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Abstract:

THERAPEUTIC APPROACHES FOR RESPIRATORY DISTRESS SYNDROME

By Franck J. Kamga Gninzeko

A Dissertation submitted in partial fulfilment of the requirements for the
degree of Doctor of Philosophy in Biomedical Engineering at Virginia
Commonwealth University.

Virginia Commonwealth University, 2022.

Major Director: Rebecca L. Heise, Ph.D.

Associate Professor, Undergraduate Program Director, Department of Biomedical

Engineering

Respiratory distress syndrome (RDS) is characterized by shortness of breath and
low oxygen levels. RDS affects the neonatal and adult populations. In the neonatal
population, RDS can be classified as NRDS (Neonatal respiratory distress syndrome),
while in adults, it is known as ARDS (acute respiratory distress syndrome). This
dissertation examines a therapeutic approach to NRDS and a mechanistic approach to
ARDS with in vivo and in vitro models of lung injury. NRDS is characterized by a
deficiency or lack of surfactant. Surfactant is an essential compound composed of
phospholipids and proteins to prevent the lungs from collapsing. There are several
surfactant replacement therapies to remedy NRDS. However, these therapies are given
in liquid instillation forms. Adding more liquid to an already compromised lung can

exacerbate the injury. To solve these issues, we utilized Survanta (one of the drugs
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clinically used as a surfactant replacement therapy) in powder form (most particles less
than 1.5 um in size) with hygroscopic properties (excipient enhanced growth, EEG) so
that the drug will increase in diameter with humidity. EEG Survanta improved lung
mechanics compared with liquid instilled Survanta in surfactant depleted rats. Moreover,
lower EEG Survanta doses had a better effect on lung mechanics than the higher
doses. In all, we used hygroscopic properties of the EEG Survanta to coat the lungs
with surfactant and improve lung mechanics successfully. In the dissertation we then
explored the role of senescence in VILI (ventilator-induced lung injury). The shortness of
breath and hypoxemia observed in ARDS leads to mechanical ventilation. However,
mechanical ventilation can lead to VILI. The inflammatory environment created by VILI,
and ARDS compounded with the overstretched of the alveoli due to mechanical
ventilators can lead to senescence (stable cell cycle arrest). However, the relationship
between senescence and VILI remains elusive. Using both in vivo and in vitro models of
VILI, we found that mechanical ventilation and stretch lead to structural lung damage,
DNA damage (via yYH2AX), and increased P21, a marker of senescence. In C57BL/6
mice, we discovered that age and VILI cause increased KRT8+ cells (transiently
differentiated AT2 cells susceptible to DNA damage). Furthermore, by inhibiting the P38
pathway, we also demonstrated that P38-MAPK is involved in stretch-induced
senescence. Separately, we performed a pilot study with senolytic drugs
Dasatinib/Quercetin (DQ) cocktail to remove senescent cells in vitro and in vivo
selectively. Initial results show that removing senescent cells in vivo led to more
damage in young mice characterized by increased proteins in the bronchoalveolar

lavage fluid and less damage in old mice characterized by decreased inflammation,
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suggesting that senescence may be protective in young mice and harmful in old mice in
an acute model of lung injury. All in all, we used preclinical models to elucidate different

aspects of RDS that will inform clinical therapies.
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Neonatal Related Lung Injury:

The lung is a complex organ whose main role is to facilitate gas exchange between the
capillary blood and the humidified air of the alveoli. However, there are diseases that can
impede that critical function. Those diseases range from chronic to acute and can reduce
the lifespan substantially, especially the elderly population [1] [2] and the neonate
population [3], [4]. In the latter population the disease is characterized as neonatal
respiratory distress syndrome (NRDS). In fact, NRDS accounts for about 20% of all
neonatal death [5] and 50-70% of death of premature infants [6]. Premature infants are
more prone to this disease as surfactant production does not mature until the last weeks
of gestation [7]. Surfactant mixture consisting of phospholipids (PL) and proteins whose
purpose is to lower the surface tension, thereby increasing the compliance of the lungs
during respiration [4]. The surfactant PL are mainly composed of
dipalmitoylphosphatidylcholine (DPPC), which functions to reduce surface tension, and
four surfactant associated proteins (SP-A, SP-B, SP-C, and SP-D) that regulate
surfactant function [8]. Together, the PL and proteins ensure the stability of the alveoli
and allow for alveolar expansion and diffusional transport across that layer [9]. To remedy
NRDS, multiple therapies have been used including breathing support and surfactant

replacement therapy to enable the alveoli to expand and prevent their collapse [3].

Surfactant Replacement Therapy:

There are a varieties of surfactant replacement drugs; they span from synthetics to
animal derived, with neonate receiving animal derived having a better outcome [10].
Animal derived surfactant replacement drugs include Alveofact®, Curosurf® and

Survanta® [11]. These treatments are delivered by instillation of the liquid in volumes

2|Franck Kamga



ranging from 2-8 ml in order to reach the distal alveoli; however, adding more fluid to an
already distressed lung may complicate the injury by hindering gas exchange [12].
Delivering these drugs as an aerosol has been investigated as an alternate method of
delivery that could deliver functional lipids and proteins to the distal alveoli to effectively
replace the deficient surfactant [13]. However, efficiently delivering milligram quantities
of aerosol to the lungs of infants has proven challenging using conventional inhalers
and nebulizers. High efficiency aerosol drug delivery using excipient enhanced growth

(EEG) methods have been recently described [14].

This technology has been employed to produce a dry powder aerosol formulation of
EEG Survanta [15]. The EEG Survanta formulation is a micrometer sized combination
particle consisting of Survanta, mannitol (which act as a hygroscopic excipient) and
leucine (dry powder dispersion enhancer) engineering using spray drying technology.
Powder aerosols are formed by dispersing the particles using a novel low dispersion air
volume dry powder inhaler. The EEG particle size delivered in the lungs are
approximatively 1.5 ym (figure 1.1: particle size graph) which deposit well in the upper
airways using a dry powder inhaler. However, due to quick exhalation, particles of that
size will be exhale. A key component of EEG delivery is the inclusion of the hygroscopic
excipient, in this case mannitol, which absorbs water vapor in the warm and humid
respiratory airways rapidly increasing the size of the aerosol [16] as it travels to the
deep lung and fostering deposition within this region.[17], [18]. To cure NRDS we are
planning on using EEG Survanta aerosol powder to deliver the necessary surfactant to

the lungs of surfactant depleted animals.
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Adult Related Lung Injury:

ALl is condition that is characterized by a compromised blood air barrier at the alveoli
level formed by epithelial and endothelial cells as well as basement membrane. This leads
to influx of blood in the alveoli space, recruitment of cytokines and inflammation. The most
severe form of ALl is acute respiratory distress syndrome or ARDS, this condition is lethal
amongst the elderly population [2]. Patients with ARDS require mechanical ventilation
(MV) to mitigate the effects of this dangerous disease and attempts to use surfactant
replacement therapies as in neonate have failed in the elderly population [13]. While MV
is crucial to treating ARDS, it has some adverse effects, including ventilation induced lung
injury (VILI). The blood-air barrier at the alveoli is very thin; therefore, the strain caused
by MV due to the movement of air in and out of alveoli compromises the integrity of that
barrier and allows liquid filled with protein to cross into the alveolar space causing VILI.
The consequences of VILI are characterized as: biotrauma, volutrauma and
atelectrauma. In biotrauma the mechanical stress caused by the MV creates a
proinflammatory environment by causing the secretion of cytokines and chemokines
therefore resulting in the recruitment of immune cells to the cite of the injury. Volutrauma
is characterized by overdistention of normal alveoli due to a tidal volume forced by MV
into the lungs. Finally, atelectrauma is due to cyclic opening and collapse of alveoli
impeding the main function of the lung, i.e. gas exchange. It has been shown that VILI is
exacerbated with age. Studies performed in our lab suggest the adverse effects of VILI
due to aging, including our own [19]. In most of those studies it was shown that aging
rodent models when put on MV, present more signs of inflammation due to elevated levels

of inflammation makers, changes in lung mechanics and structural damage, injury and
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edema relative to younger rodents [19], [20]. Again, during MV, due to the movement of
air in and out of the lungs, and the increased pressure in the lungs, most cells experience
stretch. Cell stretch models have been used to model VILI in vitro, and studies, including
our own, have shown increased inflammation in stretched old alveolar cells lining the air
blood barrier [21]. However, it is not clear how the combined effect of age and the hostile
mechanical environment created by VILI can lead to senescence. In brief, investigating
the effects of senescence in VILI in the elderly population and surfactant therapy
replacement therapy in the neonate population could shed lights on different methods

that could be used to curb these conditions.

Ventilator-Induced Lung Injury

Alveolar sacs <

Alveoli
<
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Figure 1. 1 Characteristics of VILI. Atelectrauma: alveoli collapsed, volu/barotrauma:

overextension of alveoli, and Biotrauma: alveoli inflammation. [22]

Cellular senescence:

Senescence is a process by which cellular division comes to a complete stop. Cellular
senescence prevents damaged cells from replicating hence allowing the body’s immune
system to clear them out. However, with age, the ratio of cells that are becoming
senescent and non-senescent cells is very high [23]. This can be detrimental to the body
as senescent cells produce secretomes called senescence associated secretory
phenotypes (SASP). The SASP is composed of inflammatory cytokines such as MCP1
and TNFa, growth factors such as TGF-3, matrix metalloproteinase such as MMP10 and
12 [24]-[26]. These secretomes will cause the recruitment of other immune cells to the
cite of the injury therefore exacerbating the inflammatory process and affecting
surrounding cells. Senescent cells show a change in morphology and appear flattened
and enlarged compared to other surrounding cells[27]. Moreover, senescence is
characterized by upregulation of genes such as P16, P53 and P21, all of which are cyclin
dependent kinase inhibitors [24], [28], [29]. These genes play an important role as they
regulate the cell cycle at different stages. In addition, senescence is also characterized
by increased senescence associated beta galactosidase (SA-b-Gal) activity in the cells

[30]. Senescent cells may be targeted and removed with senolytic drugs.

Senolytic Drugs:
Senolytic drugs such as fisetin and the cocktail of dasatinib/quercetin have been used to
selectively clear out senescent cells in animal models of lung diseases such as COPD

and IPF [24] and other disease models [31]. In fact, the results of a clinical trial that used
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the cocktail of dasatinib/quercetin show senolytic drugs alleviate physical dysfunction in
people suffering from IPF [32]. The mechanisms by which senolytic drugs act differ.
Fisetin, found in a variety of fruits and vegetables, is a dietary antioxidant that affects the
metabolic pathway [33], [34]. Dasatinib is a receptor tyrosine kinase and Src family of
kinases inhibitor [35] and quercetin inhibits PI3K [36]. These compounds may be useful
in VILI as Src protein tyrosine kinase and PI3K have been shown to be upregulated with
lung injury [37], [38]. Despite, the advantages that these senolytic drugs can provide, in
terms of eliminating senescent cells and therefore prolonging the lifespan of an individual,

they have not yet been utilized to treat experimental lung injury.

Mechanism of Senescence:

Our preliminary data indicate that during VILI there is a cascade of events that leads to
cellular senescence causing inflammation via the production of cytokines. These
cytokines can cause remodeling of the extracellular matrix (ECM) via the secretion of
MMPs by those senescent cells. Our hypothesized pathway is shown in Figure 1.3. Some
of this pathway is already known but to our knowledge it has not been fully explored in
the context of VILI. During MV, the movement of air in and out of the lungs causes
increased pressure which then causes the ECM to stretch and release latent TGF-{31
[39]. TGF-B1 then binds to TGF-B receptor on the surface of the cell leading to the
phosphorylation of P38 MAPK. P38 MAPK will then activate P53, lastly, P53 will control

the synthesis of P21 [40] causing senescence and SASP, worsening injury.
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Figure 1. 2 Mechanism of VILI Stretch activation of TGFf3, and subsequent

activation of P38 and P53 induced P21 in an in vitro aging model of VILI.
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Hypotheses:

We hypothesize EEG Survanta powder will improve rat’s lung mechanics compared to
instilled liquid Survanta. We also hypothesize that during mechanical ventilation alveolar
epithelial cells become senescent due to ventilator-induced cell stretch contributing to
the loss of barrier integrity and SASP inflammatory response causing VILI. We aim to
establish the relationship between senescence and age-related VILI. We further
hypothesize that senolytic drugs may be a possible therapeutic target for senescence

related VIL| and can attenuate the stretch-induced SASP.
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Contribution to the Field

Though there are drugs that exist on the market to remedy to NRDS, these drugs are not
very efficient at replacing surfactant due to the drugs being delivered as liquid forms. In
this study, we are using a novel formulation technique to make EEG Survanta powder,
this will allow the powder to swell as it travels down the airways due to the increased
humidity and to deposit functional lipids and proteins into those distal alveolar regions.
Moreover, we have adapted and fine-tuned a surfactant depletion model to Sprague
Dawley rats to deliver those various treatments and to improve lung mechanics. Indeed,
successful achievement of the delivery of the EEG Survanta powder will be a proof of
concept on alternative surfactant replacement therapy and will be one step toward

reducing or eliminating the mortality rate of those neonate suffering from NRDS.

On the other hand, the way lung injury in general, and specifically VILI, causes cellular
senescence is poorly understood. Specifically, as our preliminary data indicates, we are
the first to show that mechanical stretch alone can cause cellular senescence in alveolar
epithelium. In this proposed study, we will shed light on that pathway by utilizing in vitro
and in vivo models of lung injury to investigate the TGF-f3 and P38 pathway in senescence
induced by MV. Moreover, for the first time we will examine the use of senolytic drugs for
the treatment of experimental VILI. We will determine the effects of those drugs on
clearing out senescent cells and helping to rebuild the integrity of the blood air barrier.
Using senolytic drugs to alleviate the negative effect of ventilator proposed in this study

is novel Furthermore, introducing the age factor in lung injury is also novel. In fact, as
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mentioned earlier, the aging population are more prone to the negative effects of VILI, the

senolytic drugs treatment proposed may reduce the rate of ventilator-associated mortality.
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Specific Aims

Respiratory distress syndrome (RDS) is a form of breathing disorder that is caused by
multiple factors including surfactant deficiency. RDS affects both the neonate and the
adult’s populations; it is known as NRDS in neonates and ARDS for the adults. Due to
the immaturity of their lungs hence the inability to produce surfactant or functional
surfactant, premature infants are more prone to NRDS while in the adult population, there
is about 13-59 ARDS cases/100,000 persons per year, with higher mortality among the
elderly [2], [41]. Both NRDS and ARDS patients require mechanical ventilators to keep
the keep the alveoli open. However, mechanical ventilation (MV) itself can lead to
ventilator-induced lung injury (VILI). The biotrauma, volutrauma, and atelectrauma
observed in VILI increase mechanical stress on alveolar epithelial cells causing
inflammation. The molecular cascade causing epithelial inflammation is poorly
understood, especially in the aging lung. In addition, the overdistension of the alveolar
during MV can also lead to the loss of the barrier integrity, therefore, causing the leakiness
of the membrane and allowing protein-rich fluid to inter the alveolar space and resulting
in more stress to surrounding cells. Considering these inimical consequences, new
therapies need to be investigated to remedy to NRDS and ARDS and to mitigate the

effects of MV

Surfactant replacement therapy has been used to remedy to NRDS; however, most of
those drugs are in liquid form, adding more liquid to an already distressed lung could
exacerbate the injury. Delivering the necessary surfactant as a powder form could

mitigate that effect. Conventional dry powder inhaled drugs are large in diameter (>2 ym)
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hence cannot reach the distal alveoli and would not be efficient at replacing surfactant at
that region. Excipient enhanced growth (EEG) surfactant aerosol delivery of diameters
less than 2 um could be key at treating NRDS as the drug particles will reach down the
distal alveoli. In addition, EEG possess hygroscopic properties that allow the particles to
swell as they travel down the airways due the increased humidity hence increasing the

surface area of the aerosol deposition.

On the other hand, attempts to use surfactant therapy for ARDS as in NRDS have not
been successful [13] resulting in the emphasis used of mechanical ventilator to maintain
patients alive. Furthermore, the hostile environment created by VILI especially on aging
lung can lead to increase senescence. Cellular senescence is a process by which the cell
cycle is halted and is characterized by increased P16, P21 and P53 [42] cyclin dependent
kinase inhibitors, senescence-associated beta galactosidase activity (SA-b-Gal) and
senescence-associated secretory phenotype (SASP) markers (MCP1 and TNFa, MMP10
and 12, and TGF [24], [43]). We aim to establish the relationship between senescence
and age-related VILI. In other senescent related diseases such as chronic obstructive
pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF), senolytic drugs
including dasatinib/quercetin cocktail and fisetin have been used to target tyrosine kinase
inhibitors or target PI3K/AKT/metabolic pathway within senescent cells [31], [44];
however, the effects of these drugs on VILI induced cellular senescence are still poorly

understood. Moreover, PI3K and tyrosine kinase inhibitions have been shown to increase
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during lung injury [37], [38], targeting these pathways with senolytic drugs will bring

therapeutic solutions to age related or VILI induced cellular senescence.

