANOVA with Tukey’s multiple comparisons test for PV-loop and one-way ANOVA for the rest.
Significant results are shown as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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5. Discussion and future directions 

5.1 Discussion 

In this body of work, we have shown that: (1) Neonatal exposure to hyperoxia induces a 

lasting lung injury similar to seen in BPD patients with signs of senescence in the lungs of 

hyperoxia exposed mice. (2) We have developed an inducible AAV vector system that is dox 

inducible with high sensitivity and capability to target type II alveolar epithelial cells. (3) Transient 

over expression of the OSK (with the AAV vectors) or OSKM (using the reprogrammable i4f-b 

mouse line) factors did not improve either lung function or structure under tested conditions.  

Despite the advancement in neonatal care over the past years, the rate of BPD incidence 

has not decreased. More importantly, BPD-associated morbidities remain past childhood and even 

later in life resulting in a significant economic burden to health services. Currently, there is no 

treatment for BPD. As partial reprogramming was previously shown to regenerate injured tissues 

in the liver, heart, muscle, and the eye, it would be interesting to investigate the impact of partial 

reprogramming in regenerating the growth arrested BPD lung. For this, we used a hyperoxia-

induced lung injury model in neonatal mice. Continuous exposure to 85% oxygen resulted in a 

phenotype that closely resembled the characteristics of human BPD. The lungs had significantly 

larger and fewer alveoli with compromised lung function. Very little catch-up growth was 

observed in our model. The alveolar stage of lung development in mice occurs postnatally up until 

early adulthood (PND36). Lung function and lung structure analysis at seven weeks of age 

confirmed that neonatal hyperoxia exposure (from PND0 to PND14) completely disrupts lung 

organogenesis without any signs of catch-up growth.  

Accelerated aging in former preterm infants with BPD has been speculated to be the reason 

for arrested development as a result of mechanical ventilation and oxygen toxicity. In this study, 
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we show that 14 days of hyperoxia exposure gives rise to increased expression of established 

markers of senescence such as p21 and p16, and SASP factors including IL6 and MMP12. The 

increase in p21 expression suggests initiation of senescence in the lungs of hyperoxia-exposed 

mice. Moreover, in a recently published study, using single-cell transcriptomic analysis of the 

mouse lungs, our lab has previously shown that the increase in p21 expression due to hyperoxia 

exposure is specific to Col13a1+ fibroblasts, myofibroblasts and capillary cells (Hurskainen et al., 

2021). In-depth analyses taking into account more timepoints (PND4, PND8, PND14, PND 21, 

and PND49) and an extended panel of markers are required to better understand the role of 

senescence in the BPD lung. 

In brief, we generated a neonatal hyperoxia mouse model that closely resembles a BPD-

like phenotype with an indication of initiation of senescence due to hyperoxia exposure which is a 

good injury model to study the therapeutic effects of partial reprogramming in the lungs.  

Partial reprogramming in vivo can be induced by transient overexpression of the OSK or 

the OSKM factors. Proof of concept studies in the field of in vivo partial reprogramming have 

come either by using transgenic reprogrammable mice (Abad et al., 2013; Chen et al., 2021b; 

Hishida et al., 2022a) or by AAV mediated reprogramming (Lu et al., 2020). Our AAV mediated 

transient reprogramming approach made use of the AAV6.2FF capsid. Recently published work 

from our lab has shown that the AAV6.2FF vector has a high affinity in targeting alveolar type II 

cells among other cell types in the lungs (Kang et al., 2020). This is a key factor as alveolar type 

II cell (a progenitor cell population in the alveolar epithelium) injury due to hyperoxia exposure is 

one of the root causes of persistent epithelial injury in BPD (Roper et al., 2004).  

With the developed AAV vector system, our first focus was to validate the tight control 

nature of the Tet-On promoter in vitro and in vivo. This is of high importance as long-term or 



 67 

uncontrolled reprogramming can give rise to teratomas (Abad et al., 2013; Ohnishi et al., 2014). 

In our set-up, we observed a very tight control of transgene expression (with dox) in cells and in 

mice transfected with the AAVs. Also, with i.t. route of administration, the expression of 

transgenes was localized to the lungs which allow for site-specific reprogramming.  

Formation of dysplastic lesions and teratomas is the most deleterious obstacle to 

reprogramming (Abad et al., 2013; Ohnishi et al., 2014) but this can be overcome by the process 

of transient reprogramming. (Ocampo et al., 2016) To address this issue, we used in vivo 

bioluminescent tracking to study the expression pattern of AAV vector system. By taking 

advantage of the AAV-luciferase construct, we have shown that transient expression can be 

achieved efficiently hence reducing the risk of tumor formation.  

The specificity of the AAV6.2ff vector system and i.t. route of administration enables us 

to induce targeted reprogramming in the epithelial cell population of the lungs.  

Site-specific reprogramming (Lu et al., 2020) and cell-type-specific partial reprogramming 

in vivo (Chen et al., 2021b; Hishida et al., 2022a) have been shown to have immense potential to 

rejuvenate an organ both structurally and functionally after an injury. Cells that undergo 

reprogramming were seen to go back to a younger state (in their developmental hierarchy). The 

induced youthful nature improves their proliferation capabilities which were otherwise absent in 

injured tissues. In the case of BPD lungs, partially reprogramming the developmentally arrested 

cells in the lungs can be exploited to reinstate the process of alveolarization. Moreover, the 

capability to specifically reprogram the alveolar type II cells to re-trigger their lost progenitor 

function might improve the chances of forming new alveoli. Reprogramming to rejuvenate tissues 

in the lungs has not been reported so far. We used a reprogramming approach that was described 

to be safe (without teratoma formation) and well-established in mice. This strategy was previously 
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shown to ameliorate aging hallmarks (Ocampo et al., 2016; Rodríguez-Matellán et al., 2020), 

improve muscle regeneration (Wang et al., 2021), and reverse intervertebral disc degeneration 

(Cheng et al., 2022). Our partial reprogramming approach consisted of cyclic activation of the 

OSK factors for 4 cycles. Although none of our OSK activation schemes showed significant 

improvement in either lung function or lung structure, the 3-day per week OSK-activated mouse 

fared better than other conditions. Further assessment of the optimal duration of the OSK factors 

is required to induce lung reprogramming is required to induce lung regeneration and is discussed 

briefly in the future directions section. No teratomas were noted in the current set-up during gross 

necroscopic analysis.  