Aim1: Test the hypothesis that EEG Survanta will improve lung mechanics in an NRDS
model. We hypothesize that EEG Survanta powder will improve lung mechanics
compared to instilled liquid Survanta. A rat surfactant depletion model of NRDS will be
used. First, Sprague Dawley rats will be surfactant depleted via two PBS lavages at 10
ml/kg. Then the treatments at nominal doses of 3, 5, 10 and 20 mg EEG Survanta
aerosol (0.61, 0.97, 1.73 and 3.46 mg PL) deliver via a custom aerosolizer and instilled
liquid Survanta at 2 and 4 ml/kg (18.6 and 34 mg PL) deliver via a syringe will be
administered followed by a 10-minute mechanical ventilation (MV) at 8 ml/kg 90 bpm
and 3 PEEP. Lung mechanics will be taken before and after surfactant depletion and at
the end of the 10-minute MV. We expect the group receiving EEG Survanta aerosol to
have improved lung mechanics compared to the groups receiving instilled liquid
Survanta.

Aim2: Investigate the mechanism of stretch induced cellular senescence in an aging
model of VILI. We hypothesize that stretch-induced cellular senescence occurs via
TGF- B pathway, and its inhibition will reduce stretch-induced senescence. A two-hit
model of VILI with LPS will be used. First, primary alveolar type 1 (AT1) and type 2
(AT2) epithelium isolated from young (8-10 weeks) and old (20-22 months) mice will be
exposed to LPS then stretched at 15% at 0.86 Hz for 0, 24, 48 and 72 hours.
Senescence inducing drugs (paclitaxel, tunicamycin) and/or senolytic drugs

(Dasatinib/Quercetin cocktail) will be added. We will examine the signaling pathway that
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links stretch to senescence. To assess the role of TGF-31 and P38 in stretch-induced
senescence, young and old AT1 and AT2 cells will be exposed to TGF-3, SB-431542
(TGF-B receptor inhibitor), SB203580 (a P38 inhibitor), or sham control prior to stretch.
Gene expression and protein levels of SASP (MCP1, TNFa, MMP10 and 12, and TGFf)
and senescence markers (P16, P21 and P53) will be quantified by gPCR, ELISA and
western blot analyses of the proteins they encode. Our hypothesis predicts that
senescence and SASP will be increased with stretch and paclitaxel and tunicamycin will
enhance, while senolytic drugs will attenuate this effect. We also predict that inhibitors
of TGF- receptor and P38, in both age groups, will decrease levels of senescence
markers and SASP.

Aim3: Assess the effect of senolytic drugs in a mouse model of VILI. We hypothesize
that during mechanical ventilation alveolar epithelial cells become senescent due to
ventilator-induced cell stretch contributing to the loss of barrier integrity and SASP
inflammatory response causing VILI. Female and male C57BL6/J young (8-10 weeks)
and old (20-22 months) will be ventilated at both injurious (high tidal volume) and
protective (low tidal volume) settings with LPS. Senolytic drugs (dasatinib/quercetin) will
be dosed during MV and recovery. The lung mechanics (compliance, resistance,
elastance, and pressure volume curve) will be measured. Bronchoalveolar lavage will
be performed to probe for SASP proteins and albumin levels to quantify barrier
disruption and lung injury. Lungs will be analyzed for gene expression and protein
production of SASP and senescence markers. We expect senescence and SASP to be
upregulated with age and with injurious settings and senolytic drugs to downregulate

SASP following recovery.
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This innovative proposal will investigate therapeutic approaches towards treating RDS

in both neonates and the elderly using relevant preclinical models.
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Chapter 2: SURFACTANT REPLACEMENT THERAPY

Portions of this chapter has been published as Kamga Gninzeko et. Al. [45]
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Abstract

Background: In neonatal respiratory distress syndrome breathing support and
surfactant therapy are commonly used to enable the alveoli to expand. Surfactants are
typically delivered through liquid instillation. However, liquid instillation does not
specifically target the small airways. We have developed an excipient enhanced growth
(EEG) powder aerosol formulation using Survanta®.

Methods: EEG Survanta powder aerosol was delivered using a novel dry powder
inhaler via tracheal insufflation to surfactant depleted rats at nominal doses of 3, 5, 10
and 20 mg of powder containing 0.61, 0.97, 1.73, and 3.46 mg of phospholipids (PL)
while liquid Survanta was delivered via syringe instillation at doses of 2 and 4 ml/kg
containing 18.6 and 34 mg of PL. Ventilation mechanics were measured before and
after depletion, and after treatment. We hypothesized that EEG Survanta powder
aerosol would improve lung mechanics compared to instilled liquid Survanta® in
surfactant depleted rats.

Results and Conclusions: EEG Survanta powder aerosol at a dose of 0.61 mg PL
significantly improved lung compliance and elastance compared to the liquid Survanta
at a dose of 18.6 mg, which represents improved primary efficacy of the aerosol at a 30-
fold lower dose of PL. There was no significant difference in white blood cell count of
the lavage from the EEG Survanta group compared to liquid Survanta. These results
provide an in vivo proof-of-concept for EEG Survanta powder aerosol as a promising

method of surfactant replacement therapy.
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Introduction:
The main function of lungs is to facilitate gas exchange between the capillary blood and
the alveoli sacs. To accomplish this function, the lungs have a large surface area. Lining
the alveoli at the air to liquid interface is a complex surfactant mixture consisting of
phospholipids (PL) and proteins that lower the surface tension, thereby increasing the
compliance of the lungs during respiration.[4] The surfactant PL are mainly composed of
dipalmitoylphosphatidylcholine (DPPC), which functions to reduce surface tension and
four surfactant associated proteins (SP-A, SP-B, SP-C, and SP-D) that regulate
surfactant function.[8] Together, the PL and proteins ensure the stability of the alveoli
and allow for alveolar expansion and diffusional transport across the alveolar
interface.[9] Deficiency of surfactant due to the immaturity of the lungs in premature
infants or disruption of surfactant composition due to surfactant protein gene mutations
can lead to respiratory distress syndrome (RDS).[46], [47]

Premature infants are prone to RDS as surfactant production does not mature until
the last weeks of gestation.[7] RDS accounts for about 20% of all neonatal deaths [5]
and 50-70% of death in premature infants[6] (about 1.1 million premature infant die
each year[48]). Numerous therapies used in the treatment of RDS include breathing
support and surfactant replacement therapy that enable the alveoli to expand and
prevent their collapse.[3] Surfactant replacements include Alveofact®, Curosurf® and

Survanta®.[49] Treatments are delivered by instillation of the liquid[50] in volumes

20|Franck Kamga



ranging from 2-8 ml per kilogram of body weight in order to reach the distal airways.
However, adding more fluid to an already distressed lung may complicate the injury by
hindering gas exchange and causing inflammation.[12] Administering these drugs as an
aerosol is an alternative method that could deliver functional lipids and proteins to the
distal airways to effectively replace the deficient surfactant.[13] However, efficiently
delivering sufficient aerosolized medication to the lungs of infants using conventional
inhalers and nebulizer has proven challenging .[9]

High-efficiency aerosol drug delivery using excipient enhanced growth (EEG)
methods have been recently described.[14] This technology was employed to produce a
dry powder aerosol formulation of EEG Survanta®.[15] The EEG Survanta® formulation
consists of micrometer-sized combination particles containing Survanta®, mannitol
(which acts as a hygroscopic excipient) and leucine (dry powder dispersion enhancer)
prepared by spray drying. Powder aerosols are formed by dispersing the particles using
a new low-dispersion-air-volume dry powder inhaler.

In the EEG aerosol delivery method, a relatively small aerosol with a mass median
aerodynamic diameter (MMAD) approximately < 1.5 ym is initially created through a
combination of high-efficiency aerosolization and a highly dispersible spray-dried
formulation.[51], [52] The small aerosol size enables low upper airway loss and efficient
penetration to the lower regions of the lungs.[18] However, at this small aerosol size, a
majority of the particles would typically not deposit and be exhaled,[53] especially with
the quick respiration cycle of infants and test animals. A novel component of EEG
delivery that enables hygroscopic growth, is inclusion of mannitol, or another

hygroscopic excipient which absorbs water vapor in the warm and humid respiratory
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airways rapidly increasing the size of the aerosol [16] as it travels to the deep lung and
may foster enhanced deposition.[17], [18]

To study the efficacy of surfactant therapies, surfactant depletion (SD) animal
models have been used previously.[54], [55] Successive lavage of the alveoli with warm
saline solution is used for SD followed by delivery of the surfactant replacement
therapies. In this study, we have used a modified SD model in order to evaluate the
efficacy of delivering EEG Survanta powder aerosols in Sprague Dawley rats. We
hypothesized that EEG Survanta powder aerosol would improve lung mechanics

compared to instilled liquid Survanta in surfactant depleted rats.

Materials and Methods:

Novel dry powder inhaler:

The custom dry powder inhaler device (Figure 2.1) was created using Autodesk
Inventor and exported as .STL files to be prototyped. The files were then prepared using
Objet Studio preparation software and were built using an in-house Stratasys Objet24
3D Printer (Stratasys Ltd., Eden Prairie, MN, USA) using VeroWhitePlus material at a
32 um resolution. Support material was cleaned away from the model material using a
Stratasys waterjet and the devices were allowed to fully dry before use. The capillaries
used in the DPI were custom cut from lengths of stainless steel (SAE 304) capillary
tubing and epoxy was used to secure them in place. An o-ring was used to seal the two
halves of the device to prevent leaks. A luer-lock style connection was used to seal the
device to both the air syringe and the blunt needle used as the tracheostomy tube.

Powder aerosol was delivered from the device using a 5 mL actuation air volume.
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The aerosolization device separates into two parts with a twisting motion and
powder is directly loaded into the powder chamber. Hand actuation of the 10 ml syringe
supplies the necessary air volume to aerosolize the powder and deliver the aerosol into
the rat lungs. Within the aerosolization device, the inlet capillaries form three high-
velocity air jets that enter the powder chamber. These air jets initially fluidize the powder
and then break apart the aggregates through particle interactions with turbulent
eddies.[56] The aerosol is then carried through the outlet hollow capillary and to the
trachea of the rat. Further description of the air-jet aerosolization concept and the
effects of turbulence can be found in our previous work.[57], [58] The custom novel dry
powder inhaler used in this study was developed by VCU College of Engineering [59],
[60] for aerosolizing surfactant powders with low air volumes (3-10 mL). Aerosolization
testing with surfactant powder indicated that emitted dose remains proportional to
loaded dose through a fill mass of 10 mg.[59], [60] However, optimal aerosolization of
the powder occurs at a 3 mg powder mass (producing the smallest MMAD) and
aerosolization efficiency decreases with larger fill masses (producing larger
MMADSs).[59], [60] It is well known that smaller MMAD values will better penetrate the

upper airways and thereby reach the deep lung at higher efficiencies.
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Figure 2. 1 Custom dry powder inhaler device used for EEG Survanta® delivery. EEG, excipient

enhanced growth.
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EEG formulation:

Survanta-EEG spray-dried powders were prepared from dispersions containing
Survanta®, mannitol, and leucine in a ratio of 45:33:22 % w/w in a 5% ethanol in water
mixture with a solids concentration of 0.125% w/v. Powders were spray-dried using the
Buchi Nano Spray Dryer B-90 HP (Buchi Labortechnik AG, Flawil, Switzerland). Spray
drying parameters were as follows: 70 °C inlet temperature (outlet temperatures of 37 -
41 °C), pump speed of 3%, spray intensity of 80%, and a gas inlet flow of 120 L/min
(drying chamber pressure of 40 - 42 mbar). Powders were collected from the
electrostatic particle collector into vials and stored in a desiccator at 2 to 4 °C when not
in use. For the deposition visualization study, 0.5% w/w of Texas Red® dye (1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt; Texas
Red® DHPE, ThermoFisher Scientific, Waltham, MA, USA) was added to the spray

drying dispersion to enable labeling of the phospholipid powder aerosol.

Powder formulation particle size characterization:

The primary particle size of the spray-dried powder was determined using a laser
diffraction method with a Sympatec ASPIROS dry dispersing unit and HELOS laser
diffraction sensor (Sympatec GmbH, Clausthal-Zellerfeld, Germany). A pressure drop of

4.5 bar was used to disperse a small amount of powder for analysis.

Animal Use:
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Sprague Dawley rats were purchased from Hilltop laboratory (Scottdale, PA, USA) and
were housed at Virginia Commonwealth University (VCU) vivarium. The protocol was
approved by the VCU Institutional Animal Care and Use Committee (IACUC) and all

procedures were performed according to their guidelines.

VIS Imaging:

To qualitatively assess the deposition of the EEG Survanta powder aerosol in the lungs,
surfactant depletion was performed as described in the depletion and lung mechanics
section below, surfactant depleted rats were then treated with 10 mg of EEG powder
aerosol labeled with Texas Red dye as described in the treatment methods followed by
10 minutes mechanical ventilation. At the end of the mechanical ventilation, the lungs
were isolated and image using an in vivo imaging system (IVIS) spectrum from VCU
Cancer Mouse Models Core to determine the local distribution of aerosol. The IVIS
spectrum uses 2D and 3D optical tomography to show 2D and 3D like structure of the

location of the fluorescent dye in the lung.

Depletion and Lung Mechanics:

The rats (0.3 — 0.5 kg) were anesthetized with 60 mg/kg of sodium pentobarbital
(Sigma, St. Louis, MO, USA) with 50% re-dosing when necessary. To assess the
condition of the rats at baseline, initial lung mechanics were measured as healthy
controls. Lungs mechanics were measured using a FlexiVent FX4 system and

FlexiWare software (Scireq, Montreal, Quebec, Canada). The perturbations performed
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included deep inflation for alveolar recruitment and Snapshot 150 for mechanics of the
respiratory system. Flexiware then used Snapshot 150 to fit the data onto a single
compartment math model to determine the lung mechanics of resistance (resistance
assesses how constricted the lungs are to airflow), elastance (elastance is the elastic
property of the lungs or the ease of the lungs to return to their original state after
inflation), and compliance (compliance measures the ease of the respiratory system to
stretch and expand). In the SD group, warmed phosphate buffer saline (PBS) (10 ml/kg)
was perfused and quickly withdrawn from the lungs via the trachea and repeated once.
Lung mechanics were normalized to individual rats. The SD mechanics were
determined by normalizing to the healthy lung mechanics prior to depletion for each rat.
Finally, the lung mechanics for each treatment (liquid Survanta® and EEG Survanta®)
were determined by dividing mechanics taken following treatment of the surfactant

depleted rats by the healthy ventilation mechanics of each rats taken at baseline.

Treatments:

Following depletion and ventilation mechanics measurements, the animals were taken
off the mechanical ventilator to allow spontaneous breathing and were treated with EEG
Survanta powder or liquid Survanta. Treatment arms consisted of liquid instillation of
Survanta (Abbvie, North Chicago, IL, USA) at doses of 2 ml/kg and 4 mil/kg (18.6 and 34
mg PL, respectively). Dry powder aerosol delivery of EEG Survanta powder at nominal
loaded doses of 3, 5, 10, and 20 mg (0.61, 0.97, 1.73, and 3.46 mg phospholipids (PL),
respectively; see Table 1) was accomplished via the novel dry powder inhaler. Liquid

treatments were administered via a syringe connected to a tracheal cannula while
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aerosol treatments were loaded into the dry powder inhaler and were administered via a
syringe connected to the dry powder inhaler (figure 2.2) and connected to a tracheal
cannula. The inhaler was actuated using 5 ml of air delivered from a syringe connected
to the inhaler. For the 20 mg dose, two inhalers were used each containing 10 mg of
EEG Survanta. In separate studies, the delivered mass of powder emitted from the DPI
was determined by measuring the weight of the inhaler before and after actuation. The
mass of PL delivered was calculated from the measured DPPC content of the EEG

Survanta powder. The DPPC content was determined by a validated LC-MS method.
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Aerosol

Dose of Survanta or Phospholipid Dose

Administration Method Emitted Dose

EEG Survanta (mg)

(%)

Instillation 0.75(0.1) ml NA 18.6 (2.6) mg
Instillation 1.36(0.1) mi NA 34.0(2.0) mg
Aerosol 3.05(0.03) mg 73.7 (9.3) % 0.61(0.08) mg
Aerosol 5.02(0.04) mg 71.4(6.6) % 0.97 (0.09) mg
Aerosol 10.04 (0.04) mg 63.6(6.3) % 1.73(0.17) mg
Aerosol 20.08 mg* NA 3.46* mg

Liquid and EEG Survanta aerosol doses are represented as mean and standard deviation (in
parentheses) of loaded doses where applicable with their corresponding delivery percentage and

PL content, n=5-7.

* Calculated as 2 x 10.04 mg dose.

EEG, excipient enhanced growth, PL, phospholipid.

Table 1. 1 : Liquid and EEG Survanta aerosol doses
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Mechanical Ventilation:

Treatments were followed by injection of a paralytic agent pancuronium bromide (MP
Biomedicals, Santa Ana, CA, USA) at 1 mg/kg to prevent spontaneous breathing, and
mechanical ventilation of the rats at 8 ml/kg, 90 bpm and 3 cm H20 positive end-
expiratory pressure (PEEP) was performed. Lung mechanics were recorded after 10
minutes of ventilation. Five rats were used for liquid Survanta and 10 mg dose

treatments groups each, while 3 rats each were used for other EEG Survanta groups.

Bronchoalveolar lavage:

Bronchoalveolar lavage (BAL) was performed as described before with minor
modification and adapted for rats.[19] Briefly, at the end of mechanical ventilation, the
rats were euthanized via the snipping of the inferior vena cava. A gravity assisted
lavage was then performed by letting PBS flow into the lungs until full inflation and
raising the rats to recover the fluid with no repeat. The BAL fluid (BALF) was then

recovered for downstream processing.

BALF Cytology:

BALF cytology was performed as previously described with minor modifications.[19]
Staining of the microscope slides was performed with a 3 Diff-Quik solutions staining Kkit.
Neutrophils, monocytes and lymphocytes counts were then accessed by microscopy to

assess inflammation.
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BALF was then The supernatant was

BALf was thain via collected in a 15 ml then discarded and the Neutrophil were then
gravity assisted lung tube then centrifuged. cells were resuspended counted as
lavage. and cytospun onto

percentage all white

microscope slides blood cell count
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Figure 2. 2 Cytospin Method

Histology:

Lungs were fixed with a gravity assisted flow of 4% paraformaldehyde in the lungs via
the trachea at the end of each procedure. Fixed lungs were dehydrated using increasing
percentages of ethanol, after being placed in running tap water for 45 minutes, fixed
lungs were placed in 50% ethanol overnight, then 70, 80, 90, 95 and 100% ethanol for
30 minutes each with a repeat of 100% followed by 30 minutes submersion in xylene.
The lung tissues were then embedded into paraffin cassettes and 20 um slices were
made with a microtome and transferred onto microscope slides. The slides were then
rehydrated and stained with hematoxylin and eosin stain (H&E). An Olympus

microscope was then used to take color images of the slides with a 10X objective.

Statistics:
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The power analysis was estimated based on our previous work in this model. Different
treatment groups were compared by analysis of variance (ANOVA), followed by posthoc
Tukey’s multiple comparison test. GraphPad Prism 6 was used for statistical analyses.
P-values less than 0.05 were considered significant and =3 replicates were performed

for each experiment. The data were normally distributed.

Results:

Powder formulation particle size characterization: EEG Survanta powder aerosols from
different spray dried batches used in this study were found to be monodisperse with an
overall mean + STDEV geometric diameter of 1.0 £ 0.04 um at 4.5 bar dispersion
pressure (Figure 2.3). This resulted in coefficients of variation of < 6% across the ten

batches, indicating good reproducibility of the spray drying process.
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Figure 2. 3 Particle Size Characterization of EEG Survanta revealing significant fraction of particle
<1.5um. Cumulative distribution percentage of particles less than the size reported on the y-axis.
Density distribution shows the frequency of particles at each size reported on the x-axis. Error bars

are standard deviation with n = 3.
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Particle deposition: Figure 2.4 shows fluorescent IVIS images of the whole lung following
deposition of the Texas Red labeled EEG Survanta powder aerosol. The distribution of
the aerosol appears to be throughout almost the entire lung compared to control, which
did not receive the fluorescent dye (Figure 2.4 A). Moreover, the image mixing which
appears as a 3D like structure shows that the red fluorescent dye has reached the deep

lung region (Figure 2.4 B).
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EEG labelled aerosol EEG labelled aerosol

Figure 2. 4 Fluorescent images of EEG powder deposition (10 mg). (A) Fluorescence image for
control and EEG Survanta powder-labeled aerosol and (B) 3D overlay of the fluorescence with light
image mixed for control and EEG Survanta powder-labeled aerosol. Image mixing shows Quasi-

complete deposition of EEG Survanta in the distal lung. 3D, three-dimensional.
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Compliance: There was a significant decrease in the normalized compliance following SD
compared to the healthy control. Figure 4 shows the normalized compliance values for
the SD groups compared to the treatment groups. Each of the aerosol EEG-Survanta®
treatment groups had significant increases in compliance compared to the SD group.
There was no significant difference in compliance between the SD and liquid Survanta
group. Dosing with 0.61 mg PL in the EEG Survanta® aerosol group produced the most
improved compliance and was significantly greater than the SD and liquid Survanta®
groups (Figure 4A). Each of the aerosol doses administered produced significantly
greater compliance following treatment compared to the 18.6 mg PL liquid instillation.
Importantly, this improved compliance was observed at PL doses that were ~10 fold
lower compared to the liquid dosing. Within the aerosol EEG-Survanta® groups, an
effect of administered dose was observed with a significant difference between dosing
with 0.61 mg PL compared to 1.73 mg PL. There were no other differences between the
0.61 mg PL dose and the other aerosol EEG-Survanta® doses (0.97 mg of PL and 3.46

mg PL).

Elastance: There was a significant increase in the normalized elastance following SD.
Figure 4B shows a significant difference between the groups that were treated with EEG
Survanta® aerosol compared to the group that received liquid Survanta as treatment
with the EEG Survanta group having a better elastance (Figure 4B). These results were
confirmed with all the EEG Survanta groups being not statistically different from the
healthy group whereas the group that received liquid Survanta as treatment was

significantly different from the healthy. Moreover, there was no difference between the
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liquid Survanta as treatment and the SD group while all EEG treatment groups were
statistically different from the SD group. Lastly, there was a significant difference
between the healthy and the SD group elastance. These results show the efficacy of the

EEG Survanta at effectively improving elastance.

Resistance: The only groups that were statistically different from each other were the
healthy and SD, SD and 1.73 mg of PL EEG Survanta, SD and 0.97 mg of PL EEG
Survanta, SD and 0.61 mg of PL EEG Survanta (Figure 4C). Though there was not any
significant statistical difference between the healthy, liquid and EEG Survanta, the
groups that received EEG Survanta at different doses had a closer resistance to the
healthy group compared to the ones that received liquid Survanta as treatment. The
trend also shows a similar resistance among all EEG Survanta cases at different doses.
Additionally, there was no significant difference between the SD group and the group
that received liquid Survanta as treatment. Though we did not record any statistical
difference in change of resistance between the two main treatment groups, EEG
Survanta treatments at all dose levels appear to be better options in terms of reducing

resistance than liquid Survanta.
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Figure 2. 5 Compliance, elastance, and resistance measurements for rats before and after
treatments of 0.61, 0.97, 1.73, and 3.46 mg PL (3, 5, 10, and 20 mg EEG Survanta) and 2 mL/kg of
liquid Survanta (18.6 mg PL). (A) Compliance: compliance of groups receiving EEG Survanta of
1.73 mg PL was higher than the compliance of groups receiving liquid Survanta treatment at

18.6 mg PL; EEG Survanta treatment of 0.61 mg PL had the highest compliance of all treatments.
(B) Elastance: elastance for all EEG Survanta group was significantly lower than elastance of liquid
Survanta. SD group had significantly higher elastance than other groups. (C) Resistance: no
significant difference between the EEG Survanta group and liquid Survanta, although the trend of

EEG Survanta was lower
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Inflammatory Assessment: White blood cells (WBC) were counted in lavages obtained
from different experimental groups. We specifically counted monocytes, lymphocytes,
and neutrophils. There were similar percentages of monocytes (97 to 99 %) per 300
WBC count in cytospin slides of rats that received liquid Survanta and rats that received
EEG Survanta. The same trend was observed when assessing the lymphocytes level.
There was no statistically significant difference in the number of lymphocytes among
any of the groups. Finally, the neutrophil count, which is characteristic of acute
inflammation in the lungs did not significantly change among all experimental groups
(Figure 2.6). Moreover, H&E stain yielded no visible signs of inflammation (Figure 2.7)
though the group receiving liquid Survanta showed signs of alveoli collapse (Figure 2.7

B).
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Figure 2. 6 White Blood Cell Count: Percent neutrophils, monocytes, and lymphocytes obtained per
300 WBC count of cytospin slides. No significant difference in all groups for all treatments. Bar
graphs are mean * standard deviation. n = 4. WBC, white blood cell. Color images are available

online.
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Figure 2. 7 Hematoxylin and eosin staining of (A) control rat with no treatment and no SD, (B)

18.6 mg PL liquid Survanta treatment, (C) 0.61 mg PL EEG Survanta, (D) 0.97 mg PL EEG
Survanta, (E) 1.73mg PL EEG Survanta treatment, and (F) 3.46 mg PL EEG Survanta showing no
clear signs of neutrophils influx (i.e., inflammation), although liquid Survanta treatment group (B)

shows signs of structural alveoli collapse. Color images are available online
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Discussion:

This study has characterized the efficacy of a spray-dried powder aerosol formulation of
Survanta. The spray-dried powder contained mannitol and leucine in addition to
commercially available Survanta liquid and disperses into micrometer size particles
upon aerosolization with a mass median aerodynamic diameter (MMAD) in the range of
1.0 ym. The small particle size allows for high-efficiency aerosol delivery to the lungs
and enables the aerosol to reach the distal airways. Size increase during flight from the
hygroscopic excipient helps target the site of deposition and prevents exhalation of the
aerosol. A new aerosolization device, originally developed by Boc et al.[15], [59], [60]
using an air-jet concept,[57], [58] was used that is capable of efficient lung delivery to a
small animal model using only 5 ml of air. The study implemented a new rat lung SD
model to compare the efficacy of liquid bolus surfactant instillation at a clinically
implemented rate of 2 ml/kg of surfactant versus different doses of the surfactant EEG
aerosol. The standard of care instillation method delivered a significantly higher dose of
PL (18.6 mg) than the aerosol approach, which delivered a range of PL doses between
0.61 and 1.73 mg. Overall, the aerosolization approach significantly improved lung
mechanics better than the standard-of-care liquid instillation. Little difference in lung
mechanics was observed among the aerosol surfactant doses making the 0.61 mg dose
the preferred dose in this model. The aerosolized surfactant formulation significantly
improved lung mechanics compared with the standard-of-care liquid formulation and
delivery approach at a PL dose (0.61 mg) that was a factor of 30-fold lower than with

instillation.
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Surfactant is composed of PL (mainly DPPC) and proteins, and this functions to
reduce surface tension between the air and liquid interface in the alveoli.[61] The
absence of surfactant is the underlying cause of RDS in premature neonates. To
remedy RDS, surfactant replacement is available in both synthetic and natural
formulations. Survanta is primarily a naturally-derived surfactant product that is
formulated from minced porcine lungs with added DPPC [62] and is widely used in the
treatment of RDS.[49] Survanta is administered by instillation as a liquid [63] in volumes
of up to 7 mL/kg, which adds to the fluid burden already present in the alveolar space
due to RDS and may not be efficiently distributed to the peripheral lung during
instillation.

As an alternative to liquid instillation, a powder aerosol formulation of Survanta has
been developed for high-efficiency lung delivery using the EEG approach.[14] For this
method, excipients have been formulated with Survanta and spray dried into a powder
containing micrometer-sized particles for inhalation. The EEG formulation contains
mannitol as a hygroscopic excipient, which functions to absorb water during transit
through the airways, turning the particles into droplets with increasing mass. This
engineered size increase during flight can be controlled to target the region of
deposition and prevent the exhalation of the aerosol, which is a significant problem
when delivering small particles to infant airways. Leucine was used as a dry powder
dispersion enhancer to facilitate aerosolization of the spray-dried particles.

Lung mechanics, especially the compliance of all animals receiving EEG Survanta
aerosol were significantly improved compared to animals that received liquid Survanta

containing 18.6 mg of PL. Initial studies using 4 mL/kg of liquid Survanta, the clinically
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suggested dose in premature infants, resulted in the death of the animals during the
post-dose mechanical ventilation. This was probably due to excess fluid in the alveoli
that hindered the ability of the rats to effectively performed gas exchange. Subsequent
control studies with liquid Survanta were performed at the 2 mL/kg dose level. We
believe that this result confirms that liquid bolus instillation of surfactant, which is the
current FDA approved method for all surfactant replacement therapies, may be in need
of significant improvement and that aerosol delivery may be an effective alternative.

An important component of this study relates to the amount of PL that is delivered
with each approach. The liquid surfactant formulation of 2 ml/kg contained 18.6 mg of
PL whereas the EEG aerosol doses contained 0.61 to 3.46 mg of PL. The aerosol
formulations delivered 5 to 30-fold less PL than the liquid formulation. Surprisingly, even
with this significantly reduced dose of PL, the liquid surfactant was significantly better at
improving lung mechanics than the liquid formulation. We theorize that this improved
response at a lower administered dose is because of a combination of (i) improved
targeting of PL dose to the alveolar region with the aerosol and (ii) the absence of the
large liquid bolus and associated negative impacts on lung mechanics.

Of the aerosolized surfactant doses, the lowest dose of 0.61 mg was as effective
as the higher dose levels. This is surprising because the response to surfactants is
expected to be dose-dependent. The limited response to the escalated aerosol dose
may be due to two reasons. First, the 0.61 mg of PL may be sufficiently high to restore
lung mechanics as much as possible in the selected model. A dose-response
relationship may be seen if lower doses are considered instead of higher. Second, we

have observed that the aerosolization device is most efficient, producing the smallest
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MMAD, with lower mass loadings of approximately 3 mg of powder.[15], [59], [60]
Increasing the loaded mass in the range of 5 to 10 mg increases the MMAD size
thereby limiting the amount of aerosol delivered to the distal airways. This limitation will
require an improved design of the aerosol generation device for small animal
experiments. However, for infants this problem may be more easily overcome as
delivered air volumes are increased beyond what can be administered to a rat, which
improves aerosolization of higher mass powders. For example, a reasonable tidal
volume for a 1600 g infant is approximately 10 ml.[64] Our group has recently
developed several inline DPIs that can effectively aerosolize 10 mg and higher doses of
EEG powder with 10 ml of air producing aerosols with MMADs in the range of 1.5
um.[57], [58], [65]

Liquid surfactant has also been used in the form of a nebulized solution to treat
surfactant deficiency or lack of surfactant in preterm infants; however, those studies
remain inconclusive due to the difficulty of getting the nebulized drug to the airways.[13],
[66] Berggren et al.[66] saw no benefit in nebulized surfactant delivered to
spontaneously breathing newborns with RDS despite the fact that 480 mg of surfactant
was administered in each case. Potential reasons for the lack of response were cited
as poor lung delivery efficiency, estimated to be <1% of the administered dose, and very
long delivery times, on the order of hours. One recently published study (under
evaluation in Phase Il clinical trial) observed an equivalent response in terms of lung
mechanics of rabbits that received nebulized poractant alfa (brand name Curosurf) at
200 mg/kg and 400 mg/kg to the ones that were treated with instilled surfactant at 200

mg/kg.[67] These results indicate that potential advantages of EEG powder as
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surfactant replacement needs to be investigated further to unlock its full potential in the

clinic.