Another approach that we employed to test if partial reprogramming can regenerate 

hyperoxia-induced lung damage was the with the use of a reprogrammable transgenic mouse line 

(i4f-b). As the effects of neonatal hyperoxia exposure in this mouse line were unknown, we first 

characterized the model. A lung injury model similar to the wild-type mouse was observed at the 

lung function and lung structure level hence making it a good model to study the effects of partial 

reprogramming to regenerate the lungs. I4f-b mice have been used to study the effects of 

reprogramming in various tissues (Abad et al., 2013; Chiche et al., 2020; Mosteiro et al., 2016) 

but effects of reprogramming in young mice have never been described in previously published 

literature. In our study, we show that there were no deleterious effects from starting cyclical 

reprogramming as early as 3 weeks of age. As expected, only the dox-administered mice had the 

expression of the OSKM factors, and 4 cycles of transient expression did not result in the mortality 

of any mice. Four cycles of OSKM transient expression in the i4f-b mice after hyperoxia exposure 

also did not show any improvement in lung function although only one OSKM activation scheme 

(2 days on dox followed by 5 days off dox) was tested.  
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The major differences in the expression pattern of the Yamanaka factors between the i4f-

b mice and the AAV mediated approach are: i) AAVs express only Oct4, Sox2, and Klf4 while all 

four factors (Oct4, Sox2, Klf4, and c-Myc) can be expressed in the i4f-b mice, ii) more specific 

expression of the OSK factors majorly in the type II cells can be achieved using the AAV approach, 

whereas tissue wide expression of the OSKM factors occurs in the i4f-b mice and iii) when 

administered with dox, OSKM activation is seen in all mice tissues, whereas with the AAV 

approach, OSK expression is localized to the lungs. These differences make these two approaches 

quite distinct from each other and the end result in terms of reprogramming might be very different. 

Nevertheless, both approaches, under the conditions tested, failed to provide any therapeutic 

effects in terms of lung function and structure improvement.  

5.2 Future directions  

 The extent of reprogramming occurring after a period of OSKM activation is of high 

importance as it determines the extent of the therapeutic response. Different organs and tissues 

respond to partial reprogramming through different mechanisms hence making it difficult to 

determine the optimal period of OSK/OSKM activation required to induce a therapeutic effect in 

the lungs. One common phenomenon as a result of partial reprogramming is the increased 

proliferation and this can be targeted along with the detection of early markers of reprogramming 

such as SSEA-4. These experiments could help determine the number of cells that are being 

reprogrammed (SSEA-4+ cells) after OSK/OSKM activation and the amount of proliferation 

induced at the end of each cycle as a result of reprogramming. Addressing this aspect can help to 

better design an appropriate cyclic reprogramming strategy required to efficiently regenerate 

injured lungs.  
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 The timing of initiation of rejuvenation could also be delayed to achieve efficient 

reprogramming in the lungs. All the published literature in the field of in vivo reprogramming thus 

far have been with adult or aged mice. Likewise, the length of the reprogramming periods to 

promote proliferation is equally important to avoid potential harmful rather than therapeutic effects 

of this approach. Delaying the start of reprogramming is possible with our model as there is no 

evidence of catch-up growth.  

Following the establishment of the optimal reprogramming strategy of the lungs (enough 

to see a therapeutic effect in improving the lung function and structure after hyperoxia-induced 

injury), in-depth transcriptomic (using single-cell RNA sequencing) and epigenetic (ChIP and 

methylation sequencing with NGS) analysis could be done to discover the mechanism behind the 

above-mentioned rejuvenation strategy.   

 Another area for exploration would be to partially reprogram resident progenitor and stem 

cells in vitro and transplant them back into the lungs of injured mice. Reprogrammed AEC II cells 

have better clonogenic capacity and were previously shown to improve lung structure and function 

after bleomycin-induced injury (Guo et al., 2018). It would be interesting to know the effect of 

reprogrammed or “replenished” AEC II, and other resident lung progenitor cells including 

mesenchymal or endothelial cells in improving lung function and structure in hyperoxia-induced 

lung injury model. The i4f-b mice that we currently have in the lab are an excellent source of these 

cells as no external vectors carrying the OSKM factors will be required to induce reprogramming.  
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6. Conclusion 
 

This thesis explores in vivo partial reprogramming as a new approach to rejuvenate BPD, 

the most common and severe complication of preterm birth. Here we made use of two strategies 

to induce reprogramming in a robust experimental neonatal lung injury model: i) Exogenous 

overexpression of the OSK factors using a lung tropic AAV. ii) Inducible OSKM overexpression 

in a transgenic mouse line. Alveolar regrowth if achieved will significantly improve the efficiency 

of gas exchange and improve the overall health of the mouse. We showed feasibility of this 

approach. The transient OSK and OSKM activation schemes tested here did not regenerate lungs 

after an injury.  

We are currently working on a determining the optimal OSK/OSKM activation scheme 

which is safe and effective in regenerating lung alveolarization.   
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