Limitations: While the results of this study were promising, there were some limitations.
As described above, the emitted aerosol size changes with the mass of loaded dose.
Therefore, drug dose delivered to the lungs is not necessarily consistent with the loaded
drug mass. Furthermore, it is currently not certain which powder mass formulation
delivered the most PL mass to the alveolar region. The current washout model is
different from experiments with preterm animal models that are naturally surfactant
deficient. Rey-Santano et al.[68] considered both acute and sustained effects of
surfactant delivery to premature lambs with RDS. While the preterm model may be
more realistic, there is currently no evidence to prove that preterm animal models better
predict efficacy in human neonates with RDS compared with SD models. In all animal
models, the airway structure is significantly different from that of humans. The next
recommended step is the application of the developed therapy in a larger animal closer
to the size of a preterm infant, as with a ferret or rabbit model. Finally, we were not able
to measure arterial partial pressure of oxygen (PaO2) to confirm a drop in PaO2 as
some surfactant depleted methods have done in the past.[54] However, we observed a
substantial decreased in compliance in the SD groups compared to the healthy group

similar to RDS disease characteristic.[69]

Conclusion: We demonstrated that an EEG Survanta formulation can be effectively

aerosolized with 5 ml of air and delivered to a rat SD model in a way that benefits lung
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mechanics. The SD model was sensitive to different deliver approaches (instillation vs.
aerosolization) and dosages of surfactant. Aerosol delivery significantly improved lung
mechanics compared with no treatment in surfactant depleted rats. Aerosol delivery
improved lung mechanics better than a 30-fold higher dose of PL administered through
liquid bolus, which is the current standard-of-care method for administering surfactants
to humans. Of the aerosol doses administered, there was little change in the lung
mechanics, which may imply that the administered dose may be reduced below the
lowest considered dose of 0.61 mg PL. Histology highlighted that liquid delivery resulted
in some alveolar collapse, whereas this was not observed with aerosol delivery. Lastly,
none of the treatments caused observable inflammation in the lungs. While these
results are promising, longer studies need to be performed to evaluate the potential for

side effects of the EEG powder delivery technique.
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Introduction:

Diseases that affect the lungs can be classified into two main categories: acute and
chronic. Chief among chronic lung diseases are chronic obstructive pulmonary disease
(COPD) and idiopathic pulmonary fibrosis (IPF). COPD and IPF are very deadly
diseases; in fact, COPD is the third leading cause of death [70] while the survival rate
for IPF patients after diagnosis is less than 3 years [71]. COPD can be divided into 4
stages from mild to very severe depending on its severity [72]. The leading cause of
COPD is smoking or inhaling other smoke-derived particles, such as workers in coal
plants. These inhaled particles increase inflammation and cause structural lung
changes, leading to airway obstruction [73] and emphysema. However, IPF is an
interstitial lung disease of an unknown source (idiopathic) characterized by scarring of
the lung tissue and increase scarring causes progressive chronic pulmonary fibrosis

characterized by increased inflammation [74].

On the other hand, acute lung injury (ALI) in its most severe form can lead to acute
respiratory distress syndrome (ARDS) [41]. ARDS is characterized by enhanced
apoptosis of both alveolar endothelium and epithelium, which leads to the destruction of
the alveolar barrier [75]. The loss of this barrier integrity leads to increase fluid (edema)
and immune cells, namely neutrophil infiltration in the alveoli space. The neutrophils in
the alveolar space secrete more cytokines recruiting even more immune cells to the
injury site and exacerbating the injury [76]. The increased inflammation and edema
hinder gas exchange, and patients may require mechanical ventilation to maintain lung

function. However, it has been shown that mechanical ventilation leads to ventilation-
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induced lung injury or VILI [77]. The physical force exerted by the air going in and out of
the lungs causes structural damages at the cellular and tissue levels. Moreover, it has
also been shown that VILI exacerbates the inflammatory environment that also ready

exists in the lung of ARDS patients by directing the immune system [78].

These conditions created by both chronic and acute lung disease could lead to cellular
senescence. Indeed, senescence has been reported in chronic and acute lung injuries
listed above [79]-[81]. In this review, we are exploring the research done in both

conditions, and we are also exploring their similarities and differences.

Lungs Mechanics: COPD, IPF, and ARDS

Though COPD and IPF are both chronic pulmonary lung diseases, the lung mechanics
of these chronic diseases are different. In COPD, because of the narrowing and
significant increase in airway resistance, patients have to take rapid and show
breathing, resulting in hyperinflation of the lungs, increasing lung damage [82].
Generally, there is an increase in lung volume in COPD patients and a decrease in
transpulmonary pressure. These changes in lung mechanics in COPD patients are due
to the breakdown of elastin rendering the lungs less elastic and more compliant [83]. In
IPF patients, the lung mechanics are almost opposite to in COPD. IPF patients exhibit
increased proliferation of fibroblast and myofibroblast, which exponentially increase
extracellular matrix (ECM) deposition in the lungs making the lungs more fibrotic [84].
Increased fibrosis leads to increase transpulmonary pressure decreased lung volume

and compliance. In the case of ARDS, there is increased edema and alveolar barrier
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destruction. These changes lead to increase resistance and decreased compliance of

the lungs. Similar to IPF, there is increased ECM deposition with ARDS, though not as

severe as in IPF. Indeed, prolonged ARDS leads to fibrosis.

COPD
Chronic

«Significant Airway +Minimal Airway
Narrowing Narrowing
+Increased Resistance *Normal Resistance
+V/Q abnormality + V/Q abnormality
*Minimal Shunt * Significant Shunt
*Hypercapnia & * Hypercapnia & Severe
Hypoxia - Late Hypoxia
+*Inflammation + Inflammation
*Lung Parenchymal « Alveolar Exudates - Early
Destruction - Interstitial Fibrosis - Late
*Increased Lung Volume *Decreased Lung
& Compliance Volume & Compliance

Figure 3. 1 Comparison of different effects brought by COPD and ARDS on the lungs.
[85]
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Figure 3.2: Emphysema vs healthy vs fibrotic transpulmonary P-V curves [86].

Senescence:

History

In the 1960s, while working with embryonic human fibroblast cells, Hayflick and
Moorhead discovered that those cells ceased to replicate after a certain passage
number [87]. However, Hayflick and Moorhead did not characterize this phenomenon as
senescence. Later, the scientific community coined that early discovery of Hayflick as

senescence from the Latin senex (the growth old). From its etymological definition,
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senescence can occur naturally via a normal process of aging or prematurely via injury

or diseases [88].

Cause

From its onset, senescence can be caused by multiple factors such as reactive oxygen
species (ROS), oncogene, telomere dysfunction, DNA damage, epigenomic
dysfunction, and mitogenic signals. Indeed, it has been shown that mitochondrial
dysfunction drives the production of ROS which leads to senescence and activation of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) [89] which
mediates SASP (senescence associated secretory phenotype), a collection of autocrine
and paracrine signals secreted by senescent cells [90]. Meanwhile, the activation of an
oncogene mutation can result in a robust and sustained antiproliferation signaling
leading to senescence [91]. On the other hand, at the tail end of the chromosomes,
telomeres dysfunction or attrition has been associated with cellular senescence [92].
Indeed, telomeres shortening or attrition can occur naturally via multiple cellular
divisions [87] or prematurely due to injury and activating the DNA damage response

[93].

Hallmarks of senescence:

DNA Damage:
In COPD, IPF, ARDS, and VILI, there has been reports of multiple agents causing DNA
damage [94]-[97]. DNA replication stress occurs due to different stressors, intracellular

or extracellular, that affect replication. Oxygen radicals, ionizing radiation, polyaromatic
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hydrocarbons, UV lights, and chemotherapeutics are agents that can cause DNA
damage. These agents can cause different types of DNA damages such as base pair
mismatches due to insertion or deletion of nucleotides, DNA adducts due to the
attachment of chemical moiety to the DNA, single and double-strand DNA breaks.
When these damages occur, there are mechanisms to start the repair of the DNA.
These mechanisms include mismatch, base-excision, nucleotide-excision, and double-
stranded DNA break repair [98], [99].

DNA damage can also promote ER stress when there is an increased accumulation of
misfolded proteins in the ER. These misfolded proteins lead to a cascade of events,
including activation of unfolded proteins response (UPR) [100]. UPR is characterized by
increased PERK, IRE1, and ATF6 [101]. Together, the accumulation of these latter
proteins can lead to apoptosis [102], cell cycle arrest, and senescence-associated
secretory phenotype (SASP) [103].

When DNA breaks, DNA damage response is activated. Activation of DNA damage
response is sensed by ataxia-telangiectasia, mutated (ATM) and ATR (ATM and Rad3-
related), which cause an increase in CHK2 and CHK1, respectively. The cell cycle is
temporarily stopped during that process to repair the DNA. If the DNA repair is
successful, the cell will return to normal function; if not successful, there are two routes
the cell will take: apoptosis or permanent cell cycle arrest, which involve P53/P21

pathway or P16/pRB pathway, which are cyclin-dependent kinase inhibitors [104].

Cyclin-Dependent Kinase Inhibitors:
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Cyclin-dependent kinases (CDKs) keep the cell cycle in check and allow its progression.
CDKs regulate cell cycle checkpoints and transcriptional events to ensure DNA
synthesis cell proliferation. P21, a cyclin-dependent kinase inhibitor, can inhibit
CDK4,6/cyclin-D and CDK2/cyclin-E [105], thereby stopping the cell cycle and leading
into a state of permanent cell cycle arrest or senescence. In their studies of ARDS,
Blazquez-Prietro et al. showed that in the event of ALI, P21 is activated in response to
DNA damage generated by mechanical overstretch to limit cellular apoptosis, rendering
the effects of this essential cellular senescence pathway beneficial in acute lung injury.

However, P16 was not upregulated with acute lung injury in the same study [81].

P16 is activated at a later senescence stage once the cell has established its
senescence state. In contrast, P21 occurs in acute senescence at an early stage of
senescence and starts fading away over time [106]. Like P21, P16 is also a cyclin-
dependent kinase inhibitor that inhibits CDK4,6/cyclin-D, therefore, phosphorylating RB
protein and inducing a cell cycle arrest [107]. Given that P16 occurs at the later chronic
senescence stage, it has been associated with chronic lung diseases such as COPD
and IPF [108], [109].

Indeed, there is increasing evidence that chronic injuries endured by the cells lead to
acute inflammation and senescence. In their in vivo mouse model of IPF, Schafer et al.
showed that epithelial and fibroblast cells become senescent via increased P21 and
P16 in response to chronic lung injury induced by bleomycin. However, the endothelial
cells did not exhibit these phenotypes when probed for the same standard senescent

markers [24]. In the same train, multiple studies showed an increase of P16 in COPD
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models. For instance, using a wild type and P16 knockout mice, Cottage et al. showed
that when exposed to cigarette smoke (model of COPD), wild type mice had increased

emphysema (a sign of COPD) and increase [109].

Proliferation and Apoptosis:

Senescent cells are strongly resistant to harsh environments and apoptosis. To achieve
that, senescent cells have a high production of BCL-2 family proteins acting as
antiapoptotic to increase the survival of the cells [110]. In addition to being resistant to
apoptosis, senescent cells also lack Ki67, a proliferation marker [111]. In ARDS, VILI,
COPD, and IPF models, there is evidence of increasing BCL-2 family proteins [112],
[113] and decreasing Ki67 [114]-[116]. Case in point, multiple studies have used drugs
such as Navitoclax to target BCL-2 family members by inhibiting them specifically to

reduce senescence [24], [117], [118].

Senescence Associated Secretory Phenotype:

Once the cells have established their senescence fate, they do not remain idle as they
secrete both autocrine and paracrine signaling to affect themselves and the cells around
them. That signaling is collectively known as SASP (senescence-associated secretory
phenotype). SASP includes a wide array of molecular signaling that can be categorized
as soluble factors, soluble or shed receptors or ligands, nonprotein soluble factors, and
insoluble factors. The soluble factors can also be subdivided into multiple groups,
including interleukins such as IL6, IL7, and IL-1a and IL-1b. Chemokines such as IL8,

MIP-1a, and MCP2. Growth factors and regulators such as KGF, VEGF, and bFGF.
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Proteases and their regulators such as MMP1, 3, 10, 12, 13 and 14, TIMP1 and 2, and
cathepsin B. Soluble or shed receptors or ligands include ICAM 1 and 3, EGF-R, and
OPG. Nonprotein soluble factors include PGEZ2, nitric oxide, and ROS. Lastly, the
insoluble factors include extracellular matrix proteins such as fibronectin, collagens, and
laminin [43].

These SASP factors have been reported into both chronic and acute lung diseases. For
instance, the exude present in ARDS is reached with activated macrophages secreting
chemokines and cytokines such as IL6, IL8, MIP, and TNFa to recruit more immune
cells to the injury site [119]. Amongst the first immune cells recruited are neutrophils
which secrete more cytokines and chemokines, recruiting even more immune cells to
the injury site. In addition to these inflammatory markers, proteases such as MMPs
have also been reported in the exudate of ARDS patients [120]. In COPD and IPF,

cytokines similar to those reported in SASP have also been reported [121]-[123].

Clearing Senescent cells:

Senescent cells are not entirely invincible. Indeed, immune cells can selectively target
senescent cells, but these cells are very nimble at escaping immune cells clearance.
[124]. Multiple avenues are used to clear out senescent cells, the so-called senolytic
drugs. Senolytic drugs are used to target senescent cells selectively. In the case of
COPD and IPF, there are multiple reports of the use of senolytic drugs to target
senescent cells specifically. In the case of IPF, senolytic drugs such as dasatinib and
quercetin cocktail have been successfully used to selectively clear out senescent cells

in an IPF bleomycin mouse model and human clinical trial [24], [32]. In COPD, both
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senolytic [125] and senostatics (drugs that inhibit cellular senescence) have been used
to alleviate the effects of COPD [126]. However, attempts to remove senescent cells in
ARDS and VILI yield a negative outcome for the mice. Moreover, P21 knockout mice
had increased apoptosis and the worst histological score after mechanical ventilation

[81].

Conclusion and Future Directions:

Though senescence occurs in acute and chronic lung diseases, its characteristics could
not be more different. While in acute lung injury, the dominant senescence pathway is
the P53-P21 pathway which occurs during early senescence, and in chronic lung
diseases, it is P16-pRB. However, acute and chronic lung diseases share most of the
SASP phenotypes. There are multiple studies about chronic lung diseases. As seen in
this review, all those studies portray senescence as a harmful condition as it contributes
to the deterioration of the disease and leads to worse outcomes in patients. Though
there are few studies of senescence in acute lung diseases, early studies indicate that
the body activates senescence as a mechanism to limit injury and promote healthy cell
growth. Despite these findings, more studies need to be done to fully understand

senescence in acute lung injury.
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Chapter 4: Mechanical Ventilation Induced Senescence in an Acute
Model of Lung Injury
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Introduction:

ARDS has a high mortality rate and disproportionally affects the elderly population with
a higher mortality and incidence rate [127]. There are signs of hindered gas exchange
amongst ARDS patients [2], leading to mechanical ventilation. Despite the benefits of
mechanical ventilation at mitigating the effects of ARDS and facilitating the gas
exchange, the constant strain and stress created by the former due to the air moving in
and out of the alveoli may worsen the injury and lead to ventilation-induced lung injury,
VILI [129]. VILI is characterized by biotrauma due to the increased inflammation;
volutrauma due to the overextension of the alveoli caused by air going in and out of the
lungs during ventilation; and atelectrauma caused by the constant collapse and
reopening of the alveoli [130]. These characteristics of VILI, especially biotrauma and
volutrauma, can result in cascades of events that can cause the alveoli cells to become
damaged and change phenotype, therefore creating a hostile environment. The hostile
environment created by VILI coupled with inflammation observed in ARDS may lead to
senescence.

Senescence is an irreversible terminal cell cycle arrest process in which proliferating
cells stop responding to replication-promoting stimuli. However, evidence suggests that
senescence can occur prematurely in response to injury [131]. Because of its
heterogenicity across different tissues and conditions, senescence is a complex
phenomenon that is poorly understood. Furthermore, more is known about senescence
in chronic lung diseases than acute. In senescence, cyclin-dependent kinase inhibitors
such as P21 and P16 are upregulated. While P21 plays an essential role in early

senescence, P16 is accumulated at a later stage of senescence [106]. There is also
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evidence that P21, not P16, is upregulated with VILI [81]. Senescent cells also produce
autocrine and paracrine signaling collectively known as senescence-associated
secretory phenotype, SASP. SASP mediators include pro-inflammatory cytokines such
as IL-6, which can exacerbate inflammation [132].

Though some parts of the senescence mechanism have been investigated, more still
needs to be done to fully understand the mechanism of senescence in VILI and other
diseases. One of the mechanisms of senescence is the DNA damage response
pathway which could be activated via mechanotransduction. Cyclic stretch like the one
generated by mechanical ventilation can break DNA strands down via MAPK activation
[133], leading to upregulation of DNA damage proteins such as yH2AX [134]. Activation
of yH2AX, in turn, will lead to the activation of P21 [135]. P38-MAPK is also known to
activate the P53-P21 pathway resulting in cellular senescence [135]. However, this
pathway has not been investigated in the context of senescence in acute diseases or
VILL.

In this research, we are investigating whether mechanical ventilation promotes
senescence-like phenotypes. We also examine whether stretch induces DNA damage
response, leading to senescence. Finally, we are using a P38-MAPK inhibitor to
understand the mechanism of senescence in VILI. We hypothesized that mechanical
ventilation would lead to DNA damage and senescence-like phenotype via P38-MAPK

activation and blocking it will reduce this phenotype.

Methods:
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Animal: Male young (8-10 weeks) and old (20-22 months) C57BL/6 mice were acquired
from the National Institute on aging and housed at the VCU vivarium. All procedures
performed on the mice were approved by VCU Institutional Animal Care and Use
Committee (IACUC). Mice were mechanically ventilated at 0 PEEP and 35 and 45
cmH20 for young and old mice, respectively, for 2 hours. Lung mechanics were

measured at 30-minute increments for the duration of ventilation.

Sample Collection: At the end of the 2-hour mechanical ventilation, blood was collected
from the vena cava and centrifuged to obtain plasma. As previously described, gravity-
assisted bronchoalveolar lavage (BAL) was performed [45]. Briefly, PBS was instilled
into the mice lungs and collected and repeated twice. The BAL fluid was then
centrifuged, the supernatant was transferred onto a new tube for later processing. The
cells were resuspended then cytospun onto a microscope slide. WBC analysis was
performed by counting 300 cells while refraining from the peripheral edges of the

microscopy region. The different immune cells were distinguished and quantified.

In vitro cell stretch: Human small airway epithelial cells (SAEC) were purchased from
Promocell (C-12642) and cultured according to their recommendations with a supplied
SAEC growth media. SAEC were plated on Bioflex culture plates (Flexcell international
Corp., BF-3001) for 48 hours for acclimation. Then, media change was performed;
some wells received DMSO vehicle and others SB203580 (a P38 inhibitor) for 30

minutes. Media change was performed again to rid the wells of the vehicle and inhibitor.
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The cells were then stretched at 20% change in surface area for 24 hours and at 0.33

Hz to cause injury.

gPCR: For lung tissues, small lung fragments of about 50 mg were homogenized with
Trizol (ThermoFisher, 15596026). RNA extraction was performed as recommended by
the manufacturer. Briefly, after homogenization, 200 ul of chloroform was added per 1
ml of Trizol. Phase separation was performed via centrifugation, then the clear phase,
which contained RNA, was then separated. In vitro experiments, cells were lysed using
RLT buffer to obtain a cell lysate containing RNA. RNA isolation of both tissues
extracted RNA, and cell lysate was performed using Qiagen RNeasy kit. cDNA
conversion was performed using a Bio-Rad iScript cDNA synthesis kit (Bio-Rad,
1708891). cDNA and Bio-Rad SsoAdvanced universal SYBR green (Bio-Rad, 1725274)
was used for gene amplification. Primers: human 18s F: 5’-
TAACCCGTTGAACCCCATTC-3’ R: 5-TCCAATCGGTAGTAGCGACG-3’, human P21
F: 5-TGTCCGTCAGAACCCATGC-3’ R: 5-AAAGTCGAAGTTCCATCGCTC3’, mouse
18s: F: 5-GCAATTATTCCCCATGAACG-3' R: 5-GGCCTCACTAAACCATCCAA-3,
mouse P21 F: 5-GACAAGAGGCCCAGTACTTC-3 R: 5-

GCTTGGAGTGATAGAAATCTGTC-3

Inflammatory Cytokine Analysis: IL6 ELISA (R&D system, DY 406) was performed

according to the manufacturer's protocol. Briefly, 96-well ELISA plates were coated
using a captured antibody overnight. The next day, the plate was washed (0.05%

Tween 20 in PBS) and blocked (R&D system, DY995) at room temperature using the
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reagent diluent for 2 hours. Standards and samples were loaded into the plates and
incubated at room temperature for 2 hours. The plates were then washed, and the
detection antibody was added for 2 more hours. The plates were then incubated with
Streptavidin-HRP and substrate solution solutions, respectively, for 20 minutes, each
with washes in between. Diluted sulfuric acid at the concentration recommended by the
manufacturer was used to stop the reaction. The plates were read at 450 nm with

wavelength correction.

Immunofluorescent staining: Immunofluorescent staining was performed according to the
antibody manufacturer protocol with modifications. Briefly, when stretch experiments
concluded, the cells were fixed then permeabilized. When appropriate, the cells were
blocked for 2 hours at room temperature using 10% normal goat serum or BSA. The
slides were then incubated overnight at 4C in primary antibody. The next day, the slides
were rinsed then incubated with a secondary fluorophore antibody for an hour. For
tissue embedded sections, the slides were deparaffinized, and antigen retrieval was
performed before the permeabilization. Primary antibodies: mouse anti-gamma H2AX
(Novus Biologicals, NB100-74435), rabbit anti-Ki67/MKi67 (Novus Biologicals, NB500-
170SS), rabbit anti-SP-C (Bioss, bs-10067R), rat anti-KRT8 (CreativeBiolabs,
CBDH1469). Goat anti-Rat IgG (H+L) Alexa Fluor 555 (ThermoFisher scientific, A-
21434), Goat anti-Rabbit IgG (H+L) Alexa Fluor 647 (ThermoFisher scientific, A-21245),
Goat anti-Mouse 1gG (H+L) Alexa Fluor 488 (ThermoFisher scientific, A-28175). Images
were taken using a Nikon Eclipse Ti2 microscope or a Zeiss axioobserver Z1

fluorescence microscope; the images were then quantified using Fiji.
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Tissue Protein extraction: cytoplasmic and nuclear proteins were extracted according to
the Millipore sigma protocol with minor modifications. Briefly, tissues were lysed using
hypotonic buffer (10 mM HEPES, pH 7.9, with 1.5 mM MgCI2 and 10 mM KCI)
containing Dithiothreitol (DTT), protease and phosphatase inhibitors. Then the tissues
were homogenized and centrifuged at 10,000 g for 20 minutes. The supernatant, which
contained cytoplasmic proteins, was preserved. The crude nuclei pellet was
resuspended in 140 ul of extraction buffer containing DTT, protease, and phosphatase
inhibitors. The solution was gently shaken for 30 minutes then centrifuged for 5 minutes
at 20,000 g. The supernatant was transferred to a new tube and chilled at -70 C for later

processing.

Western Blot: Western blot was performed according to the manufacturer's protocol.
Briefly, BCA was performed on the freshly isolated proteins using a Pierce BCA protein
assay kit (Sigma, 23227) to determine the protein concentration. Electrophoresis was
performed using 30 ug of proteins loaded into each 10-well gel; proteins were then
transferred from the gel onto a membrane. The memiphbrane was blocked for 1 hour,
followed by primary antibody incubation overnight at 4 C. The next day, the membrane
was rinsed and incubated in a solution of HRP bound secondary antibody for 1 hour,
followed by rinsing and incubation in Pierce ECL western blotting substrate
(ThermoFisher, 32106) for 5 minutes and imaged. Bands densities were analyzed using

BioRad Image Lab software. Rabbit anti-histone H3 (Novus Biologicals, NB500-171),
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mouse anti-gamma H2AX (Novus Biologicals, NB100-74435), anti-rabbit IgG HRP-
linked antibody (Cell Signaling Technology, 7074S), anti-mouse 1gG HRP-linked

antibody (Cell Signaling Technology, 7076S).

TUNEL staining: Click-iT™ Plus TUNEL assay for in situ apoptosis detection with Alexa
Fuor™ 647 was performed according to the manufacturer protocol (ThermoFisher
Scientific, C10619). Briefly, slides were deparaffinized using xylenes, decreasing
percentages of ethanol, saline solution and PBS. The tissue slides were fix and
permeabilize using 4% paraformaldehyde and proteinase K, respectively. Then TdT
reaction was performed by incorporating EQUTP into dsDNA strand breaks. Finally,
fluorescence Click-iT™ plus reaction was performed to detect EQUTP, the the slides
were mounted using ProLong™ Gold Antifade Mountant with DAPI (ThermoFisher

Scientific, P36931).

Statistical analysis: Subjects were randomly assigned to different groups. Power analysis
was estimated based on previous work. A minimum of 3 mice per group was used. One-
way and two-way ANOVA followed by posthoc Tukey's multiple comparison test were
performed when appropriate to compare multiple groups. A T-test was also performed

to compare two groups. GraphPad Prism 6 was used for statistical analysis.

Results:

Mechanical Ventilation and Age Cause Structural Damage and Increased Polymorphonuclear in
BALF
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To assess the effects of mechanical ventilation on the lung structure and physiology,
lung histology, lung mechanics perturbation maneuvers, and PMN (Polymorphonuclear
leukocytes) count were performed. H&E-stained lung sections showed that high-
pressure MV caused increased structural damage on the lungs of both young and old
mice. Furthermore, when considering age alone, old mice inherently showed more
significant structural damage signs than young mice without mechanical ventilation
(figure 4.1 A). BCA results showed increased protein in the BALF with age and
ventilation. These results suggest that mechanical ventilation and age are cofactors for
lung injury (figure 4.1 B).

Similarly, the count of PMN on BALF showed a significant increase in PMN intrusion in
the alveoli space with mechanical ventilation in both age groups. At baseline, without
mechanical ventilation, old mice showed a more significant amount of PMN in the BALF
compared to the young non-ventilated. However, in the old group who did not receive
mechanical ventilation, we did not see much increase in PMN compared to the young

non mechanically ventilated (figure 4.1 C).
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Figure 4. 1 Lung Mechanics, BCA and White Blood Cell Count: A: Lung histology B:

BCA (N=3-5) C: PMN (N=4-5) of mechanically ventilated mice showing increased lung

injury with mechanical ventilation and age. *p < 0.05, **p < 0.01 and **** p < 0.0001.
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Lung Mechanics:

From the PV-loops, we first noticed in both young and old mice that the loops have
shifted up and a bit to the left after 30 minutes of ventilations, suggesting an increase in
compliance. After one hour on the ventilator, both age group PV-loops were shifted
back down and to the right, closer to the baseline's loop. However, two hours after
mechanical ventilation, in the young mice group, there was a shift down and to the left
compared to baseline compliance suggesting a decrease in compliance. After that initial

increase in compliance, the loop returned to baseline in the old subjects (figure 4.2).
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Figure 4. 2 Single compartment compliance showing changes in the lung mechanics of

mechanically ventilated mice. N = 3-5 mice

TUNEL:
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TUNEL was used to detect apoptosis in the fixed lung tissue postmortem. There was an
increase in TUNEL positive cells with mechanical ventilation in the young mice group.
Moreover, non-ventilated old mice showed signs of apoptosis though not in a
considerable amount. However, old mice showed more apoptotic cells than any other
groups when mechanically ventilated. These results suggest that the high-pressure
mechanical ventilation settings used in this study caused damage at the tissue level,
which changed the lungs' mechanics, and damage at the cellular level, which

manifested by increased apoptosis in both you and old groups (figure 4.3).
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Figure 4. 3 TUNEL Staining showing increased apoptosis with mechanical ventilation and with age.

Scale bar 100 um
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Presence of Senescence-like phenotypes in Mechanical Ventilation induced Acute Lung Injury

DNA Damage increases with age, and HP

One known pathway leading to cellular senescence is the DNA damage response
pathway. In this experiment, after mechanical ventilation, we probed for yH2AX, a DNA
damage marker in the homogenized bulk lung nuclear protein. Mechanical ventilation of
both young and old mice yielded an increase of yH2AX, a sign that the mechanical force
generated by the mechanical ventilator is transduced from the extracellular space in the
cytoplasm and the nucleus of the cells causing damage to the nucleus. Moreover, in the
old mice population, there was an increase in YH2AX with no mechanical ventilation
compared to the young mice who were not mechanically ventilated, suggesting that old

mice inherently show signs of DNA damage probably due to age (figure 4.4 A).

HP is correlated with P21 gene expression, SASP, and decreased proliferation:

P21, a protein involved in the cell cycle, was analyzed. There was an increase in P21
gene expression with mechanical ventilation. Young and old mice that were
mechanically ventilated had a significant increase in P21 compared to the young non-
ventilated. Mechanically ventilated old mice also showed a significant increase in P21
compared to the old non-ventilated. These results suggest that mechanical ventilation
plays a role in P21 regulation. However, we did not observe a significant increase in
P21 gene expression with age alone; this could be because P21 is an early marker of
senescence (figure 4.4 B).

Ki67, a proliferation marker, did not increase with age or mechanical ventilation. Ki67

level was significantly lower in the young mice when mechanically ventilated compared
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to the young non-ventilated. This is consistent with the P21 marker increase suggesting
that mechanical ventilation and age initially lead to increased P21 gene expression and
the lack of proliferation (figure 4.4 C).

IL6, a pro-inflammatory marker part of the SASP, was also probed in the BALF. It has
been previously shown that when cells become senescent, they produce cytokines
which include IL6 [132]. Mechanically ventilated mice showed an increase in IL6 level
(figure 4.4 D); this is on par with P21 gene expression groups. In all, these results
suggest that increased DNA damage, high P21 gene expression levels, and reduced

Ki67 (proliferation), all hallmarks of cellular senescence, also lead to increase SASP.
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Figure 4. 4 Evidence of Senescence in VILI A: yH2AX increased with ventilation in both

age groups. B: P21 increased with ventilation as well. C: Decreased Ki67 with age and
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with mechanical ventilation. D: IL6 increased as a result of mechanical ventilation. Scale

bar 100 um. N = 3-5. *p < 0.05, **p < 0.01.

Age and mechanical Ventilation lead to an Increase in Cells expressing keratin 8 (KRT8+):

There are mainly two cell types in the alveolar epithelium, alveolar type 1 and type 2
(AT1 and AT2). It has been shown that due to mechanical cues and in certain diseases,
AT?2 differentiate into AT1[136]. It has also been shown that before differentiating to AT1
due to various stimuli, AT2 cells go through a transient state which is positive for Krt8
[137]. These transient Krt8+ cells are also more prone to DNA damage [138]. To test if
mechanical ventilation resulted in increased Krt8+ cells, we stained the lungs of the
mice with anti-krt8 antibodies. Compared to the young non-ventilated mice, there were
an increase in Krt8+ cells in the young mechanically ventilated mice. Moreover, there
was an increase in Krt8+ cells in the old mice group, regardless of ventilation status,
compared to the young non-ventilated mice. The increase in Krt8+ cells (which are more
prone to DNA damage) with age and mechanical ventilation could explain why there
was an increase in DNA damage in those groups compared to the non-ventilated young

mice (figure 4.5).
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Figure 4. 5 Increase Krt8 positive cells with age and mechanical ventilation. Scale bar 100 um

Cell stretch-induced senescence markers in human SAEC

We first wanted to know if human SAEC undergoes DNA damage in response to cyclic
stretch, potentially leading to cellular senescence. Compared to the static group, there
was more DNA damage manifested by an increase yH2AX in the stretch SAEC group
(figure 4.7). Similarly, there was an increase in P21 in stretch SAEC compared to the
static group (figure 4.6). This is consistent with the results obtained in the mechanically
ventilated old mice; The SAEC were from patients aged 51-66 years. As in old mice,
there was an increase in yYH2AX with mechanical stretch compared to the static group.
In addition, it was only when mechanically ventilated that the old mice showed an

increase in P21.
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Figure 4. 6 Gene expression and immunofluorescent staining of human SAEC cells at
static and stretch conditions A, B & C: Stretch Caused DNA damage, a significant

increase in P21, and an increase in IL6 in SAEC. Scale bar 100 um. N = 4-5. *p < 0.05,

***p <0.001, *™**p < 0.0001.
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Since it had been reported that activation of P38-MAPK leads to an increase in P21, we
inhibited P38-MAPK using a P38 inhibitor. However, when given the P38 inhibitor, there
was a downregulation of P21 with stretch compared to the vehicle control (figure 4.8),
suggesting that P38 is involved in cellular senescence pathways in this in vitro model
VILI. Nevertheless, inhibition of P38 did not decrease yH2AX protein level in the
stretched SAEC (figure 4.9), possibly due to DNA damage being upstream of P38-
MAPK. It is also worth noting that there was decreased cell proliferation in all stretch
groups, including stretch plus P38 inhibitor; this could be due to stretch causing DNA

damage and regulating cell cycle via P21.
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Figure 4. 7 Gene expression and immunofluorescent staining of human SAEC cells at
static and stretch conditions with DMSO and P38 inhibitor A, B & C: P38 inhibition

reduces P21 and IL6 but does not affect DNA damage. Stat: static, str: stretch, Vh:
vehicle and inh: P38 inhibitor. Scale bar 100 um. N = 4-5. * p < 0.05, *** p < 0.001, ****

p < 0.0001.
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Inhibition of P38 Decreased KRT8+ Cells:

Next, we investigated the effects of P38 inhibitor on distal alveoli cells. Static or stretch
conditions both had a high amount of KRT8+ cells. This is perhaps due to the age of the
donor (66 years old). However, when given the P38 inhibitor, there was a decreased in
KRT8+ cells. Finally, we did not observe any noticeable changes in RAGE (receptor for

advanced glycation end-products), an AT1 marker.
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Figure 4. 8 Stretch SAEC Does not Increase KRT8. RAGE, an AT1 marker. Scale bar

100 um.
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Discussion:

With the advent of novel respiratory diseases, including the current pandemic caused by
COVID-19, more and more patients are ending up on mechanical ventilators, which lead
to further injuries such as VILI. Despite being a lifeline for some patients, mechanical
ventilators can leave lifelong damages [139] that are still not fully understood. In this
study, we have developed both in vitro and in vivo models to simulate different damages
caused by mechanical ventilation. We used these models to study the different
mechanisms potentially involved in VILI, which can better understand the disease for
future therapies.

Damage due to MV

It has been extensively documented that the shear forces generated by mechanical
ventilation exacerbate lung injury [140]. The characteristics of these lung injuries include
the changes in lung structure. For instance, other studies, including ours, have shown
that after mechanical ventilation, the airspace of mice becomes enlarged [141]-[143].
This is in line with what we observed in the lung histology of the mechanically ventilated
mice. This airspace enlargement is also more pronounced in old mice generally, which
is then exacerbated with mechanical ventilation (figure 4.1 A) due to the change in the
lung's parenchyma and alveolarization with age [144]. These structural changes in the
lung could also lead to a change in the lung's mechanics.

The structural damage and increased alveolarization, factors related to airspace
enlargement, increase lung volume and compliance [145]. The increased alveolar space

and the structural damage observed in their histology (figure 4.2) could explain why the
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old mice have inherently a higher lung single compartment static compliance compared
to the young mice. However, other studies have shown that mechanical ventilation
leads to a decrease in compliance [146], as observed in the young group in this study.
Multiple studies have shown that structural lung damage leads to fluid exudation in the
alveolar space [147]-[150]. This exudative phase is the cause of acute inflammation
and leads to the release of the pro-inflammatory cytokine, which will then recruit
immune cells to the site of the injury [151]. Amongst the recruited immune cells, PMN
appears always to be recruited at a higher amount with ventilation. Bobba et al. have
shown that PMNs are mechanosensitive, and they release cytokines in response to
barotrauma, increased pressure usually associated with mechanical ventilation that
causes alveolar damage [152]. The presence of PMN with mechanical ventilation
correlate to our data where there was a high rise of PMN with ventilation in both young
and old group.

DNA damage and P21 in VILI

In addition to causing structural lung damage and recruitment of PMN, Blazquez-Prieto
et al. have shown that when mechanically ventilated, mice exhibited a change in the
nuclear envelope which coexisted with an increase YH2AX, a marker of DNA damage
[81]. Moreover, increased accumulation of YH2AX has been associated with apoptosis
[153] and cellular senescence [154]. Indeed, when cells sense DNA damage, they try to
repair it by activating DNA damage response and increasing yH2AX, which could lead
cells to cell cycle arrest and adapting senescence and a pro-inflammatory phenotype
(SASP) [155] as a protective mechanism acutely to prevent further injury. However,

activation of DNA damage response can also lead to apoptosis to clear out damaged
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cells [156]. Together with our results, where there was an increase in DNA damage
manifested by increased yH2AX in both in vitro and in vivo experiments, these findings
suggest that mechanical ventilation leads to early signs of senescence.

Strunz et al. have shown that epithelial cells in the alveolar are amongst the cells that
experience DNA damage and apoptosis due to ventilation [137]. Apoptosis was further
confirmed by TUNEL staining (figure 4.3), where mechanically ventilated mice (young
and old) had larger total TUNEL positive cells than those that were not. The alveolar
epithelium comprises two main cell types: AT1 (RAGE positive) and AT2 (SFTPC
positive) cells. During homeostasis and injury repair, AT2 cells are crucial to replacing
AT1 cells which are terminally differentiated [136]. However, AT2 can also adopt a
transient phenotype (which stain positive for KRT8) more susceptible to DNA damage.
In this study, with mechanical ventilation and age, we observed an increase of KRT8
positive cells; but it was not until stretched that we had increased DNA damage with
age. The susceptibility of these transient cells to DNA damage is evidence that
mechanical ventilation can cause DNA damage, leading to a senescence-like
phenotype.

P21 has been extensively linked to senescence and anti-proliferation [25], [157]-[159].
In our model, the increased P21 gene expression and SASP manifested by increased
IL6 with ventilation in both age groups indicate that mechanical ventilation here could be
causing early senescence. In fact, during early senescence, the P21 level picks and
declines as the cells are more committed to the senescence fate [160]. Another
characteristic of senescent cells is a lack of proliferation due to cell cycle arrest. With

increased senescence markers, there is a decrease in Ki67 [111]. This is in line with our
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findings where mechanical ventilation combined with age and age alone; there was a
decrease in proliferation marked by a decrease in Ki67 (figure 4C); further signs that

mechanical ventilation and age lead to senescence-like phenotype.

The potential role for P38

TGF-B, which is involved in multiple physiological functions and diseases [161]—[164],
has been shown to play an important role in pulmonary senescence [165], [166]. The
sequestered TGF-3 on the extracellular matrix is released during a stretch. Due to that
release compounded with the injurious state of the environment that already exists,
TGF-B becomes activated [167]. The activated TGF-f will cause a cascade of events,
including activating the P38-MAPK pathway [168]. Activation of the P38-MAPK pathway
plays an essential role in regulating the cell cycle by increasing P53, increasing P21
[169]. Though some parts of this mechanism have been extensible studied, the role of
p38 inhibition has not been examined in an aging model of VILI. In the quest to
investigate the mechanism of these senescence-like phenotypes in VILI, we used a P38
inhibitor to control the level of P21 observed with mechanical stretch ventilation.
Inhibiting P38 in this study led to a decrease in P21 but not YH2AX because cyclic

stretch leads to DNA damage that activates the P38-MAPK pathway.

Limitations:
The markers of senescence are very heterogeneous dynamic. Though markers
traditionally associated with senescence were upregulated, we cannot be certain this is

a chronic or irreversible phenotype as these markers can be found at other cellular

88|Franck Kamga



states and conditions [170]. The hallmarks of senescence observed in this study could
be a protective mechanism started by the cells to prevent further injuries [81]. They may
revert when the acute injury is under control if the immune system has not already
cleared out those cells. Further studies need to be done to confirm the state of
senescence of the cells when stretched, such as survival study with long-term recovery.
Though the study of the P38 mechanism performed on primary human lung cells
isolated from the distal part of the alveoli provided some valuable information on how
P21 is upregulated, more in vivo studies need to be performed t. We could not obtain
cells isolated from young patients; this mechanism needs to be verified using cells from

young patients to confirm if the mechanism holds with age.
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Figure 4. 10 Figure summary of VILI leading to lung damage and cellular senescence.

Conclusion:

In conclusion, we have shown that high-pressure mechanical ventilation and age lead to
structural damage at tissue, cellular, and proteins levels. These damages were
correlated with the increase of KRT8 positive cells, which are susceptible to DNA
damage and could also play a vital role in senescence. We have also shown signs of
senescence-like phenotypes with mechanical ventilation and with age. Finally, we have
provided evidence that p38 may be a therapeutic target in stretch-induced senescence.

These findings provide a better understanding of injuries resulting during mechanical
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ventilation and VILI and could be used for better-targeted therapies from injuries created

by ventilation.
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Chapter 5: Senolytic Drugs as Therapy in an Aging Model of Acute Lung
Injury
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Introduction:

Senescence occurs naturally because of aging [171]. However, due to some injuries or
stressors, senescence can occur prematurely [172]. Senescent cells secrete both
autocrine and paracrine signaling to affect themselves and the cells around them [173].
Those signals include anti-apoptotic markers, pro-inflammatory cytokines and
chemokines, growth factors, and matrix metalloproteinases (MMPs) to remodel the
matrix around them [26]. These autocrine and paracrine signaling are collectively called
SASP or senescence-associated secretory phenotype. The anti-apoptotic markers
which make up the SASP include Bcl-xL proteins. TNF-a, Interleukins such as IL6 and
IL8, and chemokines such as MCP1 (CCL2) make up the pro-inflammatory markers in
SASP. The main growth factor observed in SASP is TGF-b. While the MMP-1, MMP-3,
MMP-10, MMP-12, MMP-13, and MMP-14 have been reported to be elevated in
senescence as part of the SASP [43].

Some of the earlier SASP factors were also reported in other diseases such as ARDS
or acute respiratory distress syndrome [174]. ARDS is characterized by poor
oxygenation, leaky alveolar barrier, and lung-filled fluid [128]. The leaky alveolar barrier
allows for immune cells infiltration into the alveolar space. The first immune cells that
infiltrated the alveolar space in ARDS are neutrophils [175]. These neutrophils
exacerbate the inflammatory response which can damage the lung tissue [176]. Due to
the conditions created by ARDS, some patients cannot breathe on their own; to remedy
this issue; the patients are often put on mechanical ventilators. Despite the benefits of
mechanical ventilators, they may exacerbate the injury causing a condition termed VILI

or ventilation-induced lung injury [177]. In VILI, SASP markers such as pro-inflammatory
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cytokines and chemokines have been observed. These SASP cause biotrauma that can
also exacerbate inflammation [178].

Moreover, we previously showed how old mice are more prone to increases in
inflammation markers and injury and decreased survival rate when ventilated at high
tidal volume (25 ml/kg for young and 18 ml/kg for old) [143]. The hostile environment
brought by ARDS and VILI can cause that premature aging in the cells or senescence
[81]. However, it is unclear what role senescence plays in this acute lung injury.

In an ideal environment, the body has ways to get rid of senescent cells either via
induced apoptosis or clearance by the immune system. Drugs known as senolytic drugs
can also target senescent cells selectively [179]. The therapies used to alleviate the
effects of VILI range from the adjustment of positive end-expiratory pressure (PEEP)
[180] to anti-cytokine therapies to address the biotrauma [130]. However, more research
still needs to be done to manipulate senescent cells that occur due to ARDS and VILI to
understand the effects of these cells in these injuries and develop properly targeted
therapies to remedy these conditions.

In this research, we are first developing both in vitro and clinically relevant in vivo aging
models of VILI. We are using senolytic drugs to selectively target senescent cells that
occur due to ARDS and VILI to understand their roles in these diseases. We
hypothesized that the senolytic drugs would clear senescent cells and improve the

outcome of the mice in our mouse model of VILI.

Methods:

In vitro cell stretch:
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uman small airway epithelial cells (SAEC) were purchased from Promocell (C-12642)
and cultured according to their recommendations with a supplied SAEC growth media.
SAEC were plated on Bioflex culture plates (Flexcell international Corp., BF-3001) for
48 hours for acclimation. Then, media change was performed; some wells received
lipopolysaccharide (LPS) at 1ug/ml to simulate ARDS; others received H202 or
tunicamycin as a positive control to induce senescence. Media change was performed
again to rid the wells of the LPS and senescence-inducing drugs. Before stretching, the
cells were given DQ cocktail treatment at 500 and 750 nM, respectively. The cells were
then stretched at 20% change in surface area for 24 hours and at 0.33 Hz to cause
injury. DQ cocktail treatment was repeated on days 6 and 9. Conditioned media was

collected, and the cells were fixed for later processing.

DQ Treatments:
500 and 750 nM

Control media | pQ Treatments: DQ Treatments:
LPS 1 ug/ml 500 and 750 nM 500 and 750 nM
Tun 0.5 ug/ml

Treatment

Day 0 Day 2

SAEC

Fix cerlls for
staining P21

Stretch for 0
=P | and 24 hour

Figure 5. 1 In Vitro Experimental Setup

Animal:
Male young (8-10 weeks) and old (20-22 months) C57BL/6 mice were acquired from the

National Institute on aging and housed at the VCU vivarium. All procedures performed
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on the mice were approved by VCU Institutional Animal Care and Use Committee
(IACUC). The mice were anesthetized using sodium pentobarbital. After anesthesia,
mice were given the senolytic cocktail dasatinib quercetin (DQ) via oral gavage and 1N
of HClI via instillation. The Mice were then mechanically ventilated at protective settings,
3 PEEP and 15 cmH20, for 4 hours. Lung mechanics were measured at 30-minute

increments for the duration of ventilation.

YOUNG Middle Age OLD
V!I !\ { ! )

|

Figure 5. 2 In Vivo Experimental Setup

Sample Collection:
At the end of the 4-hour mechanical ventilation, blood was collected from the vena cava
and centrifuged to obtain plasma. As previously described, gravity-assisted

bronchoalveolar lavage (BAL) was performed [45]. Briefly, PBS was instilled into the

97|Franck Kamga



mice lungs and collected and repeated twice. The BAL fluid was then centrifuged, the
supernatant was transferred onto a new tube for later processing. The cells were
resuspended then cytospun onto a microscope slide. WBC analysis was performed by
counting 300 cells while refraining from the peripheral edges of the microscopy region.

The different immune cells were distinguished and quantified.

qPCR:

For lung tissues, small lung fragments of about 50 mg were homogenized with Trizol
(ThermoFisher, 15596026). RNA extraction was performed as recommended by the
manufacturer. Briefly, after homogenization, 200 ul of chloroform was added per 1 ml of
Trizol. Phase separation was performed via centrifugation, then the clear phase, which
contained RNA, was then separated. In vitro experiments, cells were lysed using RLT
buffer to obtain a cell lysate containing RNA. RNA isolation of both tissues extracted
RNA, and cell lysate was performed using Qiagen RNeasy kit. cDNA conversion was
performed using a Bio-Rad iScript cDNA synthesis kit (Bio-Rad, 1708891). cDNA and
Bio-Rad SsoAdvanced universal SYBR green (Bio-Rad, 1725274) was used for gene
amplification. Primers: human 18s F: 5~-TAACCCGTTGAACCCCATTC-3' R: 5'-
TCCAATCGGTAGTAGCGACG-3’, human P21 F: 5-TGTCCGTCAGAACCCATGC-3’
R: 5-AAAGTCGAAGTTCCATCGCTC3’, mouse 18s: F: 5’-
GCAATTATTCCCCATGAACG-3 R: 5-GGCCTCACTAAACCATCCAA-3’, mouse P21

F: 5-GACAAGAGGCCCAGTACTTC-3' R: 5-GCTTGGAGTGATAGAAATCTGTC-3’

Inflammatory Cytokine Analysis:
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IL6 ELISA (R&D system, DY 406) was performed according to the manufacturer's
protocol. Briefly, 96-well ELISA plates were coated using a captured antibody overnight.
The next day, the plate was washed (0.05% Tween 20 in PBS) and blocked (R&D
system, DY995) at room temperature using the reagent diluent for 2 hours. Standards
and samples were loaded into the plates and incubated at room temperature for 2
hours. The plates were then washed, and the detection antibody was added for 2 more
hours. The plates were then incubated with Streptavidin-HRP and substrate solution
solutions, respectively, for 20 minutes, each with washes in between. Diluted sulfuric
acid at the concentration recommended by the manufacturer was used to stop the

reaction. The plates were read at 450 nm with wavelength correction.

Immunofluorescent staining:

Immunofluorescent staining was performed according to the antibody manufacturer
protocol with modifications. Briefly, when stretch experiments concluded, the cells were
fixed then permeabilized. When appropriate, the cells were blocked for 2 hours at room
temperature using 10% normal goat serum or BSA. The slides were then incubated
overnight at 4C in primary antibody. The next day, the slides were rinsed then incubated
with a secondary fluorophore antibody for an hour. For tissue embedded sections, the
slides were deparaffinized, and antigen retrieval was performed before the
permeabilization. Primary antibodies: mouse anti-gamma H2AX (Novus Biologicals,
NB100-74435), rabbit anti-Ki67/MKi67 (Novus Biologicals, NB500-170SS), rabbit anti-
SP-C (Bioss, bs-10067R), rat anti-KRT8 (CreativeBiolabs, CBDH1469). Goat anti-Rat

IgG (H+L) Alexa Fluor 555 (ThermoFisher scientific, A-21434), Goat anti-Rabbit IgG
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(H+L) Alexa Fluor 647 (ThermoFisher scientific, A-21245), Goat anti-Mouse 1gG (H+L)

Alexa Fluor 488 (ThermoFisher scientific, A-28175)

Tissue Protein extraction:

cytoplasmic and nuclear proteins were extracted according to the Millipore sigma
protocol with minor modifications. Briefly, tissues were lysed using hypotonic buffer (10
mM HEPES, pH 7.9, with 1.5 mM MgCI2 and 10 mM KCI) containing Dithiothreitol
(DTT), protease and phosphatase inhibitors. Then the tissues were homogenized and
centrifuged at 10,000 g for 20 minutes. The supernatant, which contained cytoplasmic
proteins, was preserved. The crude nuclei pellet was resuspended in 140 ul of
extraction buffer containing DTT, protease, and phosphatase inhibitors. The solution
was gently shaken for 30 minutes then centrifuged for 5 minutes at 20,000 g. The

supernatant was transferred to a new tube and chilled at -70 C for later processing.

Western Blot:

Western blot was performed according to the manufacturer's protocol. Briefly, BCA was
performed on the freshly isolated proteins using a Pierce BCA protein assay kit (Sigma,
23227) to determine the protein concentration. Electrophoresis was performed using 30
ug of proteins loaded into each 10-well gel; proteins were then transferred from the gel
onto a membrane. The membrane was blocked for 1 hour, followed by primary antibody
incubation overnight at 4 C. The next day, the membrane was rinsed and incubated in a
solution of HRP bound secondary antibody for 1 hour, followed by rinsing and

incubation in Pierce ECL western blotting substrate (ThermoFisher, 32106) for 5
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minutes and imaged. Bands densities were analyzed using BioRad Image Lab software.
Rabbit anti-histone H3 (Novus Biologicals, NB500-171), mouse anti-gamma H2AX
(Novus Biologicals, NB100-74435), anti-rabbit IgG HRP-linked antibody (Cell Signaling
Technology, 7074S), anti-mouse IgG HRP-linked antibody (Cell Signaling Technology,

70768).

Statistical analysis:

The results were analyzed using GraphPad prism. We used multiple two-way analysis
of variance (2-way ANOVA) and post-hoc Tukey test to find significance. If p-value is
less than the significance a = 0.05, we will reject the null hypothesis that there are no
differences in all the groups, otherwise, we will not reject it. We will need a total number
of 240 mice for the study for each experimental condition requiring 5 mice based on a

power of 0.8 assessed by G power with our prior data.

Results:

Dimethyl sulfoxide (DMSO) does not cause Increase P21:

Since the Senolytic cocktail was diluted with DMSO, we tested if DMSO alone at the
dose used to dilute the DQ cocktail would induce an increase in P21. The control group
that received growth media and the group that received DMSO were comparable in P21
positively stained cells (figure 5.3 A). The normalized fluorescence intensity also shows
the same results as the cells count, where both control and DMSO groups had the

same fluorescence intensity (figure 5.3 B). Moreover, when considering the cell density,
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there were no differences between the DMSO group and the control group, suggesting

that DMSO at the concentration used is does not cause increase P21.
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Figure 5. 3 DMSO is Non-Toxic to the SAEC: Graph of in vitro staining quantification

and representative images showing DMSOQO at the dose used in this study is not toxic. N

= 2-3

SAEC can keep senescence P21 phenotype after recovery:

Previous studies have shown that SAEC can have P21 gene expression upregulated
after an acute injury (stretch) [81]. However, it is unclear if these SAEC cells will keep
that P21 gene expression after recovery. Here, we used hydrogen peroxide and
tunicamycin to induce senescence. After a ten-day culture, there was an increase of
P21 positive cells in the groups that received hydrogen peroxide and tunicamycin.
Moreover, there was a lack of cell proliferation in the hydrogen peroxide and

tunicamycin groups, suggesting that cells in these could have undergone senescence.
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SAEC increase P21 during Injury
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Figure 5. 4 Positive Control Experiment Representative images of H202 and tunicamycin
positive control staining showing SAEC can undergo senescence. Representative images

(top) and graph (bottom). N = 2-3

Stretch causes Senescence and DQ decrease Senescent Cells.

The goal of this experiment was to understand the role of stretch and stretch coupled
with LPS on SAEC. The results show that stretch and stretch couples with LPS increase
P21. These same latter groups also decreased cell density compared to the control.
The widely reported dosing of LPS (1 ug/ml) from the literature did not cause an
increase in P21 at the static condition, nor did it change the cells density. When treated
with DQ, the stretch and stretch plus LPS groups decreased the P21, and cell density

also seemed to increase. DQ did not have a visible effect on the static group.
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Figure 5. 5 In Vitro Stretch with Recovery Representative images and graph of

different in vitro VILI model showing that stretch cause senescence and stretch

coupled with LPS also causes senescence. DQ decrease the amount of P21.

Representative images (top) and graph (bottom). N = 2-3
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Increase dosing of LPS increase P21 positive cells.

We wanted to investigate if LPS alone could cause an increase in P21. This is crucial as
we are trying to simulate ARDS by mimicking a bacterial infection before adding the
stretch modeling the so-called 2-hit model of VILI. Since the reported dose of LPS used
in the literature did not cause an increase in P21. We decided to increase the LPS dose
by 10-fold. A 10-fold increase in LPS concentration caused an increase in P21 positive
cells at the static condition. However, unlike in the stretch condition alone, there was no
decrease in cell proliferation. When stretched, the 10-fold of LPS concentration group
had increased in P21 positive cells compared to the 1 ug/ml LPS group. The treatment
with DQ decreased the population of P21 positive cells in all the groups that a prior

increase of it.
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Figure 5. 6 In Vitro Stretch in Recovery with 10X LPS Representative images and graph
of different in vitro VILI model showing that increased doses of LPS cause increase P21

however, DQ decreased the amount of P21 positive cells. N = 2-3

DQ improved lung compliance:

It is known that the increase in senescence cells decreases lung compliance. We
treated the mice with a DQ cocktail prior to the two-hit VILI injury to test if the removal of
senescent cells will decrease lung compliance. Initially, in both vehicle and DQ treated
groups, the compliance was the same and lower than the non-injured control group;
these same results were also observed at the 30 minutes post-injury. At the first 1-hour
mark post injuries, the DQ group started to recover, and their compliance was almost

closer to the non-injured control group at the two-hour mark. By 4-hour post-injury, the
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DQ group had compliance almost comparable to the non-injured control group. In
contrast, the group that received the vehicle had constant compliance from 30 minutes
to 1-hour post-injury, which was lower than both the non-injured control group and the

DQ group.

Discussion:

Senescence in chronic lung diseases has been extensively reported [24], [44], [165],
[181], [182]. However, there is little evidence of senescence in an acute lung injury,
especially in VILI. Attempts have been made in chronic lung diseases such as IPF to
selectively target senescence cells to improve the patient's outcome [32]. However, it is
unclear if similar so-called senotherapies will work in acute lung injury. Moreover, it is
also unclear what role senescent cells play in acute lung injuries or if their removal will
cause more harm than good. In this research, we are using senolytic drugs to
selectively remove senescent cells in an acute model of lung injury; we are also

investigating whether senescence is harmful or beneficial in an acute model of lung

injury.

Establishing an In Vitro Two-hit VILI Model with Recovery:

Our previous studies have shown that SAEC can undergo senescence when stretched
[116]. However, to the best of our knowledge, no one has ever shown that when injured
acutely, with stretch, these cells will keep the senescence phenotype after recovery.
Therefore, one of the study's goals was to develop a clinically relevant in vitro two-hit

base model VILI. Previous studies have shown that when cells are exposed to
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tunicamycin or hydrogen peroxide, they undergo senescence [183], [184]. As shown in
multiple studies, oxidative stress is one of the causes of cellular senescence; hydrogen
peroxide is used to achieve oxidative stress, therefore, causing senescence [185]. In

contrast, tunicamycin induces endoplasmic reticulum (ER) stress [186], which has been

shown cause to DNA damage response and senescence [187].

Mechanical stretch, DNA Damage and Senescence:

Other studies, including our own, have shown that mechanical ventilation or stretch
leads to senescence [81], [116]. The mechanism of how stretch leads to senescence
remains frustratingly elusive. However, some studies have shown that stretch leads to
DNA damage [133]. DNA damage can lead to activation of DNA damage response; at
this stage, the cell cycle momently stops to let the repair process take its course [135].
However, if the DNA is not salvageable, the cells undergo apoptosis, or the cell cycle
stops permanently (senescence) [188]. This cell cycle arrest is characterized by
increased P53-P21 pathway activation and or P16-pRB pathway activation [189]. The
former is usually activated in early or acute senescence, and then the P16-pRB takes

over once the cells have established their fate [106].

ER Stress, DNA Damage and Senescence:

Increased accumulation of misfolded proteins in the ER can lead to ER stress and ER
stress can lead to DNA damage. These misfolded proteins lead to a cascade of events,
including activation of unfolded proteins response (UPR). UPR is characterized by

increased PERK, IRE1a, and ATF6a. Together, the accumulation of these latter
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proteins can lead to apoptosis, cell cycle arrest, and senescence-associated secretory

phenotype (SASP) [190].

Removal of Senescent Cells Causes Harm:

Though senescence is associated with DNA damage and ER stress, it is not clear what
the role of senescence is in an acute model of VILI. we performed an in vivo experiment
where we removed senescent cells using DQ in vivo albeit a sample size of one.
Attempt to reduce senescence using the senolytic drug cocktail DQ yielded a decrease
of P21 in the old mice but not in the young. This is probably due to the young and old
not starting at the same level regarding the amount of senescent cells present. Indeed,
since senescence is a condition related to aging, old organisms have a higher amount
of senescence cells than their young counterparts, making the old animal more
vulnerable to the worse outcome of an injury [191].

Removal of senescent cells caused more harm in both age groups suggesting that
senescence could be protective in this two-hit model of VILI. In fact, in the old, though
DQ cocktail reduced P21, there was a higher amount of damage manifested by
increased BCA proteins than in the young group where there was a mild increase of

BCA proteins and increase P21with DQ cocktail.

Limitation:
Though the results obtained in these experiments are groundbreaking and forward-
thinking, more research needs to be done to confirm and to better understand the

results obtained in these studies. Firstly, more experiments need to be performed to
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verify if these results hold. Elsewhere, Though P21 has been associated with
senescence, other markers associated with senescence need to be investigated to
confirm that these cells are senescent and not in a temporary cell cycle arrest state. The
markers associated with senescence that could be added include DNA damage
markers such as gH2AX, which has been shown to the upregulated with senescence
[81]. Since ER stress promotes DNA damage and ER stress has also been shown to be
associated with senescence, markers of ER stress such as PERK, IRE1a, and ATF6a
need to be investigated. Lastly, a more thorough analysis of SASP needs to be
performed to better understand the consequences of senescence in this acute lung
injury model.

Conclusion:

All'in all, we have shown that after recovery from a two-hit VILI model, SAEC could
keep their senescence via increased P21. We have also confirmed that senescence
leads to a decrease in lung compliance, and when treated with senolytic drugs, the
compliance recovers back to the healthy level. These findings help us understand the
role of senescence in VILI, and these understandings could help tailor better therapies
to remedy VILI and improve patients' outcomes when mechanically ventilated. Future
studies could focus on two-hit in vivo models where young and old mice could be used

to understand the role of senescent cells in these age groups with injury.

114|Franck Kamga



Chapter 6: Proof of Concept for In Vivo Survival Model of VILI
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Introduction:

Patients that are mechanically ventilated must have had a prior lung injury that hinders
gas exchange. Moreover, mechanical ventilation led to ventilator induced lung injury or
VILI therefore it is critical to develop an animal model to decipher the mechanism of this
injury. The most common model of VILI used is a two-hit model where LPS is used in
conjunction with MV [129], [192]. The role of LPS is to simulate acute inflammation that
is occurring with ARDS and MV shows the VILI side. During VILI, there is
overexpression of inflammatory cytokines [193] and MMPs to remodel the matrix and
change the lung’s mechanics [194]. Aging is also issue in VILI as it exacerbates the
injury. The consequences of aging in VILI have not been thoroughly investigated on a
mechanistic level. One study examined VILI in senescent rats and found older rats
were more susceptible to injury [20]. We previously showed how old mice are more
prone to increases in inflammation markers and injury and decrease in survival rate
when ventilated at high tidal volume (25 ml/kg for young and 18 ml/kg for old) [143].
Multiple therapies have been developed to alleviate the negative effects observed
during VILI (biotrauma, volutrauma and atelectasis). These therapies range from the
adjustment of positive end-expiratory pressure (PEEP) [180] to anti-cytokine therapies
to address the biotrauma [130]; however, none of these strategies completely mitigate
the effects of VILI.

In this study, we are simulating a two-hit model of VILI as a proof of concept to better

understand the disease progression and its mechanism.

Methods:
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Male young (8-10 weeks) C57BL/6 mice were acquired from the National Institute on
aging and housed at the VCU vivarium. All procedures performed on the mice were
approved by VCU Institutional Animal Care and Use Committee (IACUC). The mice
were anesthetized using sodium pentobarbital. After anesthesia, some mice were given
the 1N of HCI via instillation. These Mice were then mechanically ventilated at protective
settings, 3 PEEP and 15 cmH20, for 2 hours. For the injuries high pressure (HP) group,
these mice mechanically ventilated at protective settings, 0 PEEP and 45 cmH20, for 2
hours. The control group was ventilated at protective settings, 3 PEEP and 8 ml/kg for 2
hours. At the end of the mechanical ventilation, the mice were weaned off the ventilator
and allowed to recover for 24 hours. Lung mechanics were measured before ventilation,
at the end of ventilation and after recovery period just before the animals were
euthanize.

At the end of the recovery period, blood was collected from the vena cava and
centrifuged to obtain plasma. As previously described, gravity-assisted bronchoalveolar
lavage (BAL) was performed [45]. Briefly, PBS was instilled into the mice lungs and
collected and repeated twice. The BAL fluid was then centrifuged, the supernatant was
transferred onto a new tube for later processing. The cells were resuspended then
cytospun onto a microscope slide. WBC analysis was performed by counting 300 cells
while refraining from the peripheral edges of the microscopy region. The different

immune cells were distinguished and quantified.

Results:
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One of the ways to assess VILI is via lung mechanics. Compared to the mechanically
ventilated control group, there was a decrease in compliance and an increase in
elastance in the group that was ventilated at injurious settings; these changes remained
constant after recovery. However, the decrease in compliance and increase in
elastance were not observed in the HCL group until after recovery. There was also no
difference in resistance in all three groups, but after recovery, all groups had a drop in

resistance.
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To assess the damage caused by both HCL and the mechanical ventilator, we counted

the number of neutrophils in the BALF. Neutrophils are the first immune cells that

infiltrated the alveolar space in ARDS [175]. These neutrophils exacerbate the

inflammatory response which can damage the lung tissue [176]. The group the control
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group that received default settings mechanical ventilation had a slight increase of
neutrophils in their lavage. The mechanically ventilated group at injurious settings had
an astronomical increased in neutrophil influx after the 24-hour recovery. Lastly, the
HCL group had a modest increase in neutrophil influx compared to the control non-

ventilated group.
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Figure 6. 2 Neutrophil count. Ctrl-R: control non-ventilated, and no recovery; Ctrl+R:

control mechanically ventilated, with 24-hour recovery.

Discussion / Conclusion:
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There are multiple in vitro and in vivo animal models of ARDS and VILI. Some use
bacterial infection (or bacterial mimicking infection) [129], [192], and others use acid
[195][196] to simulate the acid reflux that usually enters the lungs from the stomach.
However, due to the complexity of mice anatomy and the size of these animals, most
studies perform tracheotomy instead of oral intubation [22]. In this study, though with a
sample size is one, we have used a survival in vivo two-hit mouse model of VILI to show
to mimic ARDS and VILI.

Though these results are encouraging, more research still needs to be performed to
confirm that all aspects of two-hit VILI are observed, such as inflammatory markers
release in the BALF histology to confirm structural damage and barrier dysfunction.
Despite these limitations, these experiments offer a proof of concept on creating a two-
hit VILI model and potentially studying the mechanism of VILI that will lead to potential

therapies.
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All'in all, using different strategical approaches, we have tackled issues related to

respiratory distress syndrome in both neonate and adult populations. We have used
novel therapies and created new devices to deliver the therapy into the lungs of our
animal models. Finally, we have shown that senescence is a key factor in VILI, and

ARDS and we have also uncovered its mechanism in these injuries.

Surfactant Replacement Therapy

Surfactant plays an important role in the lungs, and it is composed of lipids and proteins
and its purpose is to keep the airways open and prevent them from collapsing by
reducing the surface tension of airway surface liquid [197]. The lungs are one of the last
organs to develop, hence infant that are born prematurely may suffer from surfactant
insufficiency. This lack of natural surfactant often leads to neonatal respiratory distress
syndrome, NRDS, which is more prominent with preterm infant [198]. The gold standard
to remedy NRDS, is to put neonates on breathing support and supply other therapies to
keep the airways open. These therapies include surfactant replacement drugs such as
Curosurf and Survanta [199], however these biologicals are given in liquid form, which
requires a large liquid volume in order to reach the alveolar region. Instillation of a large
volume of liquid into already injured lungs has been associated with several unwanted
side effects [12] causing some to suggest the use of aerosolized surfactant . In this
dissertation, we have developed an excipient enhanced growth (EEG) aerosolized
surfactant approach for the rapid and high efficiency delivery of surfactant powders to

the alveolar.
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In order to test our EEG aerosolized surfactant, we have developed a rat surfactant
depleted model. Since it has been shown that excessive phospholipids can hinder gas
exchange [200], after surfactant depletion, rats were given different doses of EEG
Survanta (3, 5, 10, and 20 mg). To deliver these EEG survanta, we customed built an
aerosolization device. After surfactant administration and ventilation, lung ventilation
mechanics were taken to assess the efficacy of the therapies. Inflammation was also

assessed via cytospin of bronchioalveolar lavage fluid onto microscope slides.

Groups receiving EEG Survanta had lung ventilation mechanics that were closer to
healthy conditions compared with the liquid Survanta groups. Moreover, lower doses of
EEG Survanta (such as 3 mg) were better at improving mechanics than higher EEG
Survanta doses, potentially due to better delivery to the deep lung from the custom
device when delivering a lower powder dose and a lower amount of phospholipids. In
addition, inflammation assessment using cytospin show no significant differences
among all treatment groups and all groups also had a low neutrophil count. Overall,
spray dried EEG Survanta significantly improved compliance and elastance of lungs
compared to commercially available Survanta and did not lead to increase neutrophil

count.

VILI and Cellular Senescence:
Acute respiratory distress syndrome is a form of acute lung injury that is characterized
by shortness of breath amongst other symptoms which lead patients to require

mechanical ventilation (MV) [201]. Despite the health benefits of MV, this latter can
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exacerbate the injury in a condition termed ventilator-induced lung injury or VILI [202].
Moreover, it has been shown that the older adult population have the worst outcome of
VILI [203]. VILI is characterized by biotrauma or increase in inflammation, volutrauma or
overextension of alveoli, and atelectrauma or the collapse of the alveoli [204], [205].
This hostile environment created by VILI may lead to senescence, however, since the
concept of senescence in VILI is poorly understood, we aimed to unmask the intricacies
of senescence in VILI. Senescence is a permanent state of cell cycle arrest, and it is
characterized by an increase in cyclin dependance kinase inhibitors [206]. Moreover,
senescence cells secrete both autocrine and paracrine signaling including inflammatory
cytokines termed senescence associated secretory phenotype (SASP) [207]. To clear
out senescence cells, senolytic drugs are used [44], [208] however, the implications of
removing senescence cells in an acute model of injury it is not well understood specially
with age. We hypothesize that stretch caused by mechanical ventilator will induce
senescence and this effect will be exacerbated with age and using senolytic drugs may

improve outcome in both populations.

To test this hypothesis, young (2 months) and old (20 — 22 months) C57BL6 mice were
mechanically ventilated at 35 and 45 cmHZ20 respectively for 2 hours. Bronchoalveolar
lavage fluid (BALF) and lungs were collected at the end of MV. BALF was collected via
a gravity assisted lung lavage. The right lobe of the lung was snap frozen and the left
lobe was fixed for histology. Snap frozen lungs were homogenized, P21, IL6 and MCP1
gene expression was performed. Separately, the nuclear proteins were isolated from

snap frozen lungs and western blot was performed to probe for v-H2AX, a DNA
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damaged protein. IL6 ELISA was perform on BALF. The previous animal experiment
was repeated with both young and old mice receiving a cocktail of dasatinib and
quercetin (DQ) and DMSO (vehicle) before HCI (to simulate ARDS) and 4-hour MV (17

cmH20). Collection proceeded as stated earlier.

Mechanically ventilated mice had a significant increase in P21 gene expression
compared to the non-ventilated old mice group. There was also a significant increase in
IL6 expression in the ventilated group compared with non-ventilated group. IL6 was also
upregulated in the BALF protein of both young and old ventilated groups compared to
the non-ventilated groups. The results suggest that MV leads to increase senescence in

the aging group and MV alone leads to inflammation.

Recently, it has been shown that AT2 differentiate to a transient state positive for KRT8
before becoming AT1 depending on the disease condition [137]. Analysis of this
transiently differentiated state in our experiment showed an increase of KRT8+ cells in
all groups but the young non-ventilated group. It is also worth noting that KRT8+ cells
have been shown to be more prone to DNA damage [138]. Analysis of nuclear proteins
showed an increase of DNA damage protein v-H2AX in all the groups but the young non
ventilated group suggesting that MV causes DNA damage and old mice inherently have
sign of DNA damage.

We also analyzed the pathway that leads to senescence in VILI. It has been shown that
accumulation of v-H2AX leads to increase of P38-MAPK [209]. Moreover, it has also

been shown that increase P38-MAPK leads to increase P21 [210]. To study the
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mechanism of senescence in VILI, we inhibited P38-MAPK in vitro. Inhibition of P38-
MAPK pathway decreased P21 but was not effective at reducing v-H2AX, the DNA
damage molecule. These results suggest that the pathway of senescence in VILI is
P38-MAPK, but DNA damage is upstream of it, and it is required in order to activate this

pathway.

Since we have previously shown that DQ was able to improve lung compliance, future
studies could investigate the effect of DQ on the barrier damage. One method could be
looking for total proteins in the BALF. Early results show that when given the vehicle,
the two-hit injured groups in both young and old mice showed increased protein in their
BALF. However, unlike positively impacting lung compliance, DQ treatment caused an
increase of proteins in the BALF, suggesting that DQ could be harmful to the mice. This

needs to be investigated further in the future.
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Figure 7. 1 BCA on BALF of two-hit VILI Showing increase in protein concentration in

BALF with two-hit injury and with age. However, DQ treatment groups had the worst

outcome in all the groups. N = 1

It is known that the increase in senescence cells decreases lung compliance. We
treated the mice with a DQ cocktail prior to the two-hit VILI injury to test if the removal of
senescent cells will decrease lung compliance. Initially, in both vehicle and DQ treated
groups, the compliance was the same and lower than the non-injured control group;
these same results were also observed at the 30 minutes post-injury. At the first 1-hour
mark post injuries, the DQ group started to recover, and their compliance was almost
closer to the non-injured control group at the two-hour mark. By 4-hour post-injury, the
DQ group had compliance almost comparable to the non-injured control group. In

contrast, the group that received the vehicle had constant compliance from 30 minutes
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to 1-hour post-injury, which was lower than both the non-injured control group and the
DQ group. This could be further evaluated in the future with the greater sample size and

including the young mice.
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Figure 7. 2 DQ Lung Compliance of two-hit VILI old mice showing compliance of mice

that received DQ treatment recover after injury. N = 1

Other studies could also look for P21 in in the two-hit VILI model mentioned earlier. We
did one animal per group as a proof of concept for this study. Briefly, at the end of the 4-
hour two-hit VILI model, both young and old mice showed an increase of P21 in the bulk
lung gene expression of the vehicle group. The DQ cocktail failed to decrease the P21
gene expression level in the young. However, there was a decrease in P21 gene

expression with DQ treatment in the old. These results were almost in tandem with the
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inflammatory marker IL6. Bulk lung IL6 gene expression showed an increase in IL6
gene expression within the old with the two-hit VILI model, and DQ cocktail treatment
decreased that IL6 gene expression level. However, in the young, the two-hit VILI model
did not cause an increase in IL6 in the group that received the vehicle. Similar to the
P21 gene expression, the young that received DQ treatment did not decrease IL6 level.
These results suggest a difference in pathology in young and old mice and should be

further investigated.
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Figure 7. 3 P21 and IL6 In Vivo Gene Expression of young and old total lung lysate after
a two-hit VILI injury. A: P21 increased with two-hit VILI and with age. DQ decrease P21
in old but failed to decrease it in the young. B. IL6 increased with age coupled with two-

hit VILI. DQ decreases IL6 expression in old but not in the young. N = 1

131|Franck Kamga



.......
...
-
-~ -
-
.

DNA Damage

~-_  Senescecne - —

KRTS8

-y - -

Senolytic /

| SASP_Z

B Youn 1 Old
< ing s
. :7‘-’.— flnﬂnmmahm * Inflammation
PMN I o
| ] Non
| Protective | | Protective

Created in BioRender.com bio

Figure 7. 4 Summary of the potential role of senescence in VILI.

Conclusion: In brief, the innovative aspect of this project highlights the role of
senescence in VILI and sheds light in the different intricacy of VILI and aging. Finally,
the results obtained in this study could in the future make us rethink different

therapeutics to better target age related VILI.
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ImagelJ: Code used for zooming in images and Stacks

Code from imagej.nih.gov

And

Instructions from
https://resources.finalsite.net/images/v1567624548/1suhscshreveportedu/cr5rg8

iubnzgbayqgyoz/howtomakeinset.pdf

}o[211]
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MATLAB Code: PV-Loop Ventilation Mechanics

Clearing Space

clear
close all

clc

Loading Data

excel_file_name='PV Loops (version 1).xlsx';
young_mean_sheet="Young"';
old_mean_sheet='01d"';

houre="B82:E95";

hourhalf="B97:E110";

hourl="'B112:E125";

hourlhalf="'B127:E140"';

hour2="'B142:E155";

[young_hour@]=x1sread(excel_file_name, young_mean_sheet,hour0);
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[young_hourhalf]=x1sread(excel_file_name, young_mean_sheet, hourhalf);
[young_hourl]=x1lsread(excel_file_name, young_mean_sheet, hourl);
[young_hourlhalf]=x1sread(excel_file_name, young_mean_sheet,hourlhalf);
[young_hour2]=x1sread(excel_file_name, young_mean_sheet, hour2);
[old_hour@]=x1lsread(excel_file_name,old_mean_sheet,hour0);
[old_hourhalf]=x1lsread(excel_file_name,old_mean_sheet, hourhalf);
[old_hourl]=x1lsread(excel_file_name,old_mean_sheet,hourl);
[old_hourlhalf]=x1lsread(excel_file_name,old_mean_sheet,hourlhalf);
[old_hour2]=x1lsread(excel_file_name,old_mean_sheet,hour2);

% [num_output,string_output, raw_output]=xlsread('filename’', 'tab

% name', 'range'); Range goes from top left to bottom right. If you
only

% have one output, it defaults to number output.

Data Management

young_vol_hour@=[young_hour@(:,2);young_hour@(1,2)1;
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young_pres_hour@=[young_hour@(:,3);young_hour@(1,3)];

young_vol_hourhalf=[young_hourhalf(:,2);young_hourhalf(1,2)];

young_pres_hourhalf=[young_hourhalf(:,3);young_hourhalf(1,3)];

young_vol_hourl=[young_hourl(:,2);young_hourl(1,2)];

young_pres_hourl=[young_hourl(:,3);young_hourl(1,3)];

young_vol_hourlhalf=[young_hourlhalf(:,2);young_hourlhalf(1,2)];

young_pres_hourlhalf=[young_hourlhalf(:,3);young_hourlhalf(1,3)];

young_vol_hour2=[young_hour2(:,2);young_hour2(1,2)1;

young_pres_hour2=[young_hour2(:,3);young_hour2(1,3)1];

erry® = [young_hour@(:,4);young_hour0(1,4)];

erryhalf = [young_hourhalf(:,4);young_hourhalf(1,4)];

erryl = [young_hourl(:,4);young_hourl(1,4)];

errylhalf = [young_hourlhalf(:,4);young_hourlhalf(1,4)];

erry2 = [young_hour2(:,4);young_hour2(1,4)];

old_vol_hour@=[old_hour@(:,2);old_hour@(1,2)];
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old_pres_hour@=[old_hour@(:,3);0ld_houro(1,3)1;

old_vol_hourhalf=[old_hourhalf(:,2);old _hourhalf(1,2)];

old_pres_hourhalf=[old_hourhalf(:,3);old_hourhalf(1,3)];

old_vol_hourl=[old_hourl(:,2);o0ld_hourl(1,2)];

old_pres_hourl=[old_hourl(:,3);0ld_hourl(1,3)];

old_vol_hourlhalf=[old_hourlhalf(:,2);old_hourlhalf(1,2)];

old_pres_hourlhalf=[old_hourlhalf(:,3);old_hourlhalf(1,3)]1;

old_vol_hour2=[old_hour2(:,2);o0ld_hour2(1,2)];

old_pres_hour2=[old_hour2(:,3);0ld_hour2(1,3)1;

err0@ = [old_hour@(:,4);old_houro(1,4)]1;

errOhalf = [old_hourhalf(:,4);o0ld_hourhalf(1,4)];

err01 = [old_hourl(:,4);o0ld_hourl(1,4)]1;

err0lhalf = [old_hourlhalf(:,4);old_hourlhalf(1,4)];

err02 = [old_hour2(:,4);o0ld_hour2(1,4)]1;

Plot
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Title='Pressure-Volume Curve';

XLAB="'Pressure (cmH_20)"';

YLAB='Volume (mL)';

figure

o°

plot(young_pres_hour®,young_vol_hour@,'y', 'LineWidth',4);

o°

hold on

o°

plot(young_pres_hourhalf,young_vol_hourhalf,'b', 'LinewWidth',4);

o°

hold on

o°

plot(young_pres_hourl,young_vol_hourl, 'k', 'LineWidth',4);

o°

hold on

o°

plot(young_pres_hourlhalf,young_vol_hourlhalf,'r', 'LineWidth',4);

o°

hold on

o°

plot(young_pres_hour2,young_vol_hour2,'g"', 'LineWidth',4);

o°

hold on

o°

plot(old_pres_hour@,old_vol_hour@,'y ——','LineWidth',4);

o°

hold on
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o°

plot(old_pres_hourhalf,old_vol_hourhalf, 'b--','LineWidth',4);

o°

hold on

o°

plot(old_pres_hourl,old_vol_hourl, 'k—"', 'LineWidth',4);

o°

hold on

o°

plot(old_pres_hourlhalf,old_vol_hourlhalf,'r—-"', 'LineWidth',4);

o°

hold on

o°

plot(old_pres_hour2,o0ld_vol_hour2,'g—-"', 'LineWidth',4);

o°

hold on

figure

errorbar(young_pres_hour@,young_vol_hour@,erry@,'y"', 'LineWidth',4);

hold on

errorbar(young_pres_hourhalf,young_vol_hourhalf,erryhalf,'b", 'LineWidt

h',4);

hold on

errorbar(young_pres_hourl,young_vol_hourl,erryl, 'k', "LineWidth',4);
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hold on

errorbar(young_pres_hourlhalf,young_vol_hourlhalf,errylhalf,'r"', 'LineW

idth',4);

hold on

errorbar(young_pres_hour2,young_vol_hour2,erry2,'qg", "LineWidth',4);

hold on

errorbar(old_pres_hour@,old_vol_hour@,err00,'y ——"', 'LineWidth"',4);

hold on

errorbar(old_pres_hourhalf,old_vol_hourhalf,errOhalf, 'b——

', 'LineWidth"',4);

hold on

errorbar(old_pres_hourl,old_vol_hourl,err01, 'k—", "LineWidth',4);

hold on

errorbar(old_pres_hourlhalf,old_vol_hourlhalf,errOlhalf, 'r——

', 'LineWidth"',4);

hold on

errorbar(old_pres_hour2,o0ld_vol_hour2,err02, 'g——", 'LineWidth',4);
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hold on

% figure

o°

plot(pres_y,vol_y,'y"', 'LineWidth',8);

o°

hold on

o°

plot(pres_o,vol_y, 'k"', 'LineWidth',6);

o°

hold off

xlabel(XLAB)

ylabel(YLAB)

title(Title)

legend('Young @ hour', 'Young 0.5 hour', 'Young 1 hour', 'Young 1.5

hour', 'Young 2 hour','
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MATLAB Code: Lung Compliance

close all

clear all

clc

3%

X = categorical({'0 hour','2 hour', 'Recorvery'});

X = reordercats(X,{'0 hour','2 hour', 'Recorvery'});

Yy =11 1 1; 1.008818214 0.833873864 1.050286049; 1.083187291

0.810558401 0.8883822941];

bar(X,Y)

ylabel 'Normalized Compliance';

title 'Compliance';

legend( 'Control', 'HP', 'HCL + HP');
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MATLAB Code: Lung Elastance Graph

% Graph Elastance

X = categorical({'0 hour','2 hour', 'Recorvery'});
X = reordercats(X,{'0 hour','2 hour', 'Recorvery'});
Yy =11 1 1; 0.991258868 1.19922214 0.952121569; 0.923201378

1.233717396 1.125641525];

bar(X,Y)

ylabel 'Normalized Elastance';

title 'Elastance';

legend( 'Control', 'HP', 'HCL + HP');
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MATLAB Code: Lung Resistance graph

% Graph Resistance

X = categorical({'0 hour','2 hour', 'Recorvery'});
X = reordercats(X,{'0 hour','2 hour', 'Recorvery'});
Yy =11 1 1; 1.021773539 1.077820339 1.01848264; 0.569434145 0.57914172

0.5632008547];

bar(X,Y)

ylabel 'Normalized Resistance';

title 'Resistance’';

legend( 'Control', 'HP', 'HCL + HP');
